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FOREWORD

Among the reasons for increased interest in all facets of biological
-trntrol has been wide public awareness of the environmental damage resulting
irtrf i l  sfismical pesticides. Persistent chemicals, intended to destroy pests,
ol'tc'n entered the food chain and left their long-lasting impact on nontarget
,)rganisms, including humans. The development of insect resistance to chemi-
-.rl pesticides also stimulated interest into biological means of controll ing
lnrect pests. Insect pathogens, especially bacterial and viral agents, have
rcceived considerable attention as biological insecticides since the 1940s.
During the 1980s, however, biological control employing entomopathogenic
nematodes has rapidly developed into a subdiscipline of insect pathology,
cquivalent in rank to the viruses, bacteria, protozoa. and fungi. The excep-
tional potential of these nematodes has now been recognized, particularly with
the recent breakthroughs in mass production technologv which have permitted
large-scale applications against insect pests. As a reading of this book wil l
demonstrate, significant achievements have been accomplished in a short
period of t ime in using steinernematid and heterorhabditid nematodes as bio-
logical control agents, notably against weevils and insects in cryptic habitats.
Instances of insufficient control against other insects have served as an impetus
tbr research beyond the applied aspects, including ecological relationships,
organismal and molecular genetics, and behavior. Accordingly, readers wil l
welcome this first in-depth treatise concerning funclamental and mission-
oriented aspects of entomopathogenic nematodes and their associated bacteria.

The editors of this book, who are world renown fbr their creativity with
entomopathogenic nematodes, have assembled the forentost authorities from
tbur continents to contribute on basic and applied concepts. The authors have
taken advantage of this opportunity to express their views to a wide scientif ic
audience. They have combined their international experience so that the latest
developments in this fascinating and rapidly expanding fielcl are presented in
a comprehensive manner with diverse topics ranging front biological control
theory to organismal and molecular biology. Thus, the large body of informa-
tion brings into sharp focus anticipated new directions in pest control and basic
nematode and bacterial biology. Special effort has been made by the editors
to minimize the taxonomic confusion of scientif ic names and to provide a
foundation of knowledge, allowing this book to set the bench mark for future
research. Therefore, this volume will serve for years to come as a standard
source of information for investigators and students of biological control,
microbiology, nematology, and molecular biology.

Readers of this book will not fail to realize that the scope of entomopa-
thogenic nematology is largely due to the early efforts of Dr. Rudolf W. Glaser,
to whom this treatise is appropriately dedicated. His visionary research has
inspired many investigators to continue the search for new entomopathogenic



nematodes. and to draw on his published

reveal new and important discoveries.
observations and experiments to

Karl Maramorosch
Robert L. Starkey Professor

of Microbiology
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PREF'ACE

Although nearly 40 nematode families are associated with insects, very
l'r-'\\ of these nematodes cause host mortality, and only two families, Steineme-
matidae and Heterorhabditidae, are widely available for use in biological
ctlntrol. Current research heavily emphasizes steinernematids and heterorhab-
ditids. nematodes characterized by their mutualistic relationship with Xen-
ttrltahdus bacteria. Because this book is limited to nematodes that serve as
\ ectors of bacteria, we have adopted the term "entomopathogenic" to describe
these nematodes rather than more conventional but less restrictive terms such
as "entomophil ic", "entomogenous", "entomophagous", or "insect-parasitic".
L:se of entomopathogenic also serves to reinforce the link between this field
and its parent discipline, insect pathology.

The research emphasis on entomopathogenic nematodes reflects the
unusual middle ground these biological control agents occupy between preda-
tors/parasitoids and microbial pathogens; a position that endows them with a
unique combination of biological control attributes. Thus. they share a capac-
ity for host-seeking and an exemption from government registration require-
ments with predators/parasitoids, yet can be mass reared and stored on a scale
only imaginable with some microbial pathogens. They also possess extreme
'irulence for insects, mammalian safety, and a broad host range. These
attributes have encouraged several companies over the past ten years to attempt
to develop steinernematid and heterorhabditid nematodes as biological insec-
ticides. The resulting availabil ity of large numbers of nemarodes atiracted sci-
entif ic investigators and stimulated a tremendous international surge in re-
search efforts.

The explosive growth in research has not been achieved without cost.
Long dominated by a small core of homogeneously trained entomologists, en-
tomopathogenic nematology has become as diverse as biology itself u, n.11-1u-
tologists, bacteriologists, ecologists, physiologists, biochemists, morecular
biologists, etc., have entered the field. This sudden diversity is highly desir-
able, but communication has unavoidably suffered. Similarly, industry fras
been a powerful positive force in taking the field so f'ar so fast; but industry,s
influence has also been divisive. As key researchers have become all ied, or
have been perceived to become ailied, with competing companies, the early
spirit of cooperation and free exchange of ideas among researchers has begun
to erode. A further difficulty is that the field has become so strongly interna-
tional, that keeping up with the deluge of new infbrmation being published,
often in obscure journals, is all but impossible.

Entomopathogenic nematology has made enormous str ides s ince
Glaser's discovery of nematodes infecting white grubs more than sixty years
ago' The 1980s was a decade of unparalleled progress in understandin these
nematodes' The field has grown almost exponentially during this period and
is presently poised for further growth as recent research breakthroughs and new



technologies are exploited; but growth has been so rapid that the present

momentum is threatened. Entomopathogenic nematology is st i l l  in i ts infancy

and is in need of further organrzatron to avoid fragmentation.

This book is intended to enhance communication among the diverse

areas of the discipl ine by providing an international mult i-discipl inarl '  forum

for the exchange of information. Contr ibutors were encouraged to review the

current status of the discipl ine, to identi fr ' .  discuss. and attempt to resolr e im-

portant obstacles in the development of entomopathogenic nematocles for

b io log ica l  cont ro l ,  and to  assess research needs and pr ior i t ies .  The book is  a lso

intended to serve as a comprehensive resource for those entering the f ield.

Although this work is the product of manv contr ibutors. e \  cr\ effort was

made to  un i fy  the book in to  a  s ing le  cohes i re  v iewpoint  br  min imiz ing

di f ferences (e .g . , taxonomic) .  I t  is  our  hope that  th is  book w' i l l  sen e as a  bench

mark.  as  wel l  as  to  g ive d i rect ion and focus to  the )oung d isc ip l ine o f  ento-

mopathogenic nematology.

We take this opportunit l  to thank the contr ibutors for their t ime and

effort in making i t  al l  possible. Special thankr are due to Lesl ie Campbell ,

James Campbell ,  and Jennifer Woodring for their assistance in bringing this

work to fruit ion swift ly. Final ly. \ \c c\prc\\  our deepest appreciat ion to our

famil ies for their support and patience frorn the inception to the completion of

this project.

Randy Gaugler
Harrv K. Kava
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Dedicated to the memory of
Rudolf  Wi l l iam Glaser (  1888- Ig4j)

in recognition of his
pioneering research in insect pathology, and in

particular, for his contributions to our
understanding of nematode diseases of insects

(Photograph courtesy of the Rockefeller Archive center.
North Tarrytown, NY.)
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l. Some contemporary Issues in Biological
control of Insects and Their Releva*. to
the use of Entomopathogenic Nematodes

L. E. Ehler

I. INTRODUCTION
california citrus growers witnessed the first major success in biologicalcontrol of insect pests 100 years ago when the introduced cottony-cushionscale (1r'erya purc'hasi) was broughl under complete control by introducednatural enemies from Australia. Although severar natural enemies were actu-ally imported, the project's success can be attributeci to two species: the vedaliabeetle' Rodotia.ardinalis' and a parasitic f ly, Crvpt.r, ltuetunt i.eryae.As wemark the centennial observance of the .ot ony_.rrrl ion ,.",. pio]..t, i t i ,apparent that biological control is entering a new era. predaceous anj parasiticarthropods' which have been the dominant tools of applied biological controlof insects' wil l continue to play a major role. However. other kinds of biologi-cal-control agents, such as entomopathogenic nematodes ancl microbial patho-gens modified through biotechnorogy, can be expected to pray a greater role.Nematodes which serve as vectors of pathogenic bacteria show consider-able potential in biological control of insect p.J,r.r 5 These uiotogi.al-controlagents are similar to insect parasitoids in thai the immature form develops atthe expense of one host individual; they are ecologically similar to bothparasitoids and arthropod predators because the host indrvidual is eventuallykilled' However, these nematodes differ from predoton ond parasitoids in atleast two ways: (l) the nematode is mutualistically,associated with a bacterialparhogen which actually kil ls the hosr insec,, unJij, ,n. pathogenicity of thebacterium has a great influence on the efficacy of the system. Despite theirunique standing among biological-contror ug.nir. the use of these nematodesin biological control should not be considered as a science unto itself. Many ofthe major concepts or issues in modern biological control are relevanr toentomopathogenic nematodes and shourd not be ignored. The purpose of thischapter is to provide an overview of some .onr.ri'porary issues in biologicalcontrol, with particular emphasis on those which ufp.u, most relevant to theuse of entomopathogenic nematodes. In addition. areas where nematologistscan make major contributions to the theory of biological control are noted.Biological control is operationally defined as the i.tion of natural enemieswhich maintains a host population at levels lower than would occur in theabsence of the enemies. Natural enemies would include insect parasitoids,predaceous arthropods, nematodes, and microbial pathogens. with recentadvances in molecular biology and genetic engineering, some have proposed
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that the definit ion of biological control include not only intact enemies. but

their gene products as well .6 This has already generated considerable contro-

versy. and as substantial ly more funds become avai lable for research in "hio-

logical control".  the definit ion of the discipl ine wil l  become more than just an

academic issue.

Entonto lo-e is ts  genera l ly  d iv ide b io log ica lcont ro l  in to  two broad categor ies :

(  1)  natura l  b io log ica l  cont ro l .  or  that  w 'h ich is  e f fec ted by nat ive (or  coevolved)

natura l  enemies in  the nat ive home (or ig in)o f  a  g iven insect :  and (2)  appl ied

b io log ica l  cont ro l ,  or  that  which er is ts  due to  human in tervent ion.  Appl ied

b io log ica l  cont ro l  is  fur ther  d iv ided in to  c lass ica l  b io log ica l  cont ro l  ( in t roduc-

t ion of exotic natural enemies) and augmentative biological control (enhance-

ment of natural enemies already in place t.  Although these tern' ls have tradit ion-

al ly been used to describe the use of insects to control other insects. the use of

entomopathogenic nematodes can be ernbraced as well .

II. NATURAL BIOLOGICAL CONTROL
It is important to study and document naturally occurring biological control,

regardless of whether the target insect rs a pest species. The knowledge gained

from such studies can be relevant to both applied biological control and pest

management. The examples which follow relate largely to insect predators and

parasites, and those who study entomopathogenic nematodes are encouraged to

develop comparable ones.
Insects which are nonpests (or minor ones) and their natural enemies may

make good model systems for addressine fundamental questions relevant to

practical biological control. One example is Rhopalomyia californic'a, a native

cecidomyiid midge which develops in terminal galls on Bacc'haris pilularis rn

northern California. The midge could be considered a minor pest when one

subspecies of its host plant is grulwn as a qrollnd cover in urban areas and on

freeway margins; otherwise, it is of no economic significance in the state.

Midge larvae are exploited by at least se\ en species of hymenopterous para-

sites. and the structure and impact of this parasite "guild" have been the subject

of  maior invest igat ions by Doutt . -  Ehler. ' r r  Force.rr ' r ' r  and Hopper.ra These

studies have contributed significantly to our knowledge and understanding of

parasite guild structure and have generated a number of predictions for applied

biological control. Insect nematologists should investigate comparable systems

which contain one or more entomopathogenic nematodes.

For those insects which are major pests. a study' of their natural biological

control can provide important insights into potential control strategies.rs If an

insect is a pest in its native home, it would be u'orthwhile to assess its natural-

enemy complex so as to determine why the enemies are unable to keep the pest

population at noneconomic levels. With the proper understanding of the sys-

tem, it should be possible to devise an augmentation program to enhance the

efficiency of one or more of the enemies. It is also possible to introduce exotic

natural enemies for control of native pests, in this case, candidate enemies
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would ordinari ly be obtained from a closely relatecl host in another region. I f
this strategy is to be implemented. an analysis of the natural biological control
( including structure of the natural-enemy gui lds) would be helpful in predict ing
the kind of species that might be most suitable. For exotic pests, i t  is of ien
possible to study the ecology and natural control of a civen species in i ts native
home, and then uti l ize this infbrmation in devisine introduction strategies in
classical biological control.  Although this is not stanclarcl operating procedure
in classical biological control,  there are at least sornc circumstances when i t
would seem to be a sound approach.r.,

ln a given agroecosystem, we can expect to f incl native natural enernies
essential ly preadapted for survival in such habitats. Often. these natural ene-
mies p lay an impor tant  ro le  in  mainta in ing pest  popula t ions a t  re la t ive ly  low
levels, and thus form a cornerstone tbr the pest-nranaselnent programs which
are eventual ly developed for these crop systems. Sornc Cali fbrnia examples
include predaceous Hemiptera (e.g., Orius tr i .st i t 'olr tr .  ( i t ,r t t ,r tr is pal lens) in
cottonr6 and alfalfa,rT and western predatory mite (Mcttt . t t , i t r l rr .s p6r' iderttal is) in
grape v ineyardsrs  and a lmond orchards. ie  In  th is  conte\ t .  the ro le  o t 'entomopa-
thogenic nematodes in natural biological control ot '  inscct pests clcarly de-
serves further investigation. The native home of a gir en pernatode should be
determined so that ecological investigations can be carrrecl out in the habitat in
which the nematode species presumably evolvecl.  Int irrnrat ion dcrived f iom
such studies should enhance our abi l i ty to precl ict t l re ki lcl  of target habitat in
which a g iven spec ies might  be most  e f fec t ive.  At  the gcner ic  leve l .  the centers
of origin for Steinerilenta and Heterorhubditis shoulcl bc determinecl. because
evolut ionary theory suggests the presence of closelr relatecl specit--s in the
center  o f  or ig in  o f  a  g iven genus.  Such spec ies coLr lc l  ho lc l  cons ic le  rab le  poren-
t ial  in appl ied biological control of insects.

III. CLASSICAL BIOLOGICAL CONTROL
The importat ion of exotic natural enemies for hiolo_qical control of both

native and exotic insect pests has been practicecl on an organized basis for
about 100 years' As a result,  a standard set of practical guidel ines has been
developed and these are general ly adhered to thnrLrchout the world. However.
the ecological theory attendant to classical brological control remains underde-
veloped (see Section V) and warrants more attention in f 'uture introductions of
both arthropods and entomopathogenic nentatodes.

The practice of classical biological control is well  cleveloped. I t  general ly
consists of the fol lowing sequence of procedures: l 'oreign explorat ion lusual ly
in the native home of the pest),  quarantine of irnported rnaterial,  mass produc-
t ion of candidate agents, f ield colonization, ancJ evaluaticln. Some protocols fbr
importat ion of arthropod natural enemies in the U.S. were reviewed by Coul-
son and Soper,ro whereas those fbr insect-parasit ic nematodes were summa-
rized by Nickle et al.rr In both cases, host specif ici ty is of prime concern
because of the potential effects of an introduced species on nontarget organ-
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isms. As a general rule, the amount of preintroductory investigation required

for an arthropod or nematode should be directly proportional to the perceived

environmental risk. Biological-control practit ioners have ofien resisted the

notion of conducting detailed preintroductory investigations. Although this

attitude is improving, the ecological framework for conducting such studies is

inadequate and requires more attention. Those involved in the importation of

entomopathogenic nematodes are in a good position to exploit this situation

and, thereby. assume a position of leadership in the movement to make clas-

sical biological control a more predictive science.

In recent years, a number of detailed summaries of projects in classical

biological control have been published (see Ehler22 for a recent l ist). Although

these projects have produced a varietl '  of results, at least two important gen-

eralizations emerge from an analysis of the data. First, the number of introduc-

tions which fail ( i.e., no establishment ) is much greater than those which result

in establishment. A recent estimate of the rate of establishment for predators

and parasites from ca. 1890 to ca. l96fl was 34o/a.23 Second, the proportion of

projects resulting in complete control of the target pest is relatively low. For

the same timeframe, the global average was l6Vo.2a Presumably, the rates of

establishment and of complete success wil l increase with theoretical and

technological advances. According to Poinar,s a few nematodes have been

employed in classical biological control. and with the current interest in stein-

ernematid and heterorhabditid species. it is likely that the number of introduc-

tions wil l increase considerabll ' . It u i l l  be important to document each of these,

not just for historical reasons, but also because each introduction is an experi-

ment in colonization. Analysis of arthropod introductions since 1890 has been

extremely valuable in testing hvpotheses concerning colonization of exotic

species.z3.2s The same should be true for introductions of entomopathogenic

nematodes.

IV. AUGME,NTATIVE, BIOLOGICAL CONTROL
Human intervention designed to enhance or augment the effectiveness of

those natural enemies already in place is applicable to both native and exotic

species. Such augmentative procedures generally involve manipulation of

either the environment or the natural enemv itself '

Coppelr6 recognized nine areas of studl' f i tt ing the category of environ-

mental management or manipulation: (l) land use. including crop rotation,

strip harvesting of hay alfalfa, etc.; (2) habitat provision. such as increased

plant diversity. placement of nest boxes. etc.: (3) food provision, such as

spraying artif icial honeydew, use of nectar/pollen bearing plants, hedgerows,

etc.; (4) t i l lage methods for annual crops, and dust reduction in other situations;

(5) modified release strategies, such as caging introduced species with hosts to

increase the probability of establishment; (6) host or prey provision, as in the

"pest-in-first" technique; (7) reducing enemies of beneficial species. as for

example in control of Argentine ant; (8) improved pesticide utilization, particu-
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larly more selective usage; and (9) semiochemical and behavioral strategies,

such as those which exploit kairomones. The potential for these various strate-

gies in applied biological control is generally recognized, but as Coppelr6

correctly notes, implementation has been neglected. There are numerous rea-

sons for this neglect, and probably foremost is that many proposed environ-

mental manipulations are not compatible with agronomic practices in the target

system. Economics may also be a l imiting factor in many cases. Environmental

modification to enhance the efficacy of entomopathogenic nematodes may be

limited in similar fashion; nevertheless, this approach should certainly be

explored.
The direct manipulation of a natural enemy consists of mass production and

field release of individuals of a given species. Entomologists recognize two

kinds of releases, and these are best thought of as tu'o points on a continuum.

Inoculative release is the release of a relatively small number of individuals;

this is designed so that the progeny of the individuals released wil l provide

season-long pest suppression. In contrast, inundative release is the release of

a massive number of individuals with the aim of obtaining immediate pest

suppression. Both techniques have been implemented in numerous settings,

and there are now many commercially available. biological-control agents for

such use in agriculture. Recent reviews on inoculative/inundative release of

na tura l  enemies  inc lude R idgway and V inson. r '  S t inner . r8  Ab les  and

Ridgway,2e Hussey and Scopes,3o van Lenteren.' '  ' l  and van Lenteren and

Woets.33
Those contemplating augmentative release of entomopatho-uenic nematodes

are encouraged to address conceptual problems in at least two areas. First. the
"theory of inundative release", as developed by entomologists. is relatively
primitive and very much in need of sophistication. As the number of commer-

cially available nematode species increases, this problem can be expected to

become even more crit ical. (A more detailed discussion of this matter is given

in Section VI.) The second area of concern is genetic improvement of natural

enemies, either through artif icial selection, hybridization. or genetic engineer-
ing. Hoy has pioneered genetic improvement of arthropods (chiefly phytoseiid

mites), and although considerable progress has been made, much remains to be

done.sa'3s The investigations by Gaugler'r6'r7 on improvement of entomopatho-
genic nematodes are timely and should lead to important advances in genetic

improvement of traits other than just pesticide resistance. lmproved tolerance
to the soil environment, or increased retention of Xerrtrhahdus bacteria, would

seem to be desirable goals.

V. SOME CONTEMPORARY ISSUES
A list of some contemporary issues relevant to the introduction of natural

enemies for biological control of insect pests is given in Table 1. Although
many of these originated in the context of classical biological control, many are
equally applicable to augmentative biological control through inoculative or
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inundative release. In assembling the references for the various issues, I have
chosen recent reviews whenever possible, rather than the many original re-
search papers which may exist on the subject.

A. Preintroductory Phase
There are many issues which might emerge prior to the field release of a

natural enemy. These relate to the suitability of the target pest and the habitat
in which it occurs, the kinds of natural enemies available. and the choice of
introduction strategy to be implemented. With respect to target pest and habi-
tat, most of the issues relate primarily to classical biological control using
predaceous and parasitic insects and may be of limited relevance to the use of
entomopathogenic nematodes. In contrast, at least four issues listed under
"kinds of natural enemies" are relevant (i.e., attributes of eff-ective natural
enemies, new vs. old exploiter-victim systems, specialists vs. generalists, and
evolutionary strategies). Questions involving introduction strategy are also
pertinent. In the l imited space available, it is not possible to assess each issue,
so the discussion wil l be restricted to some general aspects of "introduction
strategy", an important matter which continues to evoke controversy in bio-
logical control of insects, and one which is germane to the use of entomopa-
thogenic nematodes.

Introduction strategy refers to the choice of a species or combination of
species to release for control of a given pest in a given situation. This holds for
classical, inoculative, and inundative biological control. As noted by van
Lenterensr'32 and van Lenteren and Woets,33 the attributes required ol'a success-
ful natural enemy may well vary according to the type of release program.
Thus, for a given target pest, there should be a pool of biological-control
agents, and it might include predators (insects, spiders. or nrites,t. insect para-
sitoids, microbial pathogens (viruses, bacteria. fungi. or protozoans), and
nematodes. From this pool of enemies, we can devise introduction strategies to
maximize either long-term control (i.e., through classical biological control),
season-long control (i.e., through inoculative release). or immediate control
(i.e., through inundative release). The optimal strategies for each of the ap-
proaches could easily be different for the same pool of biological-control
agents. In addition, there may be more than one optimal strategy in each
category for bringing about the desired outcome. Unfortunately, the theoretical
framework necessary for conducting the required preintroductory investiga-
tions is not adequately developed, and this remains one of the most pressing
conceptual problems in biological control of insects. The development of
"predictive" introduction strategies,rs based on holistic or reductionist ap-
proaches,sr is a worthy scientific problem and those utilizing entomopatho-
genic nematodes are urged to contribute to its resolution whenever possible.
The use of nematodes in inundative-release programs may represent a special
opportunity to address the pertinent issues (see Section VI).
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B. Introductory Phase
The introductory phase of a classical biological-control program begins

with foreign exploration and ends with field colonization of the imported agent.

During this phase, genetical issues and the various factors which might affect

establishment are of major concern and it would appear that all of the issues

listed in Table I are relevant to the use of entomopathogenic nematodes' The

genetical issues relate to both classical biological control ancl inundative/

inoculative release. The influence of prolonged culture on fitness and field

efficacy is of particular concern. Unfortunately, our cument undcrstanding of

the population genetics of introduction and of within-species variation in

natural enemies of insect pests is so l imited that realistic predictrons for applied

biological control are generally not available. Thus. theoretrcal and empirical

contributions resulting from the use of entomopathogenic nenlatodes would be

most welcome. The same holds for factors affecting e stablishrnent of natural

enemies. In th is case, the empir ical  evidence for or against  a given hypothesis

tends to be circumstantial and. not surprisingly. this has lecl to some contro-

versy.  Perhaps the most controversial  issue is the conlpet i t ive-exclusion hy-

pothesis: establishment of introduced natural encnties can be precluded by

interspecific competit ion with incumbent species and tt lr) species released

simultaneously.  Al though the empir ical  evidence i :  consistent wi th the hy-

pothesis,r5 more definit ive "proof ' u ould be helpful. Entonlt.rpathogenic nema-

todes, because of their relatively lou nroti l i t\. nta\ pr()\e tt l be ideal experi-

mental organisms for testing this and related hr pothe:c'.

C. PostintroductorY Phase
Once a natural enemy is establ ished there arc i i t  Ie ast thrc'r '  t l ret l \  t-r f  concern:

eva luat ion o f  i ts  impact ,  exp lanat ion o f  r ts  e f t 'ec t i rcne\ \  (or  inc f t 'ec t iveness) ,

and factors  in f luenc ing i ts  e f fec t iveness (Table  l r .  . \ l l  o t ' the a t tendant  issues

re la te  to  both c lass ica l  b io log ica l  cont ro l  and inunc la t i re / inocu la t ive re lease.

and should  apply  to  the use of  entomopathorren ic  nct r ta t t tde:  as  w 'e l l .  Eva lu-

at ion o f  eco log ica l  impact  o f  an enem\ on the ho: t  popula t ion is  re la t ive ly

straightforu ard: a number of standard technique\ are ar ai lable. Economic

impact  is  best  le f i  to  profess ional  economists .  Env i ront r tenta l  impact  o f  in t ro-

ducecl biological-control agents is a recent issue. ancl because of i ts relevance

to entomopathogenic nematodes, this matter is treated in a later section.

Once a natural enemy is judged to be effect ive (or successful).  the next step

is to explain how this success is brought about. In recent years, drfferent

hypotheses have been put forward to account for the operation of successful

natural enemies in nature, including those emphasizing phenomena such as

temporal density dependence, spatial density dependence. or local pest ext inc-

t ion. There is no general agreement on the applicabi l i ty of a given hypothesis

in the real world. and we currently lack a robust theory to account for the

operation of successful natural enemies in nature. More empir ical test ing of the

various hypotheses is thus in order, including those situations in which ento-
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mopathogenic nematodes are released and eventually provide successful con-
trol. We may eventually f ind that the underlying mechanism varies with the
kind of pest-enemy system under investigation. Because of their uniqueness
among biological-control agents, nematodes associated with mutualistic bac-
teria may prove to be a case in point.

The factors which affect the post-colonization performance of an introduced
natural enemy have been extensively reviewed. with particular emphasis on
classical biological control. In contrast to the issues related to establishment,
these issues are less controversial, presumably because the natural enemy in
question is permanently established and can be subjected to controlled experi-
mentation, etc. However. experimentation involving insect predators and para-
sites is often hampered by their mobil ity. Natural enemies with restricted
motil i ty (at least in the short term), such as entomopathogenic nematodes,
should be a considerable improvement. It is especially crit ical to determine
why a particular natural enemy is ineffective in a given situation so that future
introduction strategies can be adjusted accordingly.

VI. THEORY OF INUNDATIVE RELEASE
As the number of commercially available biological-control agents in-

creases, the need for a coherent theory of inundative rclcase becomes more
apparent. This seems especially true in the case of entomopathogenic nema-
todes in the families Steinernematidae and Heterorhabditidae. As inundative
release is l ikely to be the major approach in the uti l ization of these nematodes
in the immediate future, the theory of inundative release is one of the most
crit ical issues to be considered. A complete account of the theoretical issues
would include the preintroductory, introductory. and postintrocluctor), phases
of a project; however, the present discussion wil l deal largely with "introduc-
tion strategy". In the case of inundative release, introduction strategy refers to
( 1 ) choosing a species or combination of species for release. and (2) determin-
ing the number of individuals (per chosen species) to release to maximize
short-term biological control. The choice of a species or combination of species
is not synonymous with the old controversy over single- vs. multiple-species
introductions; in fact, this traditional dichotomy should probably be discarded.
The modern issue relates to subsets or combinations of species, and poses such
questions as: (l) is one single-species introduction (SSI) better than another,
(2) is one multiple-species introduction (MSI) better than another, and (3) is a
given SSI better than a given MSI (and vice versa)?

A. Single-Species Release
Recent reviews of practical results obtained from inundative releases with

both arthropods and entomopathogenic nematodes reveal that most projects
utilized single-species releases. From a theoretical standpoint, such one-host/
one-enemy systems are more tractable, so it is not surprising that most theo-
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retical work relates to single-species releases' Most of this work deals with

release rates rather than choice of species to release. For example. KniplingTr

has constructed a number of theoretical "dose-response" type models. in which

the impact on the target pest population is a simple function of the number of

individuals released per unit of space. In contrast, Barclay et al '7a compared

various mathematical models of host/parasitoid population dynamics and

examined the theoretical inundation rates required for eradication of the target

host population. unfortunately, empirical verif ication of these models has been

neglected. This should receive priority in future research' equal to (if not

gr.ut., than) that given to developing sti l l  more models' The ecological basis

for choosing a given species for mass production and release has received

limited attention. Whereas there is a relatively large body of l i terature on the

various attributes of an effective natural enemy. this is of l imited value because

these attributes relate primarily to long-terrn. self-sustaining control (i.e., clas-

sical biological conttol).tt The attributes of an effective natural enemy for use

in an inundative-release program should be erplorecl' In this regard' van

Lenteren and co-workers have made consicJerable adr alces with respect to

inundative/inoculative releases in greenhouses." and their efforts should Serve

as a useful guide for future investigations. In the encl' \\ e may find that the

attributes of an effective enemy tor inundative release ri i l l  r ary with the nature

of the habitat, the kind of target pest. etc. The same is probably true for classical

biological control.
Those concerned with inundative release tlf entonropathogenic nematodes

can make important theoretical contributions tcl introduction strategy' Because

of their relatively low motil i ty, nematodes may be ideal organisms for testing

theoretical predictions concerning inundation rates. However. new models

may be required for a single species which serves as I \ector of one or more

pathogens. Similarly, a new approach to derir rng attributes of an effective

natural enemy may be required, one which considers the unique features of

entomopathogenic nematodes. The relationship betw een the choice of a species

to release and the number of individuals required for a given level of control

should also be explored. As cost of a release progranl is l ikely to be a l imiting

factor. selection of the most appropriate species coulcl reduce the number of

individuals required. Within-species variation in a candidate natural enemy

should also be assessed. Tauber and Tauberi6 have argued that different geo-

graphic races of a predaceous insect can have different potentials in inundative

releases. and the iut. should apply to entomopathogenic nematodes' Such

variation adds another layer of complexity to the hypothetical questions of

introduction strategy posed earlier, and raises new questions (e'g' '  can a

multiracial SSI be the equivalent of a MSI uti l izing one race/species?)' Clearly'

numerous scenarios are possible and these should be experimentally evaluated

whenever possible.

B. Multispecies Release
In the case of single-species releases, practical application preceded the
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attendant theory. For multispecies release, the opposite seems to be true:
theoretical explorations have preceded practical application. Perhaps the main
reason for this latter predicament is that arthropod natural enemies, because of
their dispersal ability, are poor organisms for testing introduction strategies
involving different subsets of species. Even where inundative or inoculative
releases of more than one species were made,77 the main concern was suppres-
sion of the target pest, rather than critical testing of specified introduction
strategies. Whereas the ecological impact of different combinations of enemy
species on a pest population is amenable to laboratory experimentation, the
pertinent studies involving arthropod enemies, such as those by Flanders and
Badgley,T8 Flanders,Te Force,lz White and Huffaker.Eo tr Hassell and Huffaker,82
and Laing and Huffaker,83 are of marginal value because they were designed
to assess long-term host/enemy dynamics. A notable exception is the experi-
mental work of Press et al.8a Finally, it is encouraging that mathematical
ecologists have begun to recognize that a suitable theoretical basis for biologi-
cal control cannot be developed solely around single-species releases. How-
ever, current models incorporating two or more enemy species tend to be
unrealistic, relatively simple, and of l i tt le or no immediate value in practical
biological control. Whether this situation will improve in the foreseeable future
is questionable.

With respect to the use of entomopathogenic nematodes, the potential for
meaningful theoretical contributions appears to be good. Because of their
relatively low mobil ity, these enemies appear to be good organisms for testing
the efficacy of various introduction strategies. especially those involving
multispecies combinations. This could be an excellent opportunit) ' to gather
long-needed empirical evidence, and those investigators who are in the posi-
tion to conduct the appropriate experiments are encouraged to do so.

VII. ENVIRONMENTAL IMPACT
The biology of invasions has been of major interest to ecologists in recent

years, and the subject of environmental impact of introduced species has
emerged as one of the major concerns. Although much of the debate at present
concerns environmental risks of genetically engineered organisms,8s'86 biologi-
cal-control agents have not escaped scrutiny. When viewed from a broad
ecological perspective (see below), introduced predators and parasites of insect
pests and those phytophagous insects imported for weed control can be ex-
pected to have an environmental impact. The same assumption should hold for
entomopathogenic nematodes.

A. Ecological Perspective
In the present context, environmental impact can be defined as any effect on

a nontarget organism which results from the intentional introduction of a
natural enemy.22'63 Thus, an introduction resulting in permanent establishment
of a biological-control agent will probably have an environmental impact;
however, the impact will not necessarily be an adverse one. Impacts can be
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classified according to a number of factors, including: ( I ) duration (i 'e'. short-

terrn as in inundative release vs. long-terrn as in classical biological control),

(2) predictabil ity (i.e., rotally unexpected vs. predictable). (3) outcome (i.e..

negative or positive), (4) magnitude (i.e., minor or subtle effects of l i tt le or no

practical concern vs. major effects of considerable practical consequence). (5)

interact ion ( i .e. .  d i rect  or  indirect  [e.g. ,  involv ing a th i rd speciesl t .  and (6)

timing (i.e.. immediate vs. delayed). There are good examples frorn the empiri-

cal record in classical biological control for most of these categories: the case

histories in question have been discussed elsewhere'r0'l l  6r'( 'r 'hr'

B. Entomopathogenic Nematodes
I t  would be premature to claim that releases of entonlopathogenic nema-

todes wil l  have no environmental impact. The envirgnntental impact of a

b io log ica l -cont ro l  agent  is  a  funct ion o f  ( l  t  the a t t r ibute :  o f  the in t roduced

species. (2) the nature of the target zone. and (31 thc introcluct ion strategy

employed.6r  Thus,  a  nematode capable  o f  parasr t iz i t lg  n lan l  d i f ferent  host

species which is introduced into a habitat contuinins :usceptible nontarget

hosts wil l  presumably have an environme ntal irr tpact. Htlr i  er er. environmental

impact and environmental r isk are dif ferent ntatt! ' r \ .  Ri.k appl ies primari ly to

negative impacts of suff icient magnitude to \ \  arrat l t  the concern of regulatory

off icials. Entomopathogenic nematodes ma\ pose l i t t lc '  e nr ironmental r isk,

although considerably more evidence may be rcquired befprc a general izat ion

can be made. I t  is recommended that al l  t) 'pcs of enr ironnlental impact be

investigated, because in the process we can gain a bctter unclerstanding of the

structure of both natural and managed communit ies or cco\\ \ tems' This holds

for inundative/inoculat ive release as well  as classical biological control.  Each

release can be viewed as a perturbation experiment. and i f  attendant changes

in community structure are detected and measured. these u r l l  enhance our

understanding of the target habitat.  As steinernematid ancl heterorhabdit id

nematodes are especial ly suited for control of soi l-dwell ins stases of pests. the

use of these nematodes in inundative release programs shoulcl provide a good

opportunitr,  to gather needed information on the structure of the soi l  ecosystem.

VIII. PREDICTIVE BIOLOGICAL CONTROL
Apart from its obvious practical value, predictabil itf in an applied science

is significant because it is a measure of the development or intellectual maturity

of the discipline in question. Biological control is no exception to this. and as

should be eviclent from recent reviews of both arthropod natural enemiesrs and

entomopathogenic nematodes,r considerable research remains to be done.

Although predictabil ity applies to many aspects of biological control, the

present discussion is restricted to predictions prior to introduction. This in-

cludes both classical biological control and augmentative control through

inundative/inoculative release.
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The need for predictive capabil ity is crit ical in at least two areas. First, it
* ould be helpful in classical biological control to be able to predict the
.rttributes of species which are l ikely to (l) perrnanently establish in a new
region, and (2) subsequently provide the kind of ecological impact desired. In
inundative release, perrnanent establishment is not an issue, so it would be
helpful to just be able to predict the attributes of an effective species and the
release rate providing the level of immediate control desired. Second, it is
inrportant to be able to predict the environmental impact of the introduction of
either a new species (as in classical biological control) or large numbers of an
incumbent species (as in inundative release). Unfbrtunately, modern biological
control is limited in these matters, and does not fully satisfy the requirements
for being a predictive science. The improvement of this condition should be
one of the top priorit ies for future research, and this wil l l ikely prove to be one
of the most intellectually challenging issues to be faced.

In the past 20 years, mathematical models of host/enemy dynamics have
played a major role in the development of biological-conrrol theory. This trend
is l ikely to continue. From a practical standpoint. these moclels have been of
value in at least two areas: explanation of successful biolclgical control and
justif ication of current practices, particularly in classical biological control.
Unfortunately, there has been little effort devoted to prec-licting realistic intro-
duction strategies. It is perhaps time for mathematical modelers to make major
shift in emphasis, from explaining what we have alreadv observed to predicting
what we wil l observe if we pursue a particular introduction strategy. Biologi-
cal-control practit ioners should encourage mathematical modelers to tackle
this problem, for it should be of beneflt to both parties.

IX. CONCLUSIONS
Modern insect control is shifting away from reliance on synthetic organic

insecticides in favor of a more integrated approach to pest management.
Biological control is a major tactic in integrated pest management (lpM), and
with the current movement toward "sustainable" agriculture, biological control
can be expected to play an even more substantial role in IPM. Entomopatho-
genic nematodes are a welcome addition to the natural-enemy pool and should
further enhance our ability to truly integrate the various control measures for
management of those target pests where individual tactics (such as chemical
control, host-plant resistance) alone are inadequate. However, the IPM move-
ment has in some ways overshadowed biological control,26 and may well have
adversely affected the intellectual development of this crit ical discipline. Thus,
biological-control workers must seek an optimal allocation of effort towards
both biological control and IPM so that ecologically sound pest control can be
maximized. The IPM movement and the practical contributions it demands
from biological control must not be allowed to take precedence over the
intellectual or theoretical needs of the science of biological control. Otherwise,
we may be forced to set aside some of the most intellectually challenging
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problems in modern biological control. This would be especially unfortunate

because there is no guarantee that the next generation of scientists will be in

any better position to address these problems.
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2. Taxonomy and Biology of
Steinernematidae and Heterorhabditidae

George O. Poinar, Jr.

I. II{TRODUCTION
Many types of associations exist between nematodes and insects, ranging

t'rom phoresis to parasitism and pathogenesis.r The families Steinernematidae
and Heterorhabditidae, which occur in the latter category. are unique because:
r I ) they are the only nematodes which have evolved the ability to carry and
introduce symbiotic bacteria into the body cavity of insects, (2) they are the
only insect pathogens with a host range which includes the majority of insect
orders and families, and (3) they can be cultured on a large scale on, or in,
artificial solid or liquid media. Steinernematid and heterorhabditid nematodes
have other significant attributes. They can kill insects within 4tJ hr, can form
a durable, infective stage which can be stored for long periods and applied by
conventional methods, and persist in the natural environment. Because the
nematodes are adaptable biological organisms, natural populations of insects
would not be expected to acquire immunity against them. In addition, plants
and mammals are not adversely affected.2 Therefore. these pathogens are
attractive from a biological and commercial perspective. Thcre are currently
nine recognized species of Steinernema and three of Ht,tt,t'orlrubditis. these
figures will certainly increase as new populations of these nematodes are
discovered.

Steinernematid and heterorhabditid nematodes are becoming accepted as
biological control agents, especially against insects in the soil environment.
They have survived the tests of production, application. field efficacy, and
safety standards. A number of commercial enterprises worldwide are now
producing them.

The present chapter deals with the biology and taxonomy of representatives
of these two families. A listing of the presently recognized species together
with their synonyms and strains is followed by a diagnostic description of each
species. Keys based on characters found in the infective juveniles and males,
respectively, are presented.

II. HISTORICAL ASPECTS
The Swiss-born scientist, Gotthold Steiner (1886-1961), reported the first

steinernematid, Steinernema kraussei.3 Steiner came to the U.S. in l92l to
study at Yale University for I year and remained in the U.S. to work under N.
A. Cobb. In 1932, he became head of the Nematology Section of the U.S.
Department of Agriculture (USDA) and retired from the USDA in 1956 with
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a Distinguished Service Medal. Steiner could well be considered the "Father of
Entomogenous Nematodes" in America because of his contributions to the
systematics of many insect-parasitic nematode groups.

Rudolf Will iam Glaser (1888-1941) pioneered the culture and field appli-
cation of entomopathogenic nematodes, especially of the steinernematid,
Steinernema ,qlaseri. Glaser, who worked for the Rockefeller Institute for
Medical Research in Princeton, New Jersey, discovered a nematode parasitiz-
ing the Japanese beetle (Popillia japonic'a) in New Jersey in May 1929 . He sent
it to Steiner, who described the nematode as a new genus and species,
Neoaplectana glaseri (S. glaseri).4 Glaser became the first to cultivate an
entomopathogenic species on solid medias and axenically." and the first to
conduct f ield experiments with cultured nematodes agatnst an insect pest, the
Japanese beet le.7 "

Significant developments have continued over the last 60 years. The rela-
tionship between nematodes and their symbiotic bacteria has been revealed and
explored. Additional nematode species have been discovered and studied.
Finally, f ield experiments have shown that these nematodes have potential as
biological insecticides against a range of soil and other insects. [Jnfortunately,
much of the information concerning production and application of these
nematodes is currently found in patents and confidential reports of commercial
companies, and is unavailable to the public.

III. TAXONOMY AND SYSTEMATICS
A. Steinernematidae

Steiner described the first steinernematid as ,.\plectana kraussei, isolated
from Germany in 1923.3In l92l , Travassos erected a new genus, Steinernema,
forthe species. However, it is apparent that two different species are included
in the original description of S. kraussci. Thus. the species kraussei should
presently stand as a species inquirenda and the name kraussei as a nomen
dubium. ln 1929, Steiner erected the genus l\ieottytlecturrua but did not give
clear differences separating this genus from Steil(,t 'n(,ntu. In 1934, Fil ipjev
noted the resemblance between the two genera and placed them in the subfam-
ily Steinernematidae. This subfamily was erected to the family level by Chit-
wood and Chitwood in 1937. Both genera, Neoultlectana and Steinernema,
were considered valid, but all recognized species were placed in the former
genus because it was more completely defined. and the type species (glaseri)
was intensively studied in the 1930s and 1940s.

An examination of the original type species (S. kraussei) revealed no
difference with Neoaplectana in regards to the number and arrangement of the
head papillae and Neoaplectono was synonymized under Steinernema.'0 This
action resulted in some confusion and it was hoped that a form fitting Steiner's
original generic description of Steinernema might be found, but up until the
present, it has not. In order to avoid further confusion and establish consis-
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tcnc\'. the use of Steinernema should be employed until a nematode with
Sreiner's original characters is recovered. S. glaseri will serve as the designated
rr pe species.

The double use of the specific epithet "feltiae" in the literature has also been
confusing. The nematode S.felt iae was first described by Fil ipjev in 1934,r1

and additional populations of this species were maintained in the USSR.'2 Sta-
nuszekr3 isolated what he determined to be S..feltiae from caterpillars, hybrid-
ized his/e ltiae with the DD- 136 strain of S. carpocapsae , and synonymized the
latter under the former taxon.ra'rs Poinarr6 showed that Stanuszek had actually
isolated a population of S. c:arpocapsae so this synonymy is not valid. This
inval id synonymy was also conf i rmed by esterase patterns.rT Moreover,
Kozodoi et al.12 and Poinarr6 showed that the .f'eltiae originally described by
Filipjev is conspecific with bibionis Bovien. Thus. f'eltiae has priority and
replaces bibionis. Ordinarily this would not cause a great problem; however,
because the epithet feltiae has also been confused with ('arpocapsae in the
literature, there have been two nematodes recognized asJeltiae, one that is now
('urpocapsae and the other that was bibionis.

In previous publications, it may be difficult to determine which nematode
was meantwhenfeltiae was used, unless the nematode strain was given. This
demonstrates the importance of providing information about the strain being
used in all studies. The proposed nomenclature (and svnonyms) for Srein-
ernema species is presented in Table L An emended description of the family
Steinernematidae follows the table.

TABLE 1. Recognized Species of Steinernema and
Synonyms

Recognized species (all originally
described in the genus Neoaplectana
except kushidai and scapterisci) Svnonvms

ffinis (Bovien, 1937)
anomali  (Kozodoi, 1984)
carpocapsae (Weiser, 1955)

?N. arenuria Artyukhovsky, 1967
N. beloru.ssicrr Veremchuk, 1966
N. chresinta Steiner in Glaser,

McCoy and Girth, 1942
N.  dutky iTurco et  a l . ,  l97 l
N. dutkvi Jackson, 1965
N.  dutky iWelch,  1963
N . elateridicola Yeremchuk, 1970
N. semiothi.sae Veremchuk and

Litvinchuk . 197 |
N. agriotos Veremchuk , 1969
N. feltiae Filipjev sensu

Stanuszek.1974
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TABLE I (continued). Recognized Species
of Steinernema and Svnonvms

Recognized species (all originally
described in the genus Neoaplectana
except kushidai and scapterisci Synonyms

lelriue (Filipjev, 1934)
sensu Fi l ipjev

,qlaseri (Steiner, 1929)
intermedia (Poinar, I 985)
kushidai Mamiya, 1988
rara (Doucet, 1986)
scapterisci Nguyen

and Smart, 1990

N. bibionis Bovien. 1937
N. bothyrroderi Kirjanova and

Puchkova .1955
A. ,gcor' ,qlca Kakulia and Veremchuk,

196-s
lti. kirjurun'ae Veremchuk, 1969
N' . lt'ttt ttrtiue Hoy, 1954
N. ntcrtt t : : i i  Travassos, 1932

hu . t  t t t ' l t t ,L rtTr ir l t ' .  Uruguay strain
Ngurcn ar rc l  Snrar t .  l9u8

Steinernematidae Chitwood and Chitwood 1937. 1950: Rhabditoidea
(Oerley), Rhabditida (Oerley) (syn. Neoaplectanidae Sobolev)

Obligate entomopathogenic nematodes capable of rnt'ecting a wide variety
of insects. Life cycle with a third-stage inf'ective,jurenile (often enclosed in a
second-stage cut ic le)  (Figure l ) :  containing cel ls of  a svmbiot ic bacter ium
(Xenorhabdas spp.) in its alimentary tract. Infectir c juvenile capable of surviv-
ing in the environment, entering the body cavitr of a host, and then developing
into a male or female. one, two, or more generations possible in host.

Adults: Amphimictic: ln nature found onlv insrde the infected insect ca-
daver. Stylet absent. Six l ips partially or completelv fused, each lip with a
labial papil la at its t ip. Four cephalic papil lae. Two. often inconspicuous,
lateral amphids present. Cuticle smooth. Head rounded. not offset. Stoma
partially collapsed with the posterior portion surrounded by pharyngeal t issue.
Cheilorhabdions usually pronounced and represented by a thick ring of scle-
rotized material l ining the fused area of the l ips. Prorhabdions and mesorhab-
dions usually present, but metarhabdions usually vestigial. Pharynx muscular
with a cylindrical procorpal area (sometimes with a swollen nonvalvated
metacorpal area) followed by a narrow isthmus which expands into a nearly
spherical basal bulb containing a reduced valve lined with refractive ridges.
Nerve ring conspicuous and normally surrounding the isthmus portion of the
pharynx. Ventral excretory pore distinct. Lateral fields and phasmids incon-
spicuous.

B

F i g u r e  I . I n f e c t i v e - s t a g c  j l r r g 1 1  ;  1 .
I t ' l t iue: K = .1. krausse i  (hcrc .r i .  .  ,
r ' r t ' -ct:  C = S. t 'arpoCap.rut, I  .r i l  ; , , ; .

Females:  Amphidc lphr .  . ,
located in  midbody rc t r ( ,n .  :
ov ipos i t ion.  Vagina c le tcr ro l - . : : .
rous,  the young juVeni l r - .  .  r  , i : .
the females. Size variablc . ic:, . . .

Ma les :  Tes t i s  s i ng l c .  r c l . . - i .
lum present  (F igure 2) .  Bur , . ,  . ,
tozoa beginn ing maturu l r {  \ r l
amoeboid in  shape.  Ml lc  r r r : .  . . .
(rarely 21).



27

Af

$
$

H
{.!

N
5t
t

Y
n

Figure l . Infect ive-stage juveni les of  Sreinernema spp.G =.S.  q/r r i t ' r ' l :  An = S.  anomal i ,  B =.S.

Jettiae; K = S. kraussei (here a population of S.feltiae\: Af =.t. Ltl l inis I= S. intermcdra; R = S.

rara; C = S. carpocapsae (all presented at the same scale: bar = 177 pm).

Females: Amphidelphic with opposed reflexed ovaries. Vulva with lips,

located in midbody region, functional during mating and initial stages of

oviposition. Vagina deteriorating in older females which become ovovivipa-

rous, the young juveniles consuming the body contents and eventually kil l ing

the females. Size variable depending on the amount of nourishment available.
Males: Testis single, reflexed at tip. Spicules paired, separate. Gubernacu-

lum present (Figure 2). Bursa absent. Tail tip with or without mucron. Sperma-

tozoa beginning maturation in testis of fourth-stage male. Spermatozoa

amoeboid in shape. Male tail usually with a complement of 23 genital papillae
(rarely 2l).
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Inf'ective-stag,e juvenile: The "dauer" or "infective" stage is a third-stage
juvenile (Figure l), often sti l l  inside a second-stage cuticle. Much narrower
than the corresponding parasitic juvenile. Cuticle bearing 4-8 longitudinal
striations. Mouth and anus closed. Pharynx and intestine collapsed. Tail
pointed. Excretory pore anterior to nerve ring (Figure 3D). Cells of symbiotic
bacteria maintained in a specialized anterior portion of intestine. Mouth region
not armed with a dorsal hook but with or without dorsal cuticular thickening.
Development of infective stage into a male or amphimictic female. Kozodoi
and Spiridonovrs have shown that the cuticular ridges differ on Steinernema
infective juveniles. The ridges could be a useful character for distinguishing
species although care and high magnification with scanning electron micro-
scope are required because the number of ridges varies according to the part of
the body examined.

The family includes the single genus Steinernema Travassos, 1927 (syn.
Itleoaplec'tana Steiner, 1929). The t1'pe species is hereby designated as S.
glaseri. Normally S. kraussei would be the type species, but "species in-
quirenda" cannot be validly designated as type species.

Species of Steinernema are l isted belor,r ' in chronolo-eical order:

S. kraussei (Steinerr 1923) syn. Aplectana kraussei Steiner, 1923.3
The original description of S. kraussei by Steiner' includes two separate

nematodes, one resemblingS.felt iae, the other resembling S. carpocapsae.For
this reason, lhe species kraussei is assigned to a species inquirenda, and the
name krausseiis a nomen dubium. On the basis of the onginal description by
Steiner3 and the emended description by Mr:icek.r" there are no consistent
differences which separate kraussei from other species in the genus. In their
key to the Steinernema species, Wouts et al.r" onlv state the size of the male
spicules (45-55 pm long rn kraussei vs. 60-65 prm long in.felt iae l=bibionis))
for distinguishing between kraussei andfeltiue. Houever. the 60-65 pm spic-
ule length value of feltiae was based on the New Zealand strain of feltiae2\ and
not the Danish strain which Bovien stated had a spicule length of 53 pm,
clearly within the range for kraussei.

In studies on a strain labelled S, kraussei f iom Czechoslovakia, the present
author and SharT could find no clear differences fromle/rirze. Breeding experi-
ments showed that S. kraussei could cross (viable F ,) with the SN strain of S.

felt iae. Thus, at this point, the status of kraussei is unclear, especially since in
the original description, Steiner3 figured the male tails of what appear to be two
separate species of Steinernema.

Geographical range. This species has been collected only from the sawfly,
C ephak'ia abieti s. in Czechoslovakia.s're

Steinernema glaseri (Steiner, 1929) (Figures lG, 2A)
This species is characterized by its large infective juveniles. Aside from the

:  - - : ' . . : .  r i C . . l - i i . l , ,  :  '  \

{ ' 1 .  \ l t  r r r l , ,  r  -
i l \ ( . . . . -  - :  ' r -

- . . : ,  
J  I l , '  r j l . t S : - . r , r l _ .  . . 1 " : : , : ,

: - ' : : : l l l t . r l  l . t t ,  l l l L r .  I  , :  _ : ,  l

:  . ! . 1 r  I  i t c  r n : r , . i . , ,  r .  . t - : ;

. - : 1  . .  r . t l l g C  =  \ 6 J - ' l i .  :

.  ,  ,  . .1 ,  n t  r .  .U l t l  t i t . :  : .1 :  l
( 1 1  , . / , / / r / 1 , ' ,  1 . . .  , . . , .  I

- . : t -  j r l i u n  u  h e  t l r c r  : h c  r
' .  

. ; , ; ' , r / l i l 1 l  K t r , z t ) t i r , t  ,  , :  -  .

\ t t ' t r ternetna felr iat,  , l  i l i l
\ r  n .  \ .  l t t l t t t  t t t i ,  I J  , , ,  r

. . r : . . .  \ .  g t , r r l - g 1 r  r /  K . t t . -  .
' t  

. ' .  i / ,  ( u t t t l ( ,  I l r t t .  i , r ;  j

J I  l \  n ( ) \ \  e  l c , u r  l h l r t  f  i t . ,
K r rZo t i t t i  e t  ; . t 1 .  :  i i p r l  [ ) ,  ,  . . . ,

I J ,  ' r  t c r t .  \ \  r r u t r :  I r r r , \  . 1 : .
I  h r r  : p c e  i e s  i :  g [ ; 1 p ; 1 . ' . . -  , , ,
. . . 1  t r - n n i l t a l  r n a l c .  t u i i  r : t . . _
T h c  : p i c u l e s  a r c -  1 c l l r , . . .
' \ . l u l t s  c a n  a l s t - r  b c  r l r , l r , :

c \ r ' r e t O r \  p o r e  ( l L r n h c r  : r
. l r . l i n g u i s h c d  h r  i t .  l e r . : : :

B  r l t - - n g t h  o f  p h a r r  l t \  . j r  ,  : .
Gco,qruphi t 'u l  t - , t r i ,_, ,  I  i

I r a .  a n d  N e w  Z e a l l n r l  \ : : .
t .

Steinernema affinis tlf or i
Desc r i p t i ons  o l '  t h r r  . : .

. . l t ' :cr ipt ion by Poi nirr
D iagnost ic  char l rercr .  : :

p resence  o f  a  m inu t c  t . r r l  : : .
l um .  cu rved  ca la r r t u r  . r r r . :  r .
in fect ive s tage is  i r . r rcnnr . : . ,
and conta ins a  rc f 'n r r . t r lc  r : .

Geograp l t i (u l  t ,u t : ,  I :
Europe (Denmark antl  \ \  r .

Steinernema carplca p.\ a ( |
ures lC, 2F)

This  species is  u i r lc l r  , : . ,



29

original description of Steiner,a the species was re-described from a natural
population infecting a scarabaeid larva in North Carolina.2l Although females
have no diagnostic characters, the males can be distinguished by the lack of a
terminal tail mucron and spicules which have a terminal ventral notch, hook,
or scar. The infective stage can be distinguished by its length (average = I 130
pm; range =864-1448), the distance from the head to the excretory pore (87-
110 pm) ,  and the  ra t io  E  (1 .22-1 .38) .

Geographical range. This species occurs in North and South America. It is
uncertain whether the Soviet arenaria Artyukhovskyl is more closely related
to anomali Kozodoi or glaseri. Strains of S. g/aseri are listed in Table 2.

Steinernema feltiae (Filipjev, 1934) (Figures lB, lK, 2G)
Syn. N. bibionis Bovien, l93l; N. bothynoderi Kirjanova and puchkova,

1955; N. georgica Kakulia and veremchuk; N. kirjanot'ee veremchuk, 1969;
N.leur:aniae Hoy,1954: N. menozzii Travassos, 1932.

It is now clear that this species is conspecific with S. bibionis (Bovien)23 (see
Kozodoi et al.r2 and Poinarr6). In addition to the descriptions by Fil ipjev'r and
Bovien,23 Wouts20 provided a description of a New Zealand strain of S. feltiae.
This species is characterized by the shape of the spicules and male tail. There
is a terminal male tail mucron ranging from 4-13 pm in length (rarely shorter).
The spicules are yellow orange and lack a distinct capitulum and rostrum.
Adults can also be distinguished from S. carpo('opsae by'the location of the
excretory pore (further posterior in feltiae). The inf'ective juvenile can be
distinguished by its length (average = 849 pm; range = 736-9-50 ) and their ratio
B (length of pharynx divided by total length).

Geographicol range. This species has been recovered from Europe. Austra-
l ia, and New Zealand. Strains of S.felt iae (=bibionis) are presented in Table
2 .

Steinernema affinis (Bovien,,1937) (Figures lAf, 2E)
Descriptions of this species include the original by Bovien23 and a re-

description by Poinar.2a
Diagnostic characters in the male include gray or colorless spicules, the

presence of a minute tail mucron, and the shape of the spicules (short capitu-
lum, curved calamus and sometimes a small. anteriorly located rostrum). The
infective stage is intermediate in length (average = 693 pm; range = 608-800)
and contains a refractile spine in the tip of the tail.

Geographical range. This species has only been reported from northern
Europe (Denmark and West Germany). Strains of S. affinis are listed in Table
2.

Steinernema carpocapsae (Weiser, 1955) (see Table 1 for synonyms) (Fig-
ures lC, 2F)

This species is widely distributed and represented by many strains (Table 2).
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Figure 2 (abovc).  Schemat ic drawings of  the male ta i ls  of  Steincrnt ,nru \pp.A = S.  g laser i ,  B = S.
anomal i ,  C = " ! .  in te ' rntet l ia ,  D =S. kushidai ,F.=S.a. lJ ' in i . i .  F= S.  (drpo(upsae,G=S.fe l t iae.H
= S. rora.

Ftgure 3. Morphological structures of Heterorhubditis and Steinerttema. A. Anterior tip of an
infective stage H. bat'teriophora (HP88 strain) showing large dorsal tooth (arrow) and smaller
subventral tooth. B. Ventral view of male tail of H. bocteriophora (HPS8 strain) showing the bursa
and bursal papillae. C. Excretory pore opening (arrow) occurs posterior to the nerve ring (N) in
Heterorhabditis spp. D. Excretory pore opening (arrow) occurs anterior to the nerve ring (N) in
Steinernema spp.
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Figure 3
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Descriptions of the following strains exist: Czechoslovakian,r5'26 DD- 136,2'26
Agriotos,z'27'rn and Stanuszek.2'14'rs Diagnostic characters in males include the
presence of a small mucron on the tail t ip (usually from I -4 pm in length) and
gray-yellow spicules with a distinct capitulum and rostrum. The infective
juvenile can be recognized by its length (average = 558 pm: range = 438-650),
anteriorly positioned excretory pore, and small ratio E (0.-54-0.64) (distance
from head to excretory pore divided by tail length).

Geographical range. This species occurs in Europe. North America, South
America. Australia, and New Zealand. Strains of S. carpo(upsue are presented
in Table 2.

Steinernema enomali (Kozodoi, 1984) (Figures lAn, 28)
This species was found parasitizing the chafer. Artorttulu dubia, in the

Riazan and Voronez provinces of the USSR.ze Descriptions have been made by
Kozodoi2e and Poinar and Kozodoi.30 This species is morphologically and
biologically so similar to S. g/aseri that they could be considered the same
species except that they do not interbreed. A distinguishing character is the
sl ight ly swol len t ip of  the spicule in S. anomal i . ln S.,qf t r . rc i ' r .  the spicule t ip
appears to be notched or even hooked. The infective jurenile can be separated
from that of all Steinernema species except glaseri bi its length (average =

1034 pm; range =724-1408). S. anomali can be separated from the infective
stage of S. glaseri by the shorter distance from the head to the excretory pore
and ratio D (distance from head to excretory pore divided by distance from
head to base of pharynx).

Geographic:al range. S. anomalr has been reported onlr from the USSR. It
is similar to S. arenaria and may, in fact, be a junior svnonym. However,
insufficient information to make this determination is available at this time.22
Strains of S. anomali are listed in Table 2.

Steinernema intermedia (Poinar, 1985) (Figures lI, 2C)
S. intermediawas described from a strain collected in South Carolina (U.S.).

The original description provides the only characterization of this species3r
aside from a separate study on sperrn development and morphology.32 Males
can be separated from other Steinernema specres by the absence of a terminal
tail mucron, bluntly rounded spicule tips, and the strongly curved spicules. The
infective juvenile is longer (average = 6J I pm; range = 608-800) than those of
S. c'arpocapsae, S. kushidai, and S. rara, yet shorter than those of all the other
Steinernenra species. The absence of a spine in the tail t ip of the infective
juvenile separates this species from S. ffinis.

Geographic'al range. This species has been reported only from the original
collection site in South Carolina.sr

Steinernema rara (Doucet, 1986) emd. Poinar, Mrfcek and Doucet, 1988
(Figures lR, 2H)

This species was isolated from Heliothis larvae in C6rdoba, Argentina.3s In
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.rddition to the original description,s3 further characterization was provided by

Poinar et al.ra This unusual species is the only known steinernematid which

l;.rcks one pair of male genital papil lae (21 instead of the normal 23 papil lae).

Orher diagnostic characters include the presence of a male tail mucron, the

lemon yellow spicules, and the degree of spicule curvature. The infective stage

can be separated from that of other steinernematids by its shorter overall length
(average = 511 pm; range = 443-513) and length of the pharynx.

Geographical range. S. rora has been reported only from the original

collection site in Argentina.sl

Steinernema kushidai Mamiya 1988 (Figure 2D)
This species was obtained from cadavers of Anonnlu (uprea larvae which

had been reared in soil collected from Hamakita, Shizuoka Prefecture, Japan.r5

The original description was presented by Mamiya and provides the only

characteri zation of this species.3s Diagnostic characters provided by Mamiya

include a constriction of the gubernaculum, a rounded manubrium on the

colorless spicules, the location of the excretory pore. and the length of the

infective stage (average = 589 pm; range = 524-662).
Geographical range. S. kushidar has been reported onlv from the original

collection site in Japan.3-'

Steinernema scaptensci Nguyen and Smart 199016

Steinernema scapterisci, referred to earlier as the Uruguay' strain of S.

Carpocapsae,sT was descr ibed recent ly as a new species." ' l t  is  s imi lar  to S.

carpocapsae, differing from the latter species mainly in phy siological charac-

ters related to its adaptations for parasitizing mole crickets of the genus

Scapterisc'as (Gryllotalpidae, Orthoptera). The infective jui'enile can be distin-
guished from S. corpocapsae by its greater ratio E.

Geographical range. S. sc'apterisci has been reported only from its original

site of discovery in Uruguay.16

On the basis of the published descriptions of the above-reported species of

Steinernema and the author's own observations. measurements of the infective

stages of the nine recognized species are listed in Table 3. Keys to the infective
juveniles and males are presented below.

Key to the Infective Juveniles of Steinernema spp.

Included here are all available measurements of different strains of the

species to present normal variability within the species. Average refers to the

arithmetic mean of 10 individuals. All measurements are in microns. Steinerne-
matid infective juveniles are i l lustrated in Figure l.

1. Average length of infective stages greater than 1000 (range - 724-
1500)  -  2



38

l ' .

2.

2'.

a-).

-)

4 .

A ,+

-5.
) .
6 .

6 ' .

Entomopathogenic Nematodes in Biological Control

Average length of infective stages less than 1000 (range = 43g-1200)
- 3

Average distance from head to excretory pore from g7- I l0; ratio D
varies from 0.58-0.71 - S. glaseri (Steiner)
Average distance from head to excretory pore from 76-g6l ratio D
varies from 0.52-0.59 - S. anomali (Kozodoi)
Average length of infective srage from 800-900 (range = 736-950) - s.
Jelriae (Fil ipjev)
Average length of infective stages less than 800 (range = .13g-g00) -
A

Average length of infective stages from 660-700 (range = 60g-g00) -
5
Average length of infective stages from 500-600 (range = ;l3g-662) -
6
Minute refracti le spine in tail t ip present - s. ufirt i.; (Bovien)
Minute refractile spine in tail tip absent -- s. intt,rntedia (poinar)
Average distance from head to pharynx base from I 15-127 (range -
1 0 3 - l 9 0 )  - 7

Average distance from head to pharynx base from l0l- I I I (range = g9-
120)  -  8
Ratio E is 0.73 (range = 0.60-0.80) - s. scu1ttt,t. i . ir.r N-euyen and smart
Ratio E is 0.60 (range = 0.54-0.66) - s. r 'ut.1t.t.psae (weiser)
Average distance from head to excretory pore is 3g. range is 32-40:
average length of infective stage is 5l l. range is -1.13--573; ratio D is
0.35 (0.30-0.39) - S. rarz (Doucet)

8'. Average distance from head to excretory pore is -16. range is 42-50;
average length of infective srage is 5g9. range is 521-66Z ratio D is
0.41 (0.38 -0.44) - S. kushidai Mamiya

Key to Males of Steinernetnu spp.

Il lustrations of male tails appear in Figure 2.
l .  Tip of  ta i l  containing a cut icular mucron (=spine )  _ 2
l ' .  T ip of  ta i l  lacking a cut icular mucron (=spine) _ 5
2. Average length of  ta i l  mucron (N = l0)  is  l -4:  capi tu lum on spicule

most ly dist inct  -  3
2' .  Average length of  ta i l  mucron (N = l0)  is  4-13; capi tu lum on spicule

mostly indisrinct - S. felt iae
3. Length of tail mucron equal to or shorter than that of surrounding

genital papil lae; spicule colorless, t ips blunt: distal t ip of gubernaculum
over laps spicule t ip -  S.  f f in is

3' . Length of tail mucron longer than surrounding genital papil lae; spicules
yellow, tips blunt or pointed; distal t ip of gubernaculum does not
overlap spicule tips - 4
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Spicule tips poinred; six pairs of tail genitar papil lae; spicuie with
prominent ventral arch - S. c'arpoc'apsae and S. scapterisci (characters
separating the males of these species have yet to be described)
Spicule tips blunt; f ive pairs of tail genital papil lae: spicules with
inconspicuous ventral arch (rostrum) - S. rara
Tail t ip rounded; spicules notched or swollen at t ip, moderately curved
(angle between calomus and lamina usually between 50 anct 70") - 6
Tail t ip pointed; spicules not notched or swollen ar t ip. srrongly curved
(angle between calomus and lamina usually between 70 and 90") - l
Spicufe tips swollen - S. anomali
Spicule tips notched or scarred - S. glaseri
Gubernaculum with a median constriction, distal portion not surround-
ing spicule tips - S. kushidai
Gubernaculum lacking a median constriction: distal portion surround-
ing spicule tips - S. intermedia

B. Heterorhabditidae
The family Heterorhabditidae Poinar was erected in 1976 with H. bacterio-

phora Poinar as the type species.38 These are obligatelv parasitic rhabditoids
with a biology similar to the steinernematids excepr that they have a hetero-
genic life cycle with hermaphroditic and amphimictic temales. Their morphol-
ogy is similar to that of the microbotrophic rhabditids. The nematode H.
heliothidis (=Chromonema heliothidis Khan, Brooks. and Hirschmann3e) origi-
nally described in the family Steinernematidae. is now synonymized with
Heterorhabditis bac'teriophora Poinar. Only the single senus Heterorhabditis
is presently included in the family.

The ability of two nematode populations to mare and produce fertile F ,
progeny determines a true biological species and has been used to identify new
species of Steinernematidae. However, because of technical diff icult ies in
handling the fragile males of Heteror'habditis,it has nor been practical to utilize
this tool for this genus. As a result, new species are determined by morphol-
ogy.*" electrophoretic analysis of enzymes,ar and DNA fingerprinting.a0 Table
4 f ists the present species and strains of Heterorhubditis. An emended descrip-
tion of the family Heterorhabditidae is presented below.

Heterorhabditidae Poinar I976; Rhabditoidea (Oerley), Rhabditida
(Oerley).

Obligate entomopathogenic nematodes capable of infecting a wide variety
of insects. Life cycle with a third-stage infective juvenile (Figures 34, 3c, 4)
often enclosed in a second-stage cuticle. Cells of a symbiotic bacterium (Xen-
orhabdus sp.) in infective juvenile's alimentary tract. Infective juvenile ca-
pable of entering the body cavity of a host and developing into a hermaphro-
ditic female.

Adults: Hermaphroditic and amphimictic populations found only inside
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Figure -1.  I r r t -ect ive-stage juveni les of  Heterr t rhuhdi t is  spp.M = l t .  nrc,q, id is iT = H.:ealundica,B
= H. but tcr i t tp l toru stra in HBl,  H = H.bacter iophoru stra in NCI:A = Heterorhabdi t isbat ' ter io-
pltrtru strain Arg I (all presented at the same scale; bar = 102 pntt

infected insect cadavers in nature. First hermaphroditic generation usually
followed b1'one or more amphimictic generations. Stylet absent. Head truncate
or slightly rounded. Six distinct l ips present which may be partially fused at
base; each lip with a single labial papil la; two additional papitlae at the base
of each submedial l ip; lateral l ip with a single cephalic papil la and a circular
amphidial opening. Cheilorhabdions present as a refractile ring in anterior
portion of stoma. Posterior portion of stoma collapsed, with reduced pro-,
meso-, and metarhabdions. Anterior portion of pharynx surrounds base of
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\loma. Procorpus of pharynx wide and cylindrical, with pharynx narrowing at

r..rhmus and expanding into a distinct basal bulb with reduced valve plates.

\erve ring distinct, usually located near middle of isthmus in female and on

hasal bulb in male.
Females'. Amphidelphic with median vulva and reflexed portion of ovaries

ofren extending past the vulvar openings. Oviparous becoming ovoviviparous
in later life. Hermaphroditic females with sperm in proximal portion of ovotes-

tis and functional vulva. Amphimictic females with sperrn in proximal portion

of oviduct and vulva nonfunctional for egg passage (functional only for mat-

ing). Mated females often with copious deposit (copulation plug) surrounding
vulvar opening. Tail pointed, usually with a postanal or anal swell ing. Rectal

_elands present.
Males: Produced only during the amphimictic generation. Single, reflexed

testis. Spicules paired and separate, nearly straight. Gubernaculum present.

Bursa present, open, peloderan or weakly leptoderan. attended by a comple-
ment of nine genital papillae (Figure 3B).

Infective-stage juvenile: Third-stage juvenile often still inside its second-
stage cuticle and narrower than corresponding parasitic juvenile. Cuticle with
paired longitudinal double lines (ensheathing second-stage cuticle with numer-

ous longitudinal ridges). Mouth and anus closed. Head with armature on the

dorsal side (dorsal protrusion, hook, or spine) and in some cases. further
modification on the subventral surfaces (callus, small spine. hook. or thicken-

ing) (Figure 3,{). Pharynx and intestine collapsed. Tail pointed. Ercretory pore
posterior to nerve ring (Figure 3C, contrast with Figure 3D). Cclls of sy'mbiotic
bacteria found throughout the lumen of the alimentary tract (Figure -5 ). Devel-
opment of infective stage always into a hermaphroditic fentale.

The family contains the single genus Heterorhabcliti.s with H. but'teriophora
as the type species. Characters for the genus are similar to those outlined above
for the family. A synopsis of the species of Heterorhabtlitis is presented below.

H eterorhabditis bacteriophora Poinar 197 6 (Figures 3A-3C, 4 A, 4B, 4H, 5,

6)
This species was collected from Heliothis punctiger in Brecon, Australia.ss

It is widely distributed and composed of many strains. each differing from one
another in behavior and physiology. These strains can be identified by DNA
fingerprinting and enzyme analysis.

An electrophoretic study by Akhurstar indicated three broad groupings for

an assemblage of 23 geographic strains of Hetet'orhabditis. Thus far, only 3
species have been formally described. However, the Akhurst study revealed
only a 10% dissimilarity between H. bacteriophora and H. heliothidis. On the
basis of these results, coupled with DNA fingerprinting and morphological
studies, it is concluded that the two species are conspecific. Descriptions of
bacteriophora rnclude strain HB I from Australia,3s strain NC I from North
Carolina.3e and strain HP88 from Utah.a2
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Figure 5

Figure 6

I ) r l r g r t os t i c  ch l r r l r . l i . r .  I  , l
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II tterorhabditis zealandit u I,
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T h e  t y p e  s p e c i m e n s  ( l l , , l  , . ,
r [ ' pos i t ed  i n  t he  Na t i ona l  \ 1 . . . ,

Gt,ogruphical ran,qt. l i rr ,1 :
rn  \ew Zealand,  Aust ra l i . r .  . r : .  :

H eterorhabdilis megidi s poi na
This  spec ies was cc l l l r - . r . te  , j  : :

t dp ln i ca )  i n  Oh io .ao  L  n lon i . :
. \khurs t ,ar  but  DNA d i l i t l r  r r ,  . r .
l ' rom lhe other  two hercr , r r . l r . , \ . :

The length of the inf 'er.trr, . .
c'XCletof) pore Separ&le l!. ntr -
The males of H. me,qir l i . r  p()rr i . . .
r , i h i ch  d i f f e r s  f r om rhe  0C1 , , . , . -
:ealandica.

Geographical range. l!. ,, , ^
location in the state of Ohio i

Other Heterorhabditis spp.
Reference to three othcr hr.:

is H . hambletoni pereira (rlc.. r

Figure -5 (Opposite, top). Elccron nr.
of  an infect ive juveni le of  H.  hLtL r ,  ,
the lateral and dorsal hypode mrul . rr
intest inal  Iumen. Notc strongl t  r i r l r . .
s t r iae on inner th i rd-stage cur ie lc  p:

Figure 6 (Opposi te,  bonom).  Elccrr i ,n :
ventra l  teeth on the t ip of  an in l t , t . t r r  i



47

Diagnostic characters for bacteriophora include the length of the inf-ective

.rdge . the position of the pharynx base in the infective juvenile, and male tail

rnorphology.
Geographic:al range. This species occurs in North and South America,

.\ustralia, and EuroPe.

Heterorhabditis zealandica Poinar syn. New Zealand population of FI.

heliothidis sensu Woutsa3 (Figure 4T)
This species was originally described as a New Zealand population of H .

hetiothidis;a3 however, morphological evidence indicates that it is a separate

species. Also, the results of Akhurst's electrophoresis study show that this

nematode (NZH) is separated from H. bar:teriophoru (NC) by 4l o/o dissimilar-

ity.al The infective juveniles of H. zealandit 'a are larger than those of H.

bacteriophora, and the distance from the head to the pharynx base is greater

in H. zealandica than in H. bacteriophora.
The type specimens (Holotype - male) (Allotype = inl 'ective juvenile) are

deposited in the National Museum in Wellington, New Zealand.

Geographical range. From data presented by Akhurst.tr this species occurs

in New Zealand, Australia, and Europe.

Heterorhabditis megidis Poinar, Jackson, and Klein{0 (Figure ;lM)

This species was collected from diseased Japanese beetle l i ln'ae (Popil l ia

japonic:a) in Ohio.a0 Unfortunately,  i t  was not included i r r  the study'  by

Akhurst,ar but DNA analysis and morphological features separatc this species

from the other two heterorhabditids.ao
The length of the infective juvenile and the distance l'ronr the hcacl to the

excretory pore separate H. megidis from H. bacterittph()/'(/ and H. :t'ulurtdictt.

The males of H. megidis possess a weakly leptoderan (pseudopeloderan) bursa

which differs from the peloderan bursa found in H. hut'tt'riopltoru and H.

zealandica.
Geographical range. H. megidis has only been reported from its original

location in the state of Ohio (U.S.). '"

0ther Heterorhabditis spp.
Reference to three other heterorhabditids occurs in the literature. The first

rs H. hambletoni Pereira (described in the genus Rhuhclit is) from Brazil,aa and

Figure 5 (Opposite, top). Electron micrograph (TEM) cross section through the midbody region

of an infective juvenile of H. bacteriophora showing large drops of l ipid storage material (L) in

the lateral and dorsal hypodermal chords and Xenorhubtlus luntine.rc'cns bacteria (arrow) in the

intestinal lumen. Note strongly ridged ensheathing second-stage cuticle and paired longitudinal

striae on inner third-stage cuticle (photo by R. Hess-Poinar).

Figure 6 (Opposite, bottom). Electron micrograph (TEM) longitudinal section through the two sub-

ventral teeth on the tip of an infective stage H. bu<'teriophrtru (photo by R. Hess-Poinar).
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the second rs Heterorhabditis sp. (Nematode 41088) from Saucier, Mississippi.
The latter form was never officially published and probably represents a now
lost strain of H. bacteriophora.as The third is H. hoptha (Turco) which was
originally described in the genus Neoaplec'tane.a6 The descriptions of the above
species are too incomplete to assign them to any species and they should be
considered as nomen dubia.

Key to the Infective Juveniles of Heterorhabditis

Included here are all available measurements of different strains of the
species to present normal variabil ity within the species. Avera-ue refers to the
arithntetic mean of l0 individuals. All measurements are in microns. Heter-
orhabditid infective iuveniles are illustrated in Fieure .+.

l. Average length of infective stage froirr 570-6.1-l (ranse = 512-6ll),
distance from head to pharynx base 125 ( 100- I 39 ) - H . hucteriophora
Poinar

l '. Average length of infective stages from 685-768 (range = 570-800);
distance from head to pharynx base 141 (135-160) - 2

2. Total length 768 (range = 736-800); distance from head to pharynx base
155 (range - l4J-160) - H. megidis Poinar. Jackson. and Klein

2' . Total length 685 (range - 510-7 40); distance f rom head to pharynx base
140 (range = 135-l4l) - H. zealandicu Potnar

Measurements of the infective juveniles of the above three species are pre-
sented in Table 5.

IV. BIOLOGY
Because of basic patterns of similarity between the Steinemematidae and

Heterorhabditidae as a result of parallel evolution. the biology of both are
covered collectively.

A. Infection
Infection by both Steinernema and Heterorhabditis is initiated by a third-

stage juvenile which is morphologically and physiologically adapted to remain
in the environment for a prolonged period (without taking nourishment) while
waiting for an insect host. The infective stages are the only survival stage in the
life cycle of these nematodes. Their role is to locate a suitable host, and their
well-developed amphids and head papil lae probably assist them in this goal. In
the absence of biotic antagonists and natural disasters, the survival of the
infective stage depends on the nematode species (physiological adaptations)
and physical conditions in the environment (especially temperature and mois-
ture). Morphological adaptations for this survival period include a compaction

TABLE 5.  Col lc-cr i r  c
Stage Juveniles ol 1/r

h a < ' l t  n , , 1

Character Pnin

Total length
Greatest width
Distance: head to

excretory pore
Distance: head to

nerve ring
Distance: head to

pharynx base
Length tail
Ratio Ab
Ratio B'
Ratio Cd
Ratio D'
Ratio El
Ratio Fe

\ r  - _

l : 5

t / \ r r  r

\
. - .
t \

6 : :  r

( l  \ -

I  . :

o  l <

b

c

d

Al l  measurements  i r r  rn . . :
the average value t\  = l i
Length divided bv rr r. i r :
Length d iv ided br  c l r . t . r :  . .
Length divided br rurl  1,. :  -
Distance from head [() ( . \ .  r
pharynx base.
Dis tance f rom hcac l  r ( )  i . \ . .
Width  d iv ided b1,  rar t  tc : :_ :

or col lapse of certain bocir lr  . .

t ial ly nonfunctional becaurc r irr
together, thereby greatl l  r ! ' t1.. .
The mouth and anus arr- i i l , , ,  ,
p resence of  numeroUS n1I los ' - , ,
searching) and large drlounlr , ,
ma l  g l ands  and  i n tes t i na l  r c l i ,
spp. ) ,  which p lay an impor l . ,n l  r
alimentary tract of the inl.c,. r rr r'
bacteria are found in thc nr, r
H eterorhabdit is, Xe nr tr  l t t t  l t , i  . ,
throughout the intest inal lunti . . :
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TABLE 5. Collective Measurements of the Infective-
Stage Juveniles of Heterorhabditis Species"

Character
bacteriophora

Poinar
zealandica

Poinar

megidis
Poinar,

Jackson,
and Klein

Total length
Greatest width
Distance: head to

excretory pore
Distance: head to

nerve ring
Distance: head to

pharynx base
Length tail
Ratio Ab
Ratio B'
Ratio Cd
Ratio D'
Ratio Er
Ratio Fe

588(s t2-611)
2 3 ( 1 8 - 3 1 )
r03(87- l  l0 )

8s(12-93)

l 25( l 00- l 39)

98(83- l  12)
2s(t7 -30)
4.s(4.0-5.  r  )
6.2(s.s-7.0)
0.84(0.76-0.92)
1.12(1.03- l  .30)
0.2s(0.22-0.36)

68s(-570-740)
27(22-30)
t t2 (94-123)

l 00(90- r 07 )

1 4 0 ( r 3 s - 1 4 7 )

r 0 2 ( 8 7 - t  1 9 )
25(24-26)
4.9(4.2-s.0)
6.6(6.2-6.1)
0.80(0.70-0.84)
r .08( l .03- l .0e )
0.25(0.24-0.26t

768(736-800)
)Ot ) '7 -2,) \

13 t (123 - t42 )

r 0 9 ( 1 0 4 - l  r 5 )

l  -5-5( 147- 160)

l l e ( l l 2 - 1 2 8 )
26 (  23 -28 )
-5 .0( :1 .6-5.9)
6 . - s ( 6 . 1 - 6 . 9 )
0  8 5 ( 0 . 8 1 - 0 . 9 1  )
l . l 0 (  1 0 3 - 1 . 2 0 )
0. l -5r0 .2 .1-0.2 t t  )

b

c

d

All measurements in microns, and range is given in parenthcscs fol lor i ing
the average value (N = 25).
Length divided by width.
Length divided by distance from head to pharynx base.
Length divided by tail length.
Distance from head to excretory pore divided by distance from head to
pharynx base.
Distance from head to excretory pore divided by tarl length.
Width divided by tail length.

or collapse of certain body tissues. For example. the alimentary tract is essen-
tially nonfunctional because the walls of the intestine and pharynx have closed
together, thereby greatly reducing the lumen of the digestive tract (Figure 5).
The mouth and anus are also closed. Ultrastructural investigations reveal the
presence of numerous mitochondria (probably for supplying energy for host
searching) and large amounts of food reserves stored in the enlarged hypoder-
mal glands and intestinal cells (Figure 5). Symbiotic bacteria (Xenorhabdus
spp.), which play an important nutritional role inside the host, are found in the
alimentary tract of the infective stage. In Steinerneme, the great majority of the
bacteria are found in the modified ventricular portion of the intestine; in
Heterorhabditis, Xenorhabdr.rs is found in this location but can also occur
throughout the intestinal lumen and even in the pharyngeal lumen (Figure 5).
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The behavior of the infective juveniles varies from species to species' Those

of S. r'arpo('apsaehave a tendency to search for insects on the soil surface and

can be seen standing on their tails waving back and forth or bending over in

preparation to "jump" o, bridge to anothei soil particle' The larger species of

steinernenirz, s. glaseri, and s. anontali, and the heterorhabditids tend to

disperse through the soil in search of hosts'

During this period of soil migration' the infective juveniles are vulnerable

to attack by invertebrates and microorganisms' Under laboratory conditions

infective juveniles without the enclosing second-stage cuticle wil l survive as

long as infective juveniles which are sti l l  ensheathed' but the sheath can serve

as a means of protection. Although predators such as mites' collembola' etc'

can ingest ensheathed and exsheathed forms, some nernatophagous fungi such

as Hirsutella will not adhere to ensheathed steinernematid nematodes't7

Once contact with a potential host is made. the infective juveniles have

several alternative methods of entry. Those of steinent(tltd appear to enter the

host 's hemocoel through natural  openings (mouth'  anus'  or  spiracles) '

However, Heterorhabctit is possesses a dorsal (and st)nletimes' two smaller

subventral) tooth or hook which can be used to break the outer cuticle of an

insect and allow the infective juveniles to enter (Figures 3A, 6).+u This method

of entry is successful with the smaller, more fragile insects but is not known

to occur with larger insects'

B. Symbiotic Bacteria
Presumably in Steinernematidae and Heterorhabciitidae. we have two phy-

logenetically different l ines of rhabditids that have developed similar symbi-

otic association with closely related bacterial species.

As soon as the infective juveniles enter the host hemocoel' they init iate

development. The alimentary tract becomes functional and cells of the

symbiotic Xenorhabdus bacteria are released through the anus and start to

multiply in the insect's hemocoel. These bacteria are consumed and digested

by the developing nematodes' , , -.r-:-
Successful ma-turation and multiplication of the nematodes, culminating tn

infective juvenile formation, depend on a well-established population of Xen'

rtrltubclusbacteria in the insect's hemolymph' The bacteria occur in two major

phasesl the phase one variant is most ideal for nematode development' proba-

bly because it fumishes a good source of nourishment and produces an assort-

ment of antibiotics which prohibit the establishment of other microorganisms'a'

However. for no obvious reason, phase one wil l convert to a phase two variant

which neither supplies as much nutrit ional value nor the types or amount of

antibiotics as ptrase one. A possible explanation for this conversion is related

to the survival of the bacteria. A bacteriophage recently discovered from X'

luminescens attacked phase one and not phase two cells's0 The presence of this

bacteriophage severeiy affects nematode production by destroying the phase

one cells.

c ft',' r

1f,-

* ' r  l

SPF. ( - I  \ T IO \
l :  : i t . '  . 1 ,



5 l

C. Development and Reproduction
One of the major differences between Steinernema and Heterorhahrtitis is

their development subsequent to the infective stage. In Steinernemo, the infec-
trr e juveniles develop into amphimictic females or males but never hermaph-
rtrdites. In Heterorhabditis, each infective juvenile develops into a hermaphro-
.i i t ic female and never an amphimictic female or male. However, the second
ceneration (progeny of the initial females formed from the infective stage)
consists of amphimictic females and males in both genera (Figure 7). There are
r()l i le unpublished accounts of second generation amphimictic females of
IIt ' terorhabditis being autotokous (producing progeny without males) but this
i: doubtful. It is possible to have a continuous l ine of Heterorhabditis hermaph-
rodites, but only when an infective juvenile is fbrmed in each generation (in
this case, amphimictic f-emales and males never occur).

Spermatozoa in both Sreinernemo and Hetet'orhabctiti.i are the amoeboid
forms characteristic of the phylum. In Heterorhahditi.s. sperrnatogenesis oc-
curs in two separate locations, in the ovotestes of the first generation hermaph-
rodites and in the testes of the second generation males.5r Spermatogenesis
appears to be similar in both forms and is init iated by spemratogonia which
undergo mitosis and mature into primary sperrnatocytes. Each primary sperrna-
tocyte divides into two secondary sperrnatocytes and each of these divides into
two spermatids. The spermatids lose their residual bodr'. reorganize their
fibrous bodies, develop a condensed nucleus and pseudopocl. and become
mature spermatozoa. The hermaphroditic females accumulate spermatozoa at
the junction of the ovotestes and oviduct, whereas in the amphimictic female
spermatozoa accumulated in the seminal receptacle betu een the uterus and
oviduct.s2 Spermatozoan development tn Steinernemu is similar to that in the
male of Heterorhabditis: however, individual sperrnatozoa are larger and they
often group together in chains.rz

Since no mating occurs with the hermaphrodites of llt,tt,rrtrltahclitis, the
vulva is only used for the exit of eggs from the reproducti\,e tract. Usually only
a portion of the eggs are oviposited by the hermaphrodire f-emale, whereas the
remainder hatch inside the uterus (ovoviviparous). and the juveniles destroy
their mother as they develop. Where mating occurs with amphimictic females
of Heterorhabditis and Steinernentu. spermatozoon is passed through the
vulva. ln Heterorhabditis, the amphimictic f-emales appear to be completely
ovoviviparous and after mating the vulva is nonfunctional. All Steinernema
females deposit some eggs in the init ial stages (oviparous) but become ovovi-
viparous later in their development.

V. SPECIATION AND COEVOLUTION
If the steinernematids and heterorhabditids evolved with some of the non-

insect arthropods such as the Diplopoda and Arachnida, they could have
appeared back in the Devonian, some 375 million years ago. Experimental
infection of some present day arachnids by these nematodes supports the
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possibil i ty. On the other hand, if these nematodes evolved with the Insecta -
rn nature they have only been found parasitizing these arthropods - then they
probably arose later, when insects were present. This could have sti l l  been as
carly as the Carboniferous (some 300 million years ago) when the orthopteroid
sroups made their first appearance (Protorthoptera, Blattodea, Caloneurodea.
Orthoptera, and Palaeodictyoptera).sl

Natural populations of Steinernema have been recovered from orthopteroid
insects (Gryllotalpidae). It is not known whether this is a recent adaptation
from forms that parasitized an Endopterygota or whether these are relic forms
that evolved with the Orthoptera. Certainly the Orthoptera are the most primi-
tive order of insects that have been found naturally inf-ected with these rhab-
ditoid nematodes. Moreover, together with related but now extinct orders, they
were probably the first terrestrial insects physically large enough to supporr a
population of these purely terrestrial nematodes. It shcluld be noted that most
populations of steinernematids and heterorhabditids have been recovered from
terrestrial, holometabolous insects. If they evolved with the holometabolous
forms, they could have a possible origin at some point in the permian.

Due to recognition of basic differences between Stcirtt,t-rtt,nru and. Heter-
orhabditis they are presumed to be derived from two distinct ancestral l ineages.
Though the two families are considered diphyletic. their sirnilar physical
environment (soil) and host choice (insects) have apparenrly resulred in the
almost identical l i fe histories of these nematodes.sa

Geographical separation of the nematodes and adaptation ts specific hosts
would have led to adaptive radiation, and thus the formation of ner., species and
strains. Nematode host seeking could have become fbcuse d on particular rnsect
groups with the insect-produced attractants and their phl,sical loclrion in the
soil serving as selective keys to host location. Further specializations could
have occurred regarding the method of entering these hosts. ancl dealing with
their possible defense mechanisms. The nematodes could have further adapted
to be active at temperatures and moisture levels which support the host, to
survive and move in a particular soil type. and even to avoid predatgry or
pathogenic organisms.

Two examples show host specialization in Steirternema.In the first, New
Zealand (South Island) populations of S. J'eltiue occur ar rhe bases of tussock
grass' where they have become adapted to parasitize lepidopterous larvae
(Noctuidae and Hepialidae) that f-eed on the roots of these grasses. These
strains of S. feltiae are not effective against native scarabaeid larvae living in
the same habitat. In addition, these nematode strains have become tolerant of
Iow temperature and can infect and develop at 5-log..ss.so Danish populations
of this same nematode species have specialized in the parasitization of bibionid
fl ies'23 In the second example, Steinernemu scopterisci is well adapted to
parasitize mole crickets (Gryllotalpidae) in specific habitats in Uruguay, bur
develops poorly rn Galleria larvae,rT a host which normally supports the
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development of all Steinernema and Heterorhabditis species. Adaptation to a

specifii host group may be more normal than is commonly recognized'

VI. BIOGE,OGRAPHY
Although not all of the species and strains of these rhabditoids have been

discovered, some interesting biogeographic patterns are beginning to emerge.

Distribution records show that both Steinernema and H eterorhubditis occur on

all the continents with the exception of the Antarctic.

A major problem regarding their current distribution stems from determin-

ing whether a given population is present as a result of natural dispersal or

human introduction. The dumping of soil used as ballast in the early sail ing

ships. the introduction of potted plants, or the previous field application of

nematodes from foreign lands might explain how populations of S..felt iae and

S. carpot'apsae reached Australia and New Zealand' With such types of

transport, hardy species (long-lived, resistant to tenlperature extremes and

desiccation) would survive. Certainly S. felt iae uould fall into this category.

Once established, these nematodes could become further dispersed by adult

insects. Glaser and Farrells were the first to note that the intective stage of S.

,qlaseri could be carried on and within adult insects (Japanese beetles) before

the hosts perished from the infection. More recentl\'. Timper et a1.57 showed

that adult Lepidoptera (the beet armyworm) could also carrv steinernematid

nematodes. It is conceivable that this is how populations of S.felt iae became

established on off-shore islands in Australia.

VII. SAFETY
Although Steinernema and Heterorhabditis are considered entomopatho-

genic nematodes because all natural infections have tnvolved insects, they do

have the abil ity to enter and kil l  noninsect invertebrates. at least in the labora-

tory.ss The following basic steps have to be corripleted for the nematode to

successfully complete its l i fe cycle: (1) penetration into the body cavity of the

potential host, (2) release of Xenorhabdus bacteria. (3 ) development to mature

adults. and (4) mating and production of inf'ective juveniles. These steps are

normally completed in most insects, but various obstacles to their completion

occur with many noninsect invertebrates.5s

The effect of these nematodes on vertebrates is a greater concern. Of all

vertebrates thus far challenged with infective stages of Steinernema and Heter-

orhabclit is (see Table 6), only young tadpoles of frogs and toads were vulner-

able. The infective stages of both genera penetrated into the coelom of the

tadpole and attempted to develop. Although nematode maturation is rarely

achieved. rhe tadpoles are killed by foreign bacteria introduced with the

nematodes.
Recently, f ive bacterial isolates from humans displayed similarit ies with

Xenorhabtlus lumines('ens.5e This curious discovery shows that terrestrial

luminescent bacteria do occur in the soil environment. Recent data (molecular,
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cultural. and physiological) indicate that despite the resemblance of the lumi-

nescent human isolates to the nematode symbiont. they certainly belong to a

separate species. if not a separate genus of bacteria.

VIII. CONCLUSION
Now that steinernematids and heterorhabditids have demonstrated their

potential for insect control, the number of researchers studying them will

increase considerably in the next decade. In working with these nematodes, it

is important to record and report the species and strain used and to maintain

records of species introduced in areas where they are not considered native.

RE,FERENCES
l .  P<r inar,  G. O.,  Jr . ,  Entomogenous Nematodes,E.  J.  Br i l l .  l -e idcn.  1975.

2.  Poinar,  G. O.,  Jr . ,Nentatodes. for  Bio logicul  Cort t t 'o l  r t l  I r ts t ' r ts .  CRC'Press.  Boca Raton,

F L . 1 9 7 9 .

3.  Steiner,  G.,  Aplectana kraussei  n.  sp. .e iner in der Blat t i rc .pc Lrr i r t  sp.  parasi t ierende

Nematodenform, nebst Bemerkungen iiber das Seitcnorgan dcr parasitischen Nematoden,

Zentralbl. Bakteriol. Parasitcnkl. InJ'ektionskr'. Hr',s ,\br . ). -sq. l '1. 192-1.

4.  Steiner,  G.rNeoaplectana glaset ' i .n.g. ,n.  sp.  (Or lur i r iar- t .  u r terr  t tcmic parasi te of  the

Japanese beet le (Popi l l ia  jaytn ica Newm.),  J . lLush. , '1t r r r / . . \ t r . .  19.  -1-16.  1929.

5.  Glaser,  R.  W.,  The cul t ivat ion of  a nematode parasi tc ot  an i r r rect . .Sciotcc,73,6l4,  193 1.

6.  Glaser,  R.  W.,  The bacter ia l - f ree cul ture of  a nenratocle parar i te.  Prot .  Soc.  Erp.  Bio l .

Med . ,43 ,512 ,  1940 .

1 .  G lase r ,R .W. ,Apa thogen icnematodeo f  theJapanesebee t l c . . l  .Pu rus i to l . ,  18 .  199 ,  1932 .

8.  Glaser,  R.  W.,  and Farrel l ,  C.  C. ,  F ie ld exper iment\  \ \  i th the Japanese beet le and i ts

nematode parasi te,  J.  N.  Y.  Entomol.  Soc' . ,43.  3 '1-5.  1935.

9.  Glaser,  R.W.,  McCoy, E.  E. ,  and Gir th,  H.8. ,  Thc hrologr and economic importance

of a nematode parasitic in insects, .l . Parusitol.. 26. -179. 1910.

10.  Wouts,  W. M.,  Mr6cek,2. ,  Gerdin,  S. ,  and Bedding.  R.  A. . . \ 'cocplet tana Steiner,  1929

a junior synonym of Steinernena Travassos. 1927 (\ernatocla. Rhabditida), S1'st. Para.si-

to l . ,  4.  l4T,  1982.

I l. Fil ipjev, I. N., Miscellanea Nematologica l . Eine neuc .{r1 cler Gattung Neoaplectana

Steiner nebst Bermerkungen tiber die systematische Stellung der letzteren. Mag. Parasitol.

I r r .sr i r .  l r to l .  Acad. USSR,4,229,  1934.

l l .  Kozodoi ,  E.  M.,  Voronov,  D.  A. ,  and Spir idonor.  S.  F. . .  \ew data on taxonomic studies

ol  i t ' t 'o t tp let ' tana fe l t iae (Nematoda, Rhabdi t idat .  Zort l .  Z l tur . .66.  980,  19u7.

I 3. Stanuszek, 5., Neoaplet'tana I'eltiae (Fil ipjev. 193-1) - a facultative parasite of the caterpil-

lars of  Asrot inae in Poland,  Pror ' .9th Int .  S1'mp. Eur.  .St  t t  .  \ ' t 'n tuto l  . .  Warsaw. August  1967,

I  970.  - r5.5.

14. Stanuszek, 5., Neoaplectana J'eltiae complex (Nenratoda: Rhabditoidea, Steinememati-

dae) its taxonomic position within the genus l"leouple ctttnd and intraspecific structure,Zes:.

Probl .  Postepdu'  Nauk Roln. ,  1-54,  331,  1914.

15. Stanuszek. 5., Neoaplet'tana feltiae pieridarunt. n. ecotype (Nematoda: Rhabditoidea,

Steinernematidae) - a parasite of Pieris brassit 'ut'L. and Mumestra brassicae L. in Poland,

Morphology and bio logy,  Zesz.  Probl .  Postepdu'  Nuuk Roln. ,  l -54.  361,  1974.

16. Poinar, G. O., Jr., Examination of the neoaplectanid species lcltiae Fil ipjev. corpocapsoe

Weiser and hibionis Bovien (Nematoda: Rhabditida). Rev. l\ ' ldmatol.. 12, 375, 1989.

21 .

29.

Sha,  C-Y. ,  A  corny . .1 ' . , '

genus  Neoap ler tu r t , t .  \ .  ' .

K o z o d o i ,  E .  M . .  a n d  S p i r i d , , n , ,

o f  Neoap lec la r i t r  t \ t r : r . , :  .  .

M r d c e k .  2 . ,  S t e i r t t t t i , , .  .  .

ab ie t i s ,  in  Czechor l i , r  . ,n .  . ,

W o u t s ,  W . M . ,  B i o l , , r .  '

1 9 3 7  ( N e m a t o d A :  S t c r r r . . : :  . .  :

Po inar ,  G.  C) . ,  J r . .  ( ie  n i :  , '

mat idae:  Nernato t la t .  : .  . : : . . .

Coleoptera) in Norrh ( . , :

Artyukhovsky, A. K.. \.
agent of  a nematodc ( l l r . . r ' ,  "

Zapov. ,  15,94,  1961.
Bov ien ,  P . ,  Some t rpc '  , r  : .
Dan. Naturahist .  F t t r t ' r ;  h '

Poinar,  G. f ) . ,  .1r . .  Rr.  : .
S te ine rnemat idae) .  R r , r  ' , . , ,  .
Weiser, J., Neoapl(( tLtti, i
opasnik housenik obalctc . , . .  . .
1 9 , 4 4 ,  1 9 5 5 .
Poinar,  G. O.,  Jr ' . ,  L)c. t r . ; ' :
ememat idae,  Rhabdi tor t i . . ,  :
Proc. Helminthol. . ' i ttL i l .
Veremchuk,  G. V. .  . . \  : r i . . ,
pa thogen ic  to  i nsec ts .  P , t , , . '
Poinar,  G. O.,  Jr . .  and \  t r rn
insects and the geounrphr. . ,  .
t ida,  Steinernemat idal , /
Kozodo i ,  E . ,  A  neu  cn l ( , r : .  : . . : '
t ida, Steinernematidal ln.r
Poinar,  G. O.,  Jr . .  and Koz,x l
species or  paral le l isnt . ' .  R,
Poinar,  G. O..  Jr . .  \ ' t  , , , r '
Sou th  Caro l i na .  R , ' r  \ 1 , ,  ,
Hess,  R.  T. ,  and Poinar.  ( i .  r  r
intermedia (Steinernernrrrr , : . '1 .  :
Doucet,  M. M. A.  de. . . \  n i . . ,  .

mat idae) f rom Cordoba. \ r - .
Po ina r ,  G .  O . ,  . I r . .  \ t ra r rk .
Neoaplectanu ruru I)orr. i.:
l  988.
Mamiya,  Y. ,  Steintr r r (  t ! : .1 .

scarabaeid beetle larvlc t: ,:

Nguyen ,  K .  8 . ,  and  Smar t .  ( ,

Nematoda),  J.  Nenrutr , l  .  ) )
Nguyen ,  K .  8 . .  and  Smar t .  ( ,  (

Nentqtol . .  20.  65 I .  l9s\
P o i n a r ,  G .  O . .  . 1 r . .  I ) c . . :  : '
Heterorhabditis but tt 'r i ,,.,

Nemato loq i t ' a .  21 .  -16 .1  . . . - r
Khan. A. .  Brooks.  \1 .  \ \  . .  und
(Steinememat idae.  \cnr . , l  :  .
o the r  i nsec ls .  . / .  \ , , 27 ,7 '  \  :

3 1 .

32.

J + .

35 .

31 .

38.

39.



59

cenus ly'codple(tana, Acta Zootar. Sin., 10, 246, l9g-5.' \ Kozodoi, E' M., and Spiridonov' S. E., Cuticular ridges on lateral fields of invasive larvae
ttt ' lt ' /ettaplectara (Nematoda: Steinernematidae), Folia pqrqsitol. (praha), 35, 3-59, l9gg.le Mrdcek, Z', Steinernema kraussei, a parasite of the body cavity of the sawfly, Cephaleiu
ubietis, in Czechoslovakia, J. lnvertebr. pathol., 30, g:.. lgi|.

l{ ) wouts, w'M', Biology, l ife cycle and re-description of lt leoaplectana bibionis Bovien.
1937 (Nematoda: Steinememaridae),  J.  Nematol . ,  12.62,  lgg0.

: I Poinar, G' o', Jr., Generation polymorphism in Neouplectuna ,qlaseristeiner (Steinerne-
matidae: Nematoda), re-described from Stri,qoclet'nttt urhot.icola (Fab.) (Scarabaerdae:
Coleoptera) in North Carolina, Nentatologica.24. l0-5. 197g.

ll Artyukhovsky, A. K' Nertaple('tanu aretktL'ia nor'. sp. {Steinernematidae, Nematoda)
agent of a nematode disease in the May beetle in the voronez province, Tr.vrtr.ne:h. Go,s.Zapot. ,  15,94,  t961.

l-l '  Bovien, P', Some types of association between nematodes ancl insects. vidensk. Medtl.Dan. Naturahist. Foren. Khobenhat,n, l0l. l. I9-17.
21'  Poinar,  G'  O' ,  Jr . ,  Re-descr ipt ion of  Neoaple( tu i lu u l lur i . r  Bovien (Rhabdi t ida:

Sreinemematidae), Ret,. Nlmatol., l l, 143, l9gt3.
25' Weiser, J', Neoaplet'tana (arpo('apsoe n. sp. (Anguillulata. Stcine rnenratinae), novy clz-opasnik housenik obalece jablecndho, Carpocapsa pontonellu L.. I r,.r1ri. Ccsk. Spol. /,.o1.,19 ,44 .  t955 .
26' Poinar, G. O., Jr., Description and taxonomic position .,1'the DD- r-r6 .ematode (Stein-

ernematidae' Rhabditoidea) and its relationship to *ernprettu,tt ( (r.r-)()(Ltr)su( weiscr,
Proc. Helminthol. Srtr.. Wash.,34, lgg. l96l.

27' Veremchuk, G. V., A new species of l, leoaplecraza (Rhabdrrida: Srcinernematidae).
pathogenic to insecrs, parazitologiva, 3. 249, 1969.

28' Poinar, G' o', Jr', and veremchuk, G. v., A new strain of nernat.dcs prrho-senlc toinsects and the geographical distribution of Neoaple(tand (ur[)o(.r4rrc.,r, \\ 'ci:er (Rhabdi-
tida, Steinememaridae), Zool. Zhur., 19. 966. lgl0.

29' Kozodoi, E', A new entomopathogenic nematode N(()(tl)l((r(1n(t (rt()rt(//1 \p. n. tRhabcji-t ida,  Steinernemat idae) and observat ions on i ts  b io logy.  Zot t l .1 l t t r t . .6r .  l6() -5.  lgu. l .30 '  Poinar,  G'o ' ,  Jr . ,  and Kozodoi ,  E.M.,  Nrnoptrr r ) i ru ,q l t r .scr ianLl  \ .  ( r t ( ) r t ( t l i :s ib l ing
specles or  paral le l ism?, Rer, .  Nematol . ,  I  l ,  13.  l9gg.

3l' Poinar, G. O., Jr., Neoaple(tana intermecliu n. sp. (Steinemenratrdae : Nematoda) from
South Carol ina,  Rer, .  Ndmatol . , l t ,  321.  I9g5.

32' Hess' R' T', and Poinar' G. o., Jr., Sperm developmenr in rhe nematode itleoaplectana
rntermedia (Steinemematidae: Rhabditida), .1. Subnrit t 'ttrt,. ( '.r /,/. ptttlr. l.. 2l, 543, lggg.33. Doucet, M. M. A. de, A new species of Neouplt,r.tcl/rri Sreiner. 1929 (Nematoda: Steinenre_
mat idae) f rom C6rdoba, Argent ina,  Ret, .  Ndnratol . .9.3 l7.  19g6.

34'  Poinar,  G. o. ,  Jr . ,  Mrdcek,  2. ,  and Doucet,  M. r I .  A.  de,  A re-examinat ion ofNeoaplectana rorQ Doucet' l9ti6 (Steinernemaridae: Rhatrditicla). Rat,. Ndmatot., 11,447,
I  988.

35' Mamiya, Y', steinernema kushitlai n. sp. (Nernatoda; Steinernemati6ae) associated withscarabaeid beer le larvae f rom Shizuoka,  Japan. Appr.  Enronnr.  Zoor. ,23,313,  l9gg.
36' Nguyen, K' B', and Smart, G. c., Jr., steirter,(ntu .\(aptet' i.r. i n. sp. (Steinernematidae:

Nematoda), J. Nemotol.,22, 197. lgg}
3l ' Nguyen, K' B', and Smart, G. c., Jr., A new steinernematid nematode fiom Uruguay. ./.Nemetol . .  20,  651.  l9gg.
38'  Poinar,  G'  o ' ,  Jr . ,  Descr ipt ion and bio logy of  a new insect  parasi t ic  rhabdi to id,

Heterorhabditis bocteriophora n. gen. n. sp. (Rhabditida; Heterorhabditidae N. Fam.),Nematologica, 21, 463. 197 5.
39' Khan, A., Brooks, w. w., and Hirschmann, H., Chrom.nema hetiothidisn. gen.. n. sp.(Steinernematidae' Nematoda), a parasite ol' Hetiothis;erz (Noctuidae, Lepidoptera). andother insects.  J.  NentatoL,  g,  159,  1976.



60 Entomopathogenic' N ematodes in Biologic'al C ontrol

Poinar, (;. O., Jr., Jackson, T., and Klein, M., Heterorhabditis megiclis sp. n. (Heter-

orhabditidae: Rhabditida), parasitic in the Japanese beetle, Popill ia .japonico (Scara-

baeidae:  Coleoptera) ,  in Ohio,  Proc.  Helminthol .  Soc.  Wash.,  -54.  -53.  1987.

Akhurst, R. J., Use of starch gel electrophoresis in the taxonomy of the genus Heterorhab-

r/iri.r (Nematoda: Heterorhabditidae). NentutoIo,qit tr. 33. I. Igtt7.

Poinar, G. C)., Jr., and Georgis, R., Description and field application of the HPtll l strain

of Heterorhabditis bacteriophora, Rev.l,l(ntuto1.. 1990. in press.

Wouts, W. M., The biology and life cycle of a New Zealand population of Hetcrorhabditis

hel iorhid is (Heterorhabdi t idae),  Nematologi ta.  25.  l9 l .  197q.

Pereira, C., Rhabditis hambletom n. sp. nema apparentenrente semiparasito da "broca do

algodoeiro"  (Gasterocercodes brasi l icn.s i^s) ,  Arch.  In.st .  Bro1.  (Sao Paulo) .8,25,  1937.

Li t t ig ,  K.  S. ,  and Swain,  R.8. ,  Studies on nematode - l lOt tE.  a ncnratode parasi te of  the
whi te- f r inged beet les,  White- f i inged Beet le Invest igat ions.  unpuhl .  rept . .  Gul fport ,  194,1.

Turco,  C.P.rNeoaplet ' tano hoptha,  sp.  n.  (Neoaplectanic lae.  \enratoclat .  a parasi te of  the

Japanese beet le,  Popi l l ia  japonica Newm.,  Pnt t .  Ht lnr i r t tht t l .  . \ r t t ,  l l  r r i / t . .  37.  l  l9 .  1970.

Timper,  P. ,  and Kaya, H.  K. ,  Role of  the second-stage cut ic le ( ) l  ent()nr()gL'nous nema-

todes in prevent ing infect ion by nematophagous fungi .  . l  ln t t ' t t tbt .  Puthol . .  -5.1.314.  1989.

Bedding,  R.  A. ,  and Molyneux,  A.  S. ,  Penetrat ion of  inscct  cut ie le hr  int 'ect ive juveni les

of  Heterorhabdi t is  spp.  (Heterorhabdi t idae:  Nematodat. . \L 'ntut t t lor . r r t r .  18.  -154,  1982.
Akhurst, R. J., Morphological and functional dinrorphisnr in.\ 'r 'rrlr./ irrbrftr.s spp., bacteria
symbrot ical ly  associated wrth the insect  pathoSL'nie ncnr l r tot l r ' : .  , \ ' r 'or tp lectana and
Heterorhabdi t is , .1.  Gen. Microbio l . ,  l2 l ,  303.  19t30.

Poinar, G. O., Jr., Hess, R. T., Lanier, W., Kinnel . S.. and !1 hite. J. H., Preliminary

observations of a bacteriophage infecting Xenorhuhdu.s luntirtL' ir r 'r i.r (Enterobacteriaceae),

Erper ient ia,  45,  l9 l ,  1989.

Poinar,  G. O.,  Jr . ,  and Hess,  R. ,  Spermatogenesis in thr '  rnscct-parasi t ic  nematode,

Heterorhabditis bacterionhora Poinar (Heterorhabditrdac Rhabditrda). Rev. N/matol..8.

3 -57 ,  r985 .
Hess, R. T., and Poinar, (;. O., Jr., Ultrastructure ot'the gcnital i lucts and sperm behavior
in the insect parasitic nematode, Heterorhabditis bucttrirtp lrrir Poinar (Heterorhabditidae:

Rhabditida). Rev. Nimatol.. 9. l4l. 1986.
Carpenter, F. M., and Burnhafl, L., The geololical recortj of insects. Annu. Rev. Eurth

Planet .  Sci . ,  13,  291,  1985.
Poinar,  G.O.,  Jr . ,The Natural  History of 'Nenrutodt , r .  Prent ice Hal l ,  Englewood Cl i f fs ,
N J .  1 9 8 3 .
Wright, P. J., and Jackson, T. A., Low temperature acti\ itv and infectivity of a parasitic

nematode against porina and grass grub larvae. PrttL. l lst. ,\ ' .7,. Weed and Pest Control

C onlerenL'e,  I  38,  1988.
Wright, P. J., Selection of entomogenous nematodes t'rom the families Steinernematidae
and Heterorhabditidae (Nematoda) to control grass erub and Porina larvae in pasture, Ph.D.
thesis.  L incoln Col lege,  1989.
Timper, P., Kaya, H. K., and Gaugler, R., Dispersal of the entomogenous nematode

Steinernema feltiae (Rhabditida: Steinemematidae) b1 inf'ected adult insects, Environ.
Entontol . .  17,  546,  1988.
Poinar,  G. O.,  Jr . ,  Non- insect  hosts for  the entomogenous rhabdi to id nematodes
N eoupleL'taria (Steinernematidae) and Heterorhahditi.s ( Heterorhabditidae), Rev'. N lmatol..
12.123.  t989.
Farmer, III., J. J., Jorgensen, J. H., Grimont, P. A. D., Akhurst, R. J., Poinar, G. O.,

Jr., Ageron, E., Pierce, G. V., Smith, J. A., Carter, G. P., Wilson, K. L., and Hickman-
Brenner, F. W., Xenorhabdus luminescen.s (DNA hybndization group -5) from human
clinical specimens, J. Clin. Microbiol., 2'7, 1594, 1989.
Poinar, G. 0., Jr., Recognition of Neoaplectana species (Steinemematidae: Rhabditida),
Pror'. Helminthol. Sor'. Wash..53. l2l. 1986.

40. 6 1 .  M r d c e k ,  2 . .  ( i u t .  , 1 . .  a n d  t
parasi te of  inscr ' t .
r  39 ,  r982 .

61 .  P izano ,  M.  A . .  \ uu i l l r r . r .  \

de Neouplcttun(t ,- '.,, \

MigdolusJrt r l r r r r  '  \ \  r ' . '  "  ,

Pi rat icahu,  I  .  l , r '<
63 .  Cur ran ,  J . .  Chr , , l t : , , -

Nemato l . ,  12 .  l -15 .  1 , , .  .

6-1. Doucet, M. M. .{. de. .rnd l,
de Heterorhuhtlitt, '1. ."
l4-5,  l9f l9.

65.  Creighton,  C.  S. .  and F a. .
dae):  a nematode pur. l ' . i :
. l  .  N e m a t o l . ,  1 7 .  l 5 ( ' .  . , , . '

66.  Hernandez,  Fl .  \1. .  and \ l r ,
in Cuba, Foliu [ 'ur',t '  :

61 .  Kermarrec,  A. .  and \ taul
Nelaple( tat to t  ur '1t , , , , , '
F ac.  Lundhotnr ' .  Rr i l . ' . . , ,

6 l t .  Poinar,  G. ( ) . ,  Jr . .  and \ l r l

69 .  Po ina r ,  G .  O . , .1 r . .  and  I  h , ,
parasi t ic  nematocie. ,  Rrt . , - "  l

10 .  Schmiege ,  D .  C . . ' l ' i r ,  : ,  , .  '

forest insect pests. ./ I
11 .  Jackson ,  G .  . f  . .  and  l l  r . r

Neoaplectana glut t t  i  \ - .  . ,
Parasi to l . ,  56,  108 I  , r  -

12.  ( iaugler ,  R. ,  and Boush. (  , .
N eoaplectanl (Lu'l )t,\, i 1

73.  Poinar,  G. O..  .1r . .  I  horrra,
entomogenous nent . r t ,  , ,  t  -  .

bacteria, X enrtrhu lrtl Lr' . ' .- '.

14.  Wang, J.  X. ,  Qui .  L.  t l . .  . r
g lase r i  S te ine r .  l o  rg1 . . , ^ - . , ' .

15 .  Wang ,  J .  X . ,  and  t - i u .  1 .  \ 1
to vertebrates. II. .\ rr. ':

16.  Wang, J.  X. ,  Chen. (J.  : . .  . ,
g laser i  Steincr  to \  i 'n : .^- .  ' .

I nsec ts ,6 ,  41 .  l 98 l
17.  Kobayashi ,  M..  Okano. l l . .

orhabditid to the nrule :: . .
Entomogeno r1.T A (,f r/i/ '  .. ,
No.  598600-5.  lg l i - .  l :  :

A 1

43,

44.

46 .

A A

48 .

49.

50.

52.

53 .

56.

5 1 .

58.

59 .

60.



6 l

hl. Mr6cek, 2., ()ut, J., and Gerdin, 5., Neoaplet'tana bibioni.s Bovien, 1937, an obligate
parasite of insects isolated from forest soil in Czechoslovakia, F olia Parasinl. (Prahu).29.

1 3 9 .  r 9 8 2 .
61.  Pizano, M. A. ,  Agui l lera,  M. M.,  Monteiro,  A.  R. ,  and Ferroy,  L.  C.  C.  8. ,  Inc idencia

de Ne ouplectuna glaseri Steiner, 1929 (Nematoda: Steinemematidae) parasitando ovo de
Migdolusfryanr.s (Westwood. 1863) (Col:Cerambycidae), Soc. Brosil.Nentatol.9th Reun.

Piracicahu, I ,  1985.
63. Curran. J.. Chromosome numbers of Stclncrnemu and H(Ierot'habditis species. Rci'.

Nematol . ,  12,  145,  1989.

6-1. Doucet, M. M. A. de, and Poinar, G. O., Jr., Estudio del ciclo de vida de una ipoblacion

de Heterorhqbditis sp. proveniente de Rio Cuarto. Provincia de Cordoba, Rer'. UNRS, 2,
14,5,  1989.

6-5. Creighton, C. S., and Fassuliotis, ()., Hett,rorhabtlit is sp. (Nematoda: Heterorhabditi-

dae): a nematode parasite isolated from the banded cucurnber beetle Dlabrotica bctlteato,

.1.  Nemarol . ,  17,  150,  1985.
66. Hernandez, E. M., and Mrdcek,2., Heterorhubditis halirtl iLli.s. a parasite of insect pest

in Cuba. Fol ia Parasiro l .  (Praha).  31,  l l .  1984.

61 . Kermarrec, A., and Mauleon, H., Nocuite potentielle clu nematocle entomoparasite
Neoaplectana (arpocapsae Weiser pour le crapaud Bu.fo nturirtu.r aur Antilles, Meded.
Fac .  Landbouw.  R i j ksun i t ' .  Gen t . ,  -50 ,831 ,  198-5 .

68.  Poinar,  G. O.,  Jr . ,  and Mi l ler ,  R.  W.,  unpubl ished data.  1989.

6 9 .  P o i n a r , G . O . , J r . , a n d T h o m a s , G . M . ,  l n f e c t i o n o f f r o g t a d p o l e s t A n r p h i b i a )  b y i n s e c t
parasitic nematodes (Rhabditida), Experienria, 44, 528, l98tt.

'70. 
Schmiege, D. C., The feasibil ity of using a neoaplectanid nematoc[' t irr control of some
forest insect pests, "/. Econ. Entomol., 56,421. 1963.

11 .  Jackson ,  G .  J . ,  and  Bradbur .v ,  P .  C . ,  Cu t i cu la r  f i ne  \ t ruc tL l re  and  n ro l t i ng  o f
Neoaplectana glaseri (Nematoda). after prolonged contact uith rat pcritoncal erudate,./.
Purasitol., -56, 108, 1970.

12.  Gaugler ,  R. ,  and Boush, G. M.,  Nonsuscept ib i l i ty  of  rats to the cntonroscnous ncnratode.
Neoaplectana corpocapsae, Environ. Entonrol., 8, 658, 1979.

13.  Poinar,  G. O.,  Jr . ,  Thomas, ( i .  M.,  Presser,  S.8. ,  and Hardr.  J .  I - . .  Inoculat ion of
entomogenous nematodes,  Neoaplectana and Hetert t rhuhr l r l r r  ancl  their  associated
bacter ia,  Xenorhahdus spp.  into chicks and mice,  Environ.  Entonut l . .  l l .  137.  1982.

74. Wang, J. X., Qui, L. H., and Liu, Z. M., The safety of the nenratode, Ncorrplectana
g.laseri Steiner, to vertebrates. I. A test on rats, Nar. Encnrit '.s /rr.scr'/s. -5.240. 1983.

15. Wang, J. X., and Lil,Z. M., The safety of the nematode. NtruJtletturtu g,luseri Sterner
to vertebrates. II. A test on rabbits. Nat. Enemies lrr.scr'/.r.,5. 1.10. 1981.

16. Wang, J. X., Chen, Q. S., and Huang, J. T., The sat'et1' of the nematode Neoaplectono

Rlaseri Steiner to vertebrates. III. A test on monkevs. Mut'ttt 'u nrulatta, Nat. Enenues
Insects,6,  41,  1984.

71 . Kobayashi, M., Okano, H., and Kirihara, S., The toxicity of steinemematid and heter-
orhabditid to the male mice, in ReL'ent Adt'ances in Bittlogitul Control rf Insect Pests by-
Entomogenous Nematodes in Japan,lshibashi. N.. Ed.. Ministry of Education, Japan, Grant
No. -5986005. 1987. 153.



63

Molecular Techniques in Taxonomy

J oltn C urran

I. INTRODTJCTION
The rapid development of DNA-based taxonomic techniques has provided

.r fresh impetus to the use of molecular techniques in systematics in the l9g0s,
end these technologies are being increasingly applied to the resolution of
taronomic problems in economically important nernatode groups.r The aims of
this review are to (l) identify taxonomic problems which can be most eff 'ec-
tiVely resolved by molecular techniques, (2) summarize the available data and
literature, and (3) evaluate current molecular methocls and identify which
techniques would practically answer these taxonomic problems.

II. TAXONOMIC PROBLEMS IN
ENTOMOPATHOGENIC NEMATODES

In the Rhabditoidea, entomopathogenic nematodes form the two families
Steinernematidae and Heterorhabdi t idae, each fami l l ,  u, i th one genus:
Steinernema and Heterorhabclitis, respectively. Within Stt,itrt,t-rtania. species
have been recognized by morphological differences. supplenrentecJ by.cros:;-
breeding tests, and despite some problems of misidentif ication ancl nomencla-
ture, there has been litt le diff iculty in species recognition. In cgnrrast. within
Heterorhabditis it is arduous to obtain cross-breeding data. ancl there has been
diff iculty in defining taxonomically useful morphological characters. Al-
though the taxonomy of Heterorhabditis spp. wil l l ikeli '  be tounded on mor-
phological studies, such approaches as protein electrophoresis and DNA se-
quence analysis can provide supplementary information useful for delimiting
species before conducting morphological analysis and constructing of phylo-
genies and derived classification sysrems.

The major role for molecular techniques in entomopathogenic nematocle
taxonomy is the identif ication of sibling species. subspecies, and other intra-
specific groupings. Besides contributing to understanding the biology and
evolution of entomopathogenic nematodes. this role may become of crit ical
importance in identifying species and isolates for registration, quarantine, and
proprietary protection purposes. The ability to identify individual infective-
stage nematodes would also be of considerable benefit (e.g., in ecological
studies following the fate of inundatively or inoculatively released isolates of
entomopathogenic nematodes).

III. MOLECULAR TECHNIQUES AND NEMATODE
TAXONOMY

The taxonomy of the genus steinernema (-Neoaplectana) and several

-)
J .
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nominal species has been in a state of flux. Without knowing the precise origins
and culture history of the various isolates referred to in the literature, it is

difficult to cross-reference the various designations. I cannot offer a resolution
of the matter in this review, but it does highlight the potential problems that
may arise from misidentification of nematode isolates and lack of a universal
nomenclature system for isolates. To avoid further confusion and provide

ready reference back to the original publications. the species and isolate

designations given are those of the original authors. follow'ed in parentheses by
Poinar' s2 revised nomenclature.

A. Protein Electrophoresis
The first application of molecular techniques to the stud1, of variation in

entomopathogenic nematodes was an examination of isozvme differences
between di f ferent cul tures and l i fe stages of  , \ ' r ' t tu1' t l t ' t ' tuno glaser i
(Steinernema glaseri) and N. carpocapsae (5. cut'1to('(tp.\u(').r This study
demonstrated that there were qualitative and quantitatir e differences in the
esterases and alkaline phosphatase of N. glast'ri (.1. giascn) and N. carpocap-
sae (S. carpocapsae). Tests for alkaline phosphatase and lactic dehydrogenase
were negative for both species. No qualitative isozvme diff'erences were de-
tected between different life stages or could be attributed to different culture
media, but this may reflect the l imited number of enzvme systems studied.
There were some quantitative differences in acid phosphatase activity between
life stages of N. glaseri (5. glaseri) with infective-stage juveniles having lower
activity than a mixed population of adults and developing juveniles.

The taxonomic application of protein technrques to entomopathogenic
nematodes was not pursued until over 20 years later. *'hen a comparison of
esterases of nematodes of the genus Neoaplectunu (Steinernenta) was pub-
lished.a Qualitative differences were noted between the esterase patterns of N.
bibionis (5. feltiae), and N. glaseri (5. glaseri ) and a group of three nematode
isolates: N. feltiae (5. carpocapsae) and two isolates of N. carpocapsae (5.

corpocapsae) designated DD-136 and DD-136-l-t l. The common esterase
pattern shared by these nematodes was taken as evidence support ing
Stanusek's views thatN. feltiae (5. carpocapsae) was a strain of N. carpocap-
sae (S. carpocapsae). Altematively, the N. feltiue (5. t'arpoc'apsae) found by
Stanusek could have been in fact a reisolate of ,V. (orpocopsae (5. carpocap-
sae) (as discussed below).6 Differences in esterase pattern were noted between
juvenile and adult stages within N. bibionis (5..l'eltiae), N . feltiae (5. carpocap-
sae), and N. carpocapsae (5. carpocapsae) (Figure I ).

Kozodoi et al.7 combined analysis of total protein patterns, isozyme pat-
terns, morphology, and cross-breeding experiments to elucidate the relation-
ships between ten isolates of Neoaplec'tana (Steinernema). Cross-breeding
identified four genetically separate groups, which included the following
named isolates: (1) N anomali (Steinernemo onomali), (2) N. carpocapsae (5.

carpocapsae), (3) N . feltiae (5. feltiae), N . bibionis (S. feltiae), Neoaplectana
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Figure l. Comparison of adult and larval esterase patterns of five isolates of Steinernema,

following disc gel electrophoresis (redrawn from Sha. C-Y.'). l. l l . bibionis (S..feltiae),2. N.
g,laseri (5. glaseri),3. N.feltiae (5. c'arpocapsae).4.l",l. curpotup.rat'(S. (orpocapsoe) DD-136-

l -8, ,5.  N.  r 'arpocap.sae (S.  (orpo(apsae) DD-136; a = juveni le.  b = adul t .

sp. I (S. felt iae), and (4) Neoaplectana sp.2 (Steinernema sp. 2). Examination
of total protein patterns by density gradient polyacrylamide gel electrophoresis
placed the nematode isolates in the same groups, as did isozyme patterns for
nonspecific esterases and alkaline phosphatase (Figure 2a-c). There was
marked ontogenetic variation in alkaline phosphatase of ,ry. anomali (5.

anomali). ln this study the Neoaplectana (Steinernena) isolates had previously
been separated into the same four groups on the basis of morphology. The
confirmation of isolate identity by three independent -senetic means validates
the diagnostic morphological characters used and adds considerable weight to
their taxonomic uti l i ty. These data also raised a number of questions regarding
species designation of laboratory isolates of Neoaple('tunu (Stcirternenta). lt
supported Poinar's6 view that Stanusek had reisolated ,V. ( 'urpo('apsae (5.
carpocapsae) not N. feltiae (5. J'eltiae) and that isolates designated N . bibionis
(5. feltiae) and N. feltiae (5. feltioe) were freely interbreeding and therefbre
conspecific. The resolution of this nomenclature problem has been addressed
by Poinar.2

Differences in total proteins, malate dehydrogenase. esterases, and acid
phosphatase have been reported between N. glaseri (5. ,qlaseri) and N. anomali
(5. anomali) and could be used to separate these morphologically very similar
species. There was no variation in these characters between two isolates of N.
anomali (5. anomali) from different geographical locations.s

In a study aimed at assigning Heterorhabditis isolates to groups prior to
morphological analysis, Akhurst examined the isozyme patterns for ten en-
zymes of 23 Heterorhabditis isolates.o The potential problems of ontogenetic
variation noted in all analyses of Steinernema isozymes3'a'7 were avoided by
examining the same ontogenetic stage for each isolate, the infective juvenile.
This detailed analysis of isozyme patterns allowed the construction of a dis-
similarity matrix and cluster analysis which assigned the 23 isolates to 3-8
groupings (=species) of Heterorhabditis (Figure 3).
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Figure 2a

Figure 2.  Total  protein,  nonspeci f ic  esterase,  and alkal ine phosphuture i :ozrmc patrems of  Stein-
ernenru spp.  ( redrawn from Kozodoi  et  a l . r ) .  (a)  Total  protein patrcm fo l lo* inc electrophoresis in
a3-30% concentrat ion gradient  polyacry lamide gel  and srain ins rr i th SP\ '150 srain:  (b.  opposi te
page'  top) nonspeci f ic  esterases;  (c,  opposi te page, middlo a lkalrne phosphata:e.  Lane L Gal ler iu
me l lone l l a ,2 . fema leso fN .anoma l i  (S .anoma l i ) ,3 .ma les ( )1  . \  ( / / t r ) / i / ( / l i t . \  t t t t t t n ru l r ) .4 . i n fec t i ve -
stage juveniles of N. anomali (5. anomali), 5. Neoaplet tdn(t | .\r(,in(,t.n(,nrLn sp. 2. 6. l, leoaplet.tana
(Steinernema) sp.  I  (daughter cul ture) ,  7.  Neoaplectund \ . \ t ( ,ut ( . tn( ,nt( t r  sp.  1.8. ,V.  fet t iae (5.
Jeltiae) from Latvia, 9. N. feltiae (5. feltiae) from the Transcarparhian Rcsron. lO. lV.feltiae (5.
Jel t iae) f rom Ryazan Province,  l l .  N.  b ib io,n is (S.  . f 'e l t iuer .  l l  \  f t ' l t i t t t , t .S. let t iae) f rom the
Czechoslavic Socialist Republic, 13. N. carpo('apsa( (.5. cLtt'p,,ttt l)\ttt,t froln the primorsk region.
14. N. carpo(apsqe (5. turpocapsae) Agriotos. In (a). Lane.l \\a\ n()r included in original data.

Figure 3 (Opposite page, bottom). Dendogram derived t'ronr dissinrilaritr matrix (Manhattan
distance) based on isozyme data for Heterorhabditi.s isolatcs rironr.A,khurst,). NC- = includes
Heterr t rhabdirrs isolates NC 14,  NC 69,  NC 127. NC 162. NC t( ) ( ) .  \C 123.  NC 40-5.  and NC 476:
HBI = H. bacteriopliora; NCI = H. helictthidis (H. buttt 'r ' i ttJtltttri lr: other isolate designations
represent Heterorhabditi^s isolates from around the world.

B. Immunological Techniques
Gel diffusion and immunoelectrophoresis techniques, which uti l ized anti-

sera raised against nematode homogenates injected into rabbits, were capable
of discriminating three nematode isolates: N. glaseri (S. glaseri), N. carpocap-
sae (5. ( 'arpo('apsae), and N. dutkyi DD-136 (S. (,arpo('apsae).t(,

C. DNA Sequence Analysis
DNA sequence divergence between species of entomopathogenic nema-

todes was first studied by visualization (in ethidium bromide stained agarose
gels) of repetitive DNA restriction fragment length differences (RFLDs) in
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total genomic DNA of S. glaseri, S.feltiae (5. r'arpot:apsae), Steinernema spp.,
and Hetet'orhabditis isolates.rr This approach was extended to ten isolates of
Steinerneruz spp. (including S. glaseri, S. bibionis lS. fettiael, and S. carpocap-
sae). Each isolate was correctly assigned to species group by detection of
RFLDs in repetit ive DNA. The use of a heterologous ribosomal DNA (rDNA)
probe from the free-living nematode Caenorhahditis elegansn identified some
of these diagnostic repetit ive DNA bands as part of the rDNA repeat. These
studies established that RFLDs in EcoRI drgested genomic DNA. in particular
rDNA. were of taxonomic value tn Steinernentu.rr.r '1 The same approach pro-
vided supplementary data for the recognition of S. interntetliu as a new spe-
c i e s . r 5

Subsequent screening of randomly selectecl plasmrd clones of S. r.arpo(.ap-
sae EcoRI genomic DNA fragments identif ied a species-specific DNA probe
which, in Southern blots of DNA from all ten isolates. onlv hybridized to the
genomic DNA of the three S. c'arpoc'apsae isolates.'r '  In acldit ion. when la-
belled total DNA from S. carpocapsae (Simon Fraser University isolate #44)
was used as a probe against Southern blots of EcoRI cligested genomic DNA
from the same ten Steinerneme isolates, intense labell ing of the three S.
carpocapsae isolates (Simon Fraser University #6.-1-l. l l3 ) occurred with only
low level labell ing of the repetit ive DNA bands of the orher isolates (labell ing
was predominantly confined to the rDNA bands).

DNA sequence analysis has been applied to H(,tt,t ' ttt ' l tuhtl it is isolates from
North America,r2 and three genotypic groups based on RFLDs in repetitive
DNA and rDNA, were identif ied. An analysis of rDNA in ren isohermaphro-
dite lines derived from Heterorhabditis NC447 failecl to detecr any variation in
restriction fragment length pattern.rs In the absence of supporting morphologi-
cal or cross-breeding data, it was not possible to determine if these groupings
of Heterorhabditis isolates represent species or intraspecific forms. Similar,
but not yet completed, analyses of Heterorhctbttitis isolates from around the
world have identified other genotypic groupings t-tf Hererrtrhuhditis,r6 which,
in general, coincide with published isozyme dara.,

This inabil ity to assign entomopathogenic nemarodes. on rhe basis of DNA
genotypes. to a given taxonomic level without supporting data such as cross-
breeding, is a major gap in our knowledge of rhe use of RFLDs and other DNA
sequence based procedures. To determine the taxonomic level at which differ-
ent degrees of sequence divergence operate requires an indepth knowledge of
inter- and intraspecific variation in DNA sequence within Steinernema and,
H eterorhabditis.

The ongoing research of Reid and HominickF is making a major contribu-
tion to this area. RFLDs have been determined in rDNA berween S. fettiae (5.
carpocapsae) and S. bibionis (5. feltiae). and total genomic DNA from S.
hibionis (5. feltioe) can be used as a diagnostic probe ro distinguish S. bibionis
(5. feltiae) from S. feltiae (5. carpocapsae) and Heterorhabditis isolates.
Importantly, an indepth analysis of sequence divergence in over 50 natural
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r\t)lates of s' bibionis (s.fettiae),coupled with cross-breeding experiments, hashcen init iated' Preliminary data on 25 isolates have documented the levels ofrnrraspecific sequence divergence in rDNA.
In an equally effective approach to determining the level of intraspeciflc\equence divergence, whiters has analyzed DNA fiom several inbred l inese:tablished from a single isorate of s. carpocapsae. progeny of some of theseinbred l ines showed mutant phenotypes and inbreeding clepression or recessivelethals. Further evidence for heterozygosity was obtained by anaryzingDNAfrom the different generations of these linei. Use of a heterologous probe MSptthe major sperrn protein in C. elegars) contributed evidence for hetero zygo-stty' A reduction or loss of EcoRI restriction fragments which cross hybridizedto MSP was detected in three out of eight rutt sitrt ing i"lr. j i i".r.;;.r. rhreelines could not be maintained beyond the 4th or 5th generation. This demon-stration of heterozygosity establishes the potentiar for intraisolate variationwrthin s' carpocapsae' ongoing research will further characterize this andothergenes in isorates of S- c'arpicopro, with the goar of using such genes forinter- and intraspecific comparisons of entomopathogenic nematodes. Thestudies of  Reid and HominickrT and white,r8 and hopeful ly s imi lar  srudies onintraspecific variation in other species, wil l form the solid base needed fbr theestablishment of molecular procedures as a taxonomic tool fbr the classiflca-tion and identif ication of intraspecific forms of entomopathogenic nematodes.

IV. METHODOLOGIES
Each of the three molecular methods that have been applied to the raxonomyof entomopathogenic nematodes (i.e., protein erectroph.resis. immunorogy,and DNA sequence analysis) has certain benefits and limitations fbr resolvingtaxonomic problems' The foltowing section assesses the comparative uti l i ty ofthese techniques' the taxonomic level at which each operates. and the mostprofitable future avenues of research.

A. Assessment of Current Approaches
The taxonomic value of protein electrophoresis has been extensively re-viewed;re20 i t  is  of  l i t t le use above the level  of  genus nor is i t  useful  forseparating organisms at or below the level of subspJcies (unless unusual levelsof divergence are present). Good agreement between species determinationsbased on morphology and protein analysis usually occurs. Therefore, the mainvalue of protein electrophoresis is in the identif lcation of sibling species. Amajor constraint on this approach is the need to control for environmental andontogenetic variation- in protein expression. protein anarysis may pray a futurerole in determining the population genetics of entomopathogenic nematodes,but as a taxonomic tool for the identification of these nematodes, it probablyhas l imited potential below the level of species.

The use of immunorogicar techniques in nematode taxonomy, in generar,has received littte attention' This is due in part to the early recognition that
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phenotypic variation can reduce the discriminatory power of antibody-based
technology with the additional complication of possible cross-reactivity occur-
ring between different antibodies and antigens. A further constraint is the
degree of antigen conservation between closely related taxa. Monoclonal
antibodies potentially provide a more powerful immunological approach, but
there are scant data in this area, and this technology currently offbrs l itt le
promise at higher taxonomic levels or below the species level.

DNA sequence analysis offers the greatest f lexibil i ty of the molecular
techniques currently available. The direct examination of an organism's geno-
type by analysis of  DNA sequence is a taxonomical l l 'powertul  tool  that  can
operate at all taxonomic levels (e.g., from insights into the evolutionary rela-
tionships between pro- and eukaryotic organisntsrr to clrft 'erentiation of in-
frasubspecific groupings of nematodesr.r2.2ry. The DNA-baseci taxonomic ap-
proach has several distinct advantages over the previouslv described taxo-
nomic techniques. It examines the genotype of the nernaro<Je directly and so
avoids the diagnostic problems associated with phenotr pic r ariatron. Further-
more, greater discrimination is possible than with prer ious techniques because
the entire genome is examined, whereas other molecular rnethods indirectly
assay the often highly conserved coding sequences ri hich are only 20-257o of
the genome. The remaining 75-80a/o of the genonte. rihich can be analyzed
only by this DNA approach, contains many highli r anable sequences. This
DNA sequence variabil ity provides a large pool of variation w,hich can serve
as useful diagnostic characters for separation of tara and infrasubspecific
categories.

Detailed protocols of DNA sequence analysis can be found in numerous
molecular biology reference manuals (e.g., Maniatis er al.rr). and the general
concepts and application of this technology to nemarode raxonomy have been
recently reviewed.r The basic approach relies on the digestion of DNA with
restriction endonucleases. Because the distribution of a particular restriction
endonuclease's recognition site is determined br the nucleotide sequence
(genotype) of the isolate, the size distribution of the DNA restriction fragments
generated is characteristic for that genotype. A logical progression ensues from
the detection of RFLDs in repetit ive DNA as visualized by examination of
ethidium bromide stained agarose gels, to the detection of RFLDs in repetit ive
DNA and low or single copy DNA sequences by hvbridization of heterologous
or homologous cloned DNA fragments to Southern blots. Labelled total
genomic DNA can be used as a species-specific hybridization probe, as can
certain randomly cloned DNA fragments.r RFLDs have been detected between
isolates within species of entomopathogenic nematod€s,r'r7.ts but to date no
isolate-specific hybridization probes are available fbr positive or negative
determinations in dot-blot procedures.

B. Future Developments
DNA sequence analysis is the method of choice for, and may be the onlv
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nlethod capable of, discriminating between infrasubspecific categories of
t 'ntoffiopsthogenic nematodes. The DNA analyses conducted on entomopatho-
ge nlc nematodes have examined both sequence divergence in total DNA (i.e..
cenomic and mitochondrial DNA [mtDNA]) and, more frequently, RFLDs in
repetit ive and rDNA. Intraspecific variation has been detected bythese meth-
ods. Mitochondrial DNA sequence data have been used extensively in the
taxonomy of other organisms and has provided useful diagnostic characters
below the level of species.2a Because of the higher rates of evolution in mtDNA
as compared with genomic DNA,25 mtDNA sequence data are thought to be
more l ikely to display taxonomically useful variation at lower taxonomic
levels.26 Flowever, research on the molecular variabil ity of the l izard, S6e-
lopctrus grammic:us has demonstrated a high rate of rDNA divergence, relative
to the degree of allozyme and mtDNA divergence.r' It *oulJ be useful to
examine mtDNA divergence in entomopathogenic nematodes and assess its
comparative taxonomic value. This could be readily achieved by hybridizatron
of labelled cloned mtDNA fragments to Southern blors of total DNA. Restric-
tion fragments of C. elegans mtDNA have been cloned and used to distinguish
intraspecific isolates of C . elegans by detection of RFLDs.r' Such heterologous
probes or the mtDNA cloned from a representative entomopathogenic nema-
tode could be similarly employed.

Molecular taxonomic techniques have centered on the determination of
natural variation within a nematode grouping and the correiation of a certain
degree of variation to a particular taxonomic level. Inter- and intraisolate
variation in DNA sequence has been demonstrated in entomc)pathogenic
nematodes' Given that it is ult imately possible to detect a single nucleotide
change in the mill ions of base pairs of a nematode's senome. the assignment
to a particular taxonomic grouping below species level r,, i l l  depend upon the
acceptance of an arbitrary degree of sequence divergence as representative of
a given grouping. This approach, acceptable in systematics. may not meet the
requirements of proprietary or patent right protection for a sequence uniquely
identifying an isolate. For instance, in the case of a randomly chosen DNA
sequence it would be necessary to define the nature and extent of its variation
for all isolates prior to establishing it as uniquely identifying a given isolate.
This process of validation would be difficult in the case of entomopathogenic
nematodes. New isolates can be easily obtained, thus increasing the number of
required comparisons. Moreover, genetic transfer of identifying sequences into
or out of different isolates can be easily accomplished by-cross-breeding,
unless the crit ical sequence defined an essential gene(s) of a unique advanta-
geous phenotype.

Instead of using naturally occurring sequence divergence, identification
could be based upon a unique "man-made" sequence inserted into the genome
by genetic engineering (e.g., chromosomar transformation by injeclion of
cloned DNA into oocyte nuclei). Such a unique sequence or tag should have
no harmful phenotype and should be heritable, preferably integrated into a
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chromosome. Procedures which routinely achieve the integration of exotic
DNA into the genome of C. elegans could be readily transferred to entomopa-
thogenic nematodes. This approach, however, results in a genetically engi-
neered organism, a major drawback because of ensuing additional require-
ments in the product registration process for the product. Also, to avoid
removal of the tag by genetic means, the unique sequence should be intimately
linked with essential advantageous genes or have several copies dispersed
throughout the genome.

DNA-DNA hybridization techniques using Southern or dot blots can readily
detect a 5c/o sequence divergence between DNA samples. Either the presence
of this level of sequence divergence in a given naturallv occurring DNA
fragment or constructed DNA fragments would allow the use of species and
isolate specific probes. This technology is restricted br the lower l imit to the
amount of DNA needed for detection. Insufficient DNA is present in an
individual infective-stage entomopathogenic nemarode to be visuali zed by
current labell ing technology.r For taxonomic purposes the ease of mass culture
of entomopathogenic nematodes would guarantee a i irtuallv unlimited quan-
tity available. Therefore, the minimum amount of DNA could be readily
obtained.

For ecological and population studies, the identif ication of individual infec-
tive-stage nematodes would have many benefits. It rs technolosically possible
for the DNA extracted from a single infective-stage nematode to be amplified,
using polymerase chain reaction (PCR) technologr'. to gn e sufficient DNA for
detection by DNA-DNA hybridization techniques. Lintbrtunately, the cost and
laborious procedures involved are l ikely to make PCR technology too expen-
sive for routine use in ecological studies. An alternatir e technology would be
the use of in situ hybridization techniques to detect a unique nrRNA, if this was
expressed in sufficient quantity. This technique has been used to visualize
mRNA of moderately expressed genes within individual C. eleqans. Given the
generally higher rate of sequence conservation in coding resions. it is unlikely
that sufficient sequence divergence would be found betw,een naturally occur-
ring mRNAs of different isolates; the integration of an exogenous expressible
gene would be required. Along similar l ines. the integration and expression of
genes such as B-galactosidase or B-glucuronidase in the appropriate null back-
ground, would allow the detection and identif ication of nematodes by the
action of these enzymes on chromogenic substrates. For example, in C. ele-
g,ans, individual nematodes containing the introcluced B-galactosidase or B-
glucuronidase genes can be identified by their blue or red color, respectively,
following incubation in the appropriate enzyme substrate.re.rO

While labelling infective-stage nematodes prior to their release may prove
cost-effective for certain types of ecological study, an alternative approach
based on the differential staining of entomopathogenic nematode isolates with
dyes has been developed.sr The procedure simply involves the incorporation of
0.57a w/w of dye into the culture medium before inoculation with Steinernema
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.pp. It results in the production of stained infective-stage nematodes. Seven
Jr es have been tested including Sudan II and III which stain the intestine red.
\\'hen tested for any undesirable side-effects, Sudan II did not alter the produc-
tion (i.e., yield per flask) or infectivity of the progeny. Moreover, the color
remained distinguishable until shortly after penetration of the insect host.
Further evaluation of this technique is warranted because this method offbrs
creat potential for certain ecological studies on inundatively or inoculatively
released entomopathogenic nematodes.

V. CONCLUSIONS
Classical morphological methods have been successfully applied to the

description, identif ication, and classification of entomopathogenic nematodes
to genus and species. In Sreinerneme, cross-breeding provides an invaluable
genetic proof of identity which should be incorporated inro any taxonomic
study. Cross-breeding is difficult in Heterorhabclitis and molecular methods
can provide valuable additional information for species delimitation. Neverthe-
less, morphological studies wil l continue to form the essential core of ento-
mopathogenic nematode taxonomy.

In the immediate future, molecular methods wil l become indispensable for
distinguishing between isolates of entomopathogenic nematodes below the
level of species. This level of discrimination wil l be necessar) ro meet the
possible requirements of quarantine and registration authorit ies for isolate
identification, and to provide markers for verification of proprietary rights to
patented organisms. DNA sequence analysis is the method of choice for. and
may be the only method capable of, discriminating between such infrasub-
specific categories of entomopathogenic nematodes.
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-1. Biology and Taxonomy of Xenorhabdus

R. J. Akhurst and N. E. Boemare

I. INTRODUCTION
All known species of nernatodes of the families Steinernematidae and

Heterorhabditidae are symbiotically associated with bacteria of the genus

.Yenrtrhabdus.t-8 The increasing interest in Xenorhahdus reflects growing

awareness that the bacterial partner plays a significant role in nematode/

bacterium associations beyond mass production of the nematode vector.

Appreciation of the significance of this role is an integral part of the develop-
ment of entomopathogenic nematodes as a viable means of insect pest control.

II. BIOLOGY
The interaction between nematode and bacterium has been shown to have

many facets. Xenorhabdlls spp. apparently do not survive well in soil or watere

and are not pathogenic for  insects when ingested.r0rr  Steinernematid and
heterorhabditid nematodes provide protection for Xenot'ltubdus outside the

insect host and a means of transmission from cadaver to the hemocoel of a new

host. In addition to transporting the bacterium to a new host. the nematodes
provide protection from some host defense mechanisms.rr The bacterial con-
tribution to the association is the provision of nutrients for the nematodes.
Axenic nematodes are unable to reproduce in axenic insects and require
bacter ia l  act iv i ty to produce sui table nutr ient  condi t ions.r ' r r  Al though the
nematodes can reproduce in Galleria mellonel/a infected with bacteria other
than Xenorhabdus, they do not reproduce as prolificallv as when Xenorhabdus
dominates the bacterial flora of the cadaver.rl

Insects infected by nematodes are also subject to secondary invasion by
other microorganisms which might modify conditions within the cadaver to the
detriment of the nematodes'capacity to reproduce. Contamination of the insect
cadaver is minimized init ially by the phagocytic activity of the insect hemo-
lymph.'5'16 This short init ial protection is followed by that provided by the
various antimicrobial agents produced by the Xenorhahdas spp., which inhibit
a wide range of bacteria, yeasts, and fungi.rr The agents so far identif ied
include defective phages, reported from X. nematophilus andX.luminescens,ts
which may be bacteriocins that inhibit Xenorhobdas introduced by other
nematode species. Other antimicrobials detected tn Xenorhabdus are chemical
compounds. Paul et al.re found four indole derivatives from strain R, recorded
as X. nematophilus, and two trans-stilbene derivatives from X. luminescens
strain Hb. Examination of Xenorhabdus hotienii (originally identified as X.
nematophilas) yielded three antimicrobial compounds in another class, desig-
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nated Xenorhabdins.20 Both X. nematophilus and X. luminescens, as well as
strain Ql of an undescribed species,rr produce yet another class of antimicro-
bials, water-soluble compounds designated Xenocoumacins.2r The variety of
antimicrobial agents produced by each species of Xenorhabclus suggests that
antimicrobial activity is very important for the nematode/bacterium associa-
t ions.

The significance of luminescence in X. luntinescens has not been deter-
mined. One hypothesis23 suggested that the glowing cadaver might attract other
insects that could be infected as the nematodes enterged fiom the cadaver,
simplifying the problem of locating a new host. Hou'ever. luminescence is
greatly reduced or even absent by the time of inf-ective juvenile emergence.
Moreover, l ight does not penetrate soil very eff-ectivelv and so could only act
as a trap rather than as a lure. An alternative hypothesis is that the biolumines-
cence may be inhibitory. Bioluminescence is at its peak when the nematodes
are not infective and are most vulnerable to the eft'ects of saprophagic inver-
tebrates invading the cadaver. These saprophages. being soil-dwellers, might
be expected to be photophobic and so avoid the luminescent cadaver. The
nonluminescent strain of X. luminescensr* nta\ be useful for testing these
hypotheses.

A. Pathogenicity
Most Xenorhabdus spp. are highly pathogenic w hen introduced into the

hemocoel of Galleria larvae, the LDrn usually being less than 50 cells.ra.2s
However, the data obtained from Galleria \arvae mav be misleading . X. nema-
tophilus is much less pathogenic for the pupae of another lepidopter an, Hyalo-
phora cecropia (LDru = 500 cells),12 and not at all pathogenic for the dipreran
Chironomls.26 The pathogenicity of Xenorhaltrl ir.r for rarious insect species
has not been investigated extensively.

The pathogenicity of Xenorhabdus spp. depends on rheir entry into the host
hemocoel and abil ity to multiply in the hemolvmph in spite of the host's
def'ense response. X. nematophilus is not pathogenic fbr ChironomLls because
the highly effective humoral encapsulation system of that species prevents its
establishment.z6 In some insect species, however. l iving Xenrtrhabdus cells are
not recognized as nonselfT or are not kil led by the- hemocytes:8 and are able to
multiply and kil l  the host. In some insects, the nematodes are encapsulated and
kil led when few enter the host. This encapsulation does not necessarily protect
the host which may be kil led either by Xenorhabriu.s released by the nematodes
before encapsulation is complete, by other bacteria carried into the host on the
external surface of the nematode,to,to or by the nematode toxin.

Xenorhabdus pathogenicity can also depend on interaction with its nema-
tode associate. The nematode may produce a toxinrr.-tr or a factor that destroys
the inducible enzymatic defense response of the insect.rr The significance of
this interaction is most clearly illustrated by the Steinernema glaserilXen-
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L r i t , . i . . .



77

t,rhohdus poinarii combination which is highly pathogenic for Galleria mel-
Ittrrclla larvae, although neither S. glaseri nor X. poinarii alone is pathogenic
ior G. mellonella.a This type of interaction may also be important for other
nematode/bacterium associations, including S. carpocopsaelX. nematophilus,
* here the target insect is not sensitive to the nematode toxin or for those
associations in which the nematode does not produce a toxin.

Growth of Xenorhabdus is accompanied by the production of exo-33'ra and
endotoxins.r6'3s'36 The exotoxin activity is probably l inked to the exoenzymatic
functions found in Xenorhabdus (protease, lecithinase. l ipase) and thought to
be insect toxins in other bacteria.3T The endotoxins are l ipopolysaccharide
components of the bacterial cell wall, a common feature of Gram negative
bacteria.16'38 It is probable that insects of some species are kil led by exotoxin
activity whereas others are more susceptible to the endotoxins or nematode
toxin.

Xenorhabdr.rs spp. and their associated nematodes form nonspecific ento-
mopathogenic combinations. To function nonspecifically thev must be able to
avoid or overcome the variety of defense mechanisms (external and internal)
of a wide range of insects. They must also have several toxin strategies to
ensure that they can kil l  that wide range of insects.

B. Nematodefiacterial Specificity
Taxonomic studies confirm that each species of entomopathogenic nema-

tode has a specific natural association with only one Xentrlruhrlrr.i species
(though a Xenorhabdus sp. may be associated with more than one nematode
species,  Table I ) .2r  The speci f ic i ty of  associat ion between nematode and
bacterium operates on two levels: the provision of essential nutrients for the
nematode by the bacterium and the retention of the bacterium within the
intestine of the nonfeeding infective juvenile nematode.

TABLE l. Xenorhabdus Species and Associated
Nematodes

Xenorhabdus
species

Associated
nematode

species Ref.

X. nematophilus
X. luminescenso
X. bovienii

S t e ine rne ma ( lrp 0 ( up s ue
All H ete ror habcliti s spp.
S. feltiae (=bihionis t
S. kraussei
S. ffinis
S. intermedia
undescribed Steinernema sp.
undescribed Steinernema sp.

l ,  3 , 4 5 ,  5 6
1 , 3 ,  J ,  4 5 ,  5 6
3,  45 ,  56
2,  45 ,56
45
6, 56
45, 56
45

F3
F9
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TABLE 1 (continued). Xenorhabdus Species
Nematodes

Associated
nematode

species

S. glaseri
Steinernema sp. NC.5 l3
undescribe d Steinernel71(/ sp.
undescribe d St e i  ne r n erl( /  sp.
S. rara
S. anomali

Xenorhabdus

llRecies

X. poinarii

X. beddingii

Xenorhahda.r sp.
Xenorhabdas sp.

and Associated

Ref.

.s6

-+.5. -56

TABLE 2.  Mont ) \cnr r
luminescens (Pha\c (  )

Heterorhabditis
strainsTo H b

\1

l 4

-1 .  + .

.+. .5.5
3. -5.
.1. .5

8 .  -56

-56

H b - '

H I +
N C l 9  +
NC69 +
NC200 +
D I

Q 6 r 4
NZ
T 3 l 0

+ = Culture sustainct l  rh
- = Culture could not hc

X. luminesc'ens is a mult ispecies taxon.5{ '5' l

L lt'lutrients

The requirement by the nematode of bacterial-procluced nutrients does not
impose a high level of specificity S. c'arpot'apsu(, can reproduce in culture with
some species of bacteria other than Xenrtrhubdu.t." ' Horierer. there is some
degree of specificity involved because no steinerneniarid or heterorhabditid
can be cultured monoxenicalty with all other Xettorltultri lr.s spp.a0 Although
Steinernema feltiae (=bibionis) and an undescribed Stt,ittt,t-nen?a sp. were
successfully cultured monoxenically with the svnrbionr of anv of f ive other
Steinernemo spp.,  they could not be cul tured r i  i th X. lunt inescens. S.
carpocapsae, S. glaseri, and another undescribecl Stt, irtt,t 'nt 'ni(/ sp. were even
more l imited and could not even uti l ize the srmbionts of some other Stein-
ernema spp. The best nutrient conditions for the nenratodes are not necessarily
produced by its natural symbiont. S. glaseri reproducecl nrore rapidly on lipid
fortif ied agar when cultured with an X. bot' ienii isolare than with X. nemato-
lthilus or its natural symbiont, X. poinarii.al

Within the species X. lumines('ens there is variation in the production of
essential nutrients for Heterorhabditis spp. Each X.luntinescen.r isolate tested
supported monoxenic in vitro culture of only some strains of Heterorhabclitis
(Tab le  2 ) . r l

2. Retention

The transmission of Xenorhabdus is determinecl at a higher level of speci-
ficity. Although Steinernema spp. can be cultured r.r, ith bacteria other than their
natural symbionts, they do not retain non-Xenorhabclus within the intestine of
the infective juvenile and are l imited in their abil ity to rerain the symbiont of
another stcinernemd sp.*u Specificity is very high in the s. carpocopsaelx.
nematophillls association; infective juveniles do not contain the symbiont of
any other species.aO In contrast, S. feltiae (=bibionis) ctnd S. glaseri infective

juveni les  car ry  the synth i r ,n : .
not  as e f f ic ient ly  as thc i r  , , . , .

S . glaseri is inef f ic ie n I  r  r .  : .
Stage.+o-+z Whereas the rr. tr : . :
on is)  in fect ive juveni les  l r  r r  i : .
is only 507a for S. .q1art,i.r \ ,

detecteda3 and i t  may rct le .  r  . , :
popula t ions.a2 A s imi lar l r  1 , , . , .  .

Steinernema sp. and X. hL,j , ;  ,
rates may be indicative ol I i . .
ships than that between .\

C. Phase Variation
Xenorhahdus isolatcd f r,,:.

sorbing colonies.r Hou r,r c:..
s ta t ionary  phase axen ic  ru I I . , : .
sampled some nonadsorbirr, i, .
nonadsorbing variants rrr-,rt, :
respectively. However. it lr.r, :
to primary occurs not onlr ut \
wel l .4s.4r '  ident i fy ing th i :  r r ,  . ,  : .
secondary variants are rctL.rrr. :

Reversion from seconrlurr .,
lumine.u'ens strain.  The cr, . , l -  . .
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T,\BLE 2. Monoxenic Culture of Various Xenorhabdus
lurrtinescens (Phase One) and Heterorhabditis Isolatess3

Xe norhabdus lumine scens isolates

Heterorhabdttis
strainsTo Hb HI NCl9 Dl Q614 NZ T3l0

-r

-r

T

-r

+
+

T

+

+
+
+

+ = Culture sustained through at least three subcultures.
- = Culture could not be sustained for two subcultures.

juveniles carry the symbionts of some other Steinertten?{1 spp.. thou-uh usually
not as efficiently as their own.'10-42

S. glaseri is inefficient in retaining its natural symbiont ri i thrn the infective
stage.a0-a2 Whereas the retention rate forS. carpo(apxrc ancl S.lt ' l t iue (=hibi-

onis) infective juveniles for their natural symbionts exceeds 90c/( . the average
is only 5O7o for S. glaseri. No morphological basis for thc dif l-erence has been
detectedas and it may reflect an imbalance between the nenratode and bacterial
populations.a2 A similarly low retention rate has been sho* n for an undescribed
Steinernema sp. and X. beddingii, i ts natural symbiont.t" These low retention
rates may be indicative of less highly evolved nematode/bacterium relation-
ships than that between S. c'arpocapsae and X. rtentutopltilus.

C. Phase Variation
Xenorhabdl.rs isolated from the infective-stase nematode produce dye ad-

sorbing colonies.r However, when in vitro cultures of Xenorhabdus, either
stationary phase axenic cultures or monoxenic cultures with nematodes, are
sampled some nonadsorbing colonies can be detected.aa The adsorbing and
nonadsorbing variants were initially designated primary and secondary form,
respectively. However, it has now been shown that reversion from secondary
to primary occurs not only in X. nematophilusaa but in other Xenorhabdus as
well,a5'46 identifying this as a phase variation. Consequently, the primary and
secondary variants are referred to as phase one and phase two, respectively.{5

Reversion from secondary to primary has not yet been detected in any X.
luminesc'ens strain. The expression of variation may diff-er for these bacteria,

Hb

HI
N C I 9
NC69
NC2OO
D I

Q6 l4
NZ
T 3 1 0

+ " + T

+ + +
+ + +
+ + +
+ + +
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which are taxonomically distinct from other Xenorhabtlus spp. (see Section
III). However, for consistency the variants will be referred to ai phases one and
two for all Xenorhabdus spp. If X. lumines('ens is reclassified to a separate
genus and reversion from secondary to primary cannot be demonstrated, then
the variation should be referred to as form variation for the new genus.

Phase one variants of X. nematophilus, X. luntine.scens, X. bpt,ienii,and X.
beddingiidiffer from phase two in dye adsorption, pigmentation, production of
antimicrobials and lecithinase,as and presence of proteinaceous inclusion bod-
lsq.a7'+a In addition to these general differences. there are other phase differ-
ences that have so far been reported for only one or more species.as For
example' phase one X. nematophilrzs also diff 'ers from phase two in cell size,ra
internal morphology, interaction with hemocytes.: '. ' ,  and its f imbriae,so and
phase one X' luminescens differs from phase t\\o in being sensitive to a
bacteriophage.s r

Although both phases are equatly pathogenic fbr Gulleriu ntellonellalarvae,
the phase one variant produces better conditions tor nematocle reproduction, an
important consideration in commercial production ot' the nematodes. The
relative effectiveness of the phases in supporting nematode reproduction in
monoxenic in vitro culture varies between species. There was no significant
difference between the phases for the culture of S. /i,/rir te (=bibierzis) with X.
bovienii, but cultures of Heterorhabditis spp. with phase one X. luminescens
usually produced three times more infective-stage nematodes than those with
phase two.52 For steinernematids, the difference \\'as even sreater in vivo.zs
More than seven times as many S.fettiae (=bibiortis) and S. curpocapsae per
Galleria larva were produced when the infective nematodes carried phase one.
The difference in vivo may be the combined eff-ects of nutritional differences
between the phases and antibiotic production by phase one. It is not unusual fbr
insects infected with nematodes bearing only phase ni o .ycrior-habclus to be so
badly contaminated by invading bacteria or fungi that the nematodes are unable
to complete development. However, the diffbrence mav also be nutritional,
because the insect is poor in growth factors required by the nematodes.

X ' poinarii differs from other species in having no close association between
dye adsorption and antimicrobial activity. Neither characer correlates with
improved yield in monoxenic in t'itro culture but antimicrobial activity appears
to be advantageous in t,ivo.a

Although the infective-stage juvenile is capable of retaining phase two of its
Xenorhabdlrs symbiont within its intestine, nematodes collected from nature
almost invariably contain only phase one cells. Even where g0o/o of X. nema-
tophilus was in phase two at the time of S. r'arpocapsae infective juvenile
formation, infective juveniles carried only pha.se one cells.aa There is no
evidence for phase two to phase one reversion within the infective juvenile,
suggesting that phase one is significantly more effective in colonizing the
intestinal vesicle of the infective-stage nematode.

Clearly' there is a significant advantage for the nematode to be associated

u  i t h  phase  one  ra thc r  t h . r r  : . :
e \  istence of phase t r i  o l .  . .  .  .  -
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\\ ith phase one rather than phase two Xenorhabdus. However, the basis for the
e\istence of phase two has yet to be explained. Poinar53 has proposed that phase
change may be a mechanism for avoiding the elimination of Xenorhabclus from
a cadaver containing a bacteriophage that lyses phase one but not phase two.sr
However, phase variation occurs in the stationary phase and so would perhaps
occur too late to allow Xenorhabdus to escape the lytic activity of a phage. In
addition, we have only detected phase one Xenorhabclus in field-collected
nematodes and have only recovered phase two from inf-ective juveniles cul-
tured monoxenically with phase two (i.e., no phase two to one reversion within
the infective juvenile). The discovery or production of a stable phase one
xenorhabdus sp. wilt facilitate investigarion of the significance of phase vari-
ation as well as improving the efficiency of commercial production of the
nematodes.

III. TAXONOMY
Clarification of the taxonomy of xenorhabrlas serves two utilitarian pur-

poses: providing labels to report data obtained with clifferent Xenorhabdus
isolates so that meaningful comparisons can be made, and providing the basis
for a system of identification that may be required tbr government registration
purposes' This latter consideration becomes more urgent now that isolates
identif ied as X' luminesc'ens have been obtained from human clinical speci-
mens.sa Although these clinicar isolates clearry constitute a new species.5r thev
may cause some concern to registration authorit ies unti l the; are tbrmalli
distinguished from the symbionts of Hercrutrhabctit is spp. 

'fhis 
section exam-

ines approaches to understanding taxonomic relationships aniong the bacterial
symbionts of entomopathogenic nematodes and to similar bacterial groups.

A. Current Status
xenorhabdus are Gram negative, facultatively anaerobic rods, classified

within the family Enterobacteriaceae. Five species haue been described: X.nematophilus, x. luminescens, X. bovienii , X. poinarii. and X . hedctingii (Table
l) ' ' '2r Preliminary studies indicate that the symbionts of some undescribed andrecently described species constitute new species of Xenorhahclus.s6

B. Classical Taxonomy
The classical approach of comparing biochemical and cultural characteris-

tics is the one used most widely for studying the taxonomy of xenorhabdus.
There have been some significant differenies in the characteristics reported

for xenorhabdus (e.g., fermentation of some sugars, protease activity). Ar_though in some cases the differences have been due to the use of different
isolates' significant differences have also been due to variation in the methods
or conditions used to test for these characteristics. Boemare and Akhursta5
found that results obtained for citrate utilization and gelatin liquefaction varied
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with the type of medium used. Temperature has been shown to affect the
predominant fimbrial types0 and the type of hemolysis.sa Major differences in
data on fermentation of carbohydrates seem to have been due to the pH
indicator chosen. The interpretation of weak responses has also generated
differences: a weak response may indicate a low level of activity oi may be
indicat ive of  a phase change occurr ing dur ing the conduct of  the test . l
Numerical analysis of the data indicated that treating weak responses as
negative rather than positive produced a more logical taxonomic structure.l

Analysis of data should take into consideration phase-relate6 characters.rl
Cluster analysis of a data set involving both phases of I I isolatbs rested for 240
characters showed a strong tendency for isolates to cluster f irst by phase.
Elimination of f ive characters identif ied as phase-relared (pigmentation, BTB
adsorption, neutral red adsorption, antimicrobial acti\ i t\ ' .  lecithinase) reduced
this tendency but produced some anomalous groupings. When the data for the
two phases of each isolate were combined. and the isolate scored ,,+" for a
character if either phase was positive for that characrer. rhe groupings of
isolates reflected the species groups of their nernarocJe sr ntbionts (Figure I ).

I
X e n o r h a b d u s  s D o .

S T R A I N

Figure l .  Taxonomic relat ionships of Xenorlt t tbdLtt sur:gested by
numerical analysis of 4-5 variable characters of both phases of 20
isolates. The data for the two phases of each strain u ere combined
and scored "-" only where both phases werc necati 'e fbr that
character. Redrawn f iom Akhurst and Boemare.l

Some characteristics may be encoded on plasmid-borne genes. plasmids
have been identif ied in xenorhobdus spp.*r. ', but no role has yet been deter_
mined. Some of the variation between isolates detected by phenioypic methods
may be due to the presence or absence of plasmids and .onr.qu.ntly give an
exaggerated estimate of the difference between isolates.
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C. DNA/DNA l{ybridizatron
DNA relatedness has been widely used to examine intrageneric relation-

.hips among bacteria. DNA relatedness in excess of 60-70% is taken to be
indicative of conspecificity; 20-60Vo DNA relatedness indicates that the iso-
lates are from closely related species.-sr'ss [1 is recommended that a DNA
homology group should not be described as a distinct species unless it can also
be differentiated by some phenotypic character.5s

Grimont et al.5e found three DNA relatedness groups which corresponded to
X. lnminescens,X. nematophilus, and a group associated with S.felt iae (=fi i l7i-

onis) and several unnamed species of nematode. The levels of relatedness
suggested that the last two groups are species within the same genus. However,
their relatedness to the X.luminescens group indicated that this group should
be considered a separate genus. Within the X. lumine.st'en.r group, there were
four subgroups indicative of distinct species. Farmer et al.5a found that the
"clinical" isolates identif ied asX.luminescens fbrmed a fif ih DNA homology
group, indicating that they represent a separate species. Grimont et al.se and
Farmer et al.5a indicated that they had too few isolates to produce reliable
phenotypic descriptions of the DNA homology groups as new species.

Analysis of our DNA homology datas6 generally supports the taxonomic
conclusions drawn from phenotypic data2r'4s and the DNA homology data of
Grimont et al.se The type strains of the five described species of Xertorhabdus
fall into separate groups within which DNA homology' exceeds 7}c/c. DNA
homology between the groups containing the type strains of X. rtentaktphilus,
X. bovienii, X. poinarii, and X. beddingri ranged fiom 2-5% to 36c/c. The DNA
relatedness of the X. luminescens isolates to the other Xtnrtrltubrlrrs isolates
was less than 257o.

The DNAs of isolates Q I and W I , which clustered w ith X. beddingii on the
basis of phenotypic characters (Figure I ), had less than 50% homology with
that of Q58, the type strain of X. heddingii. Differences \r'ere also found among
the X. luminescens symbionts of H. bacteriophoru (Hb). H. hacteriophora
(=heliothidis) NCl9 1=61), and H. megidis. indicating that these bacteria
belong to two separate species.

The homologies of DNA from Xenorhabdus associated with S. anomali, S.
rore, a Steinernema sp. from Argentina, and one from China, with those from
the type strains of the Xenorhabdas species. excludingX. luminescens, ranged
from 3l7o to 437o. This suggests that the bacterial symbionts of these nema-
todcs represent at least three new species (their relatedness to each other has
not been fully tested). The DNA homology of the symbiont of S. intermedia
and three X. bovienii strains (T228, F3, SK2ra5) varied from 6lo/a to 847o,
indicating that they belong to lhe same species.

No significant differences between phases one and two of any isolate were
detected by DNA/DNA hybridization.
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D. l65 rRNA Oligonucleotide Cataloguing
Comparison of 165 rRNA sequences by oligonucleotide cataloguing6o

provides a means of assessing higher taxonomic relationships that cannot be
examined by DNA/DNA homology.

Ehlers et al.6r catalogued the oligonucleotides of l65 rRNA of the type
strains of X. luminesc'ens and X. nematophil l.r. and of X. luminescens
4TCC29304, the symbiont of H. bacteriophora (-heliorhidis) NCl9. Com-
parison of this data with the rRNA catalogues of nearly 200 Gram negative
eubacteria did not clarify the position of Xenot'habtlus in relation to the family
Enterobacteriaceae. The dendrogram generated from analysis of the data indi-
cated Ihat Xenorhabdus is more dissimilar to other Enterobacteriaceae than
Proteus, previously considered to have the least relatedness to the rest of the
family.62 However, this is based on data from only three Xenorhabdrrs strains
and may be misleading because of group-size dependency in the sorting
strategy. It is notable that the similarity coefficient calculated from these data
forX. nematophiluslE. coli (0.70) is identical to that fbr X. nentatophiluslX.
luminescens ATCC29304.TheXenorhabclus isolates also contain almost all of
the enterobacteria-specific oligonucleotides. Ehlers er al.( 'r noted that whether
Xenorhabdlrs should be seen as a separate familr or be retained within the
Enterobacteriaceae is a moot point because of its production of the entero-
bacterial common antigen,63 phenotypic similarit ies. and possession of entero-
bacteria-specific oligonucleotides.

Later work revealed a variable domain within the 165 rRNA which shows
significant differences to other Enterobacteriaceae and diff-erences withinXen-
orhabdus.e This led to the cloning of l6-20 nucleotide sequences for species-
spec i f i c  iden t i f i ca t ion  o f  X .  luminescens  (e rcept  s t ra in  HLSl  ) ,  x .
nematophilus, X. bovienii, X. poinarii, and X. bedtlinqii. Probes that can be
used to distinguish the X. luminescens symbionts r.tf H. but'teriophora Hb and
H . bacteriophora (=heliothidis) NC l9 from each other haye also been cloned.s

E. Immunology
Determination of immunological distance between homologous proteins by

quantitative microcomplement fixation provides a meitsure of percent amino
acid sequence difference. Studies based on glutamine synthetase and superox-
ide dismutases'66 indicated that X. luminescelr.r was more closely related to
terrestial than to luminous and nonluminous marine Gram negative eubacteria.
X. lumines('ells was also more similar to other Enterobacteriaceae than to
Vibrionaceae, but was on the outer edge of the Enterobacteriaceae cluster.

Slight intraspecific antigenic differences between the DD-136, Agriotos,
and Mexican strains of X. nematophilus have been detected by immunodiffu-
s ion, agglut inat ion,  and imunof luorescence techniques.6T These tests also
showed that X. poinarii and X. bovienii were substantially different antigeni-
cally from the DD-136 strain of X. nematophilus.

F. Electrophorcs ir
E lec t ropho re t i e  r e .  l r n  r . . . . , . .
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other four species u r_-rc r lr  r  t . :
intraspecif ic variat ion. Thr. p.r ,
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from X. beddin,qii.
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were detected by hybr ic l iz rn i  . ,
DNA.16
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prof i les of l ipopolysacchan.lc.
t hose  o f  t he  Mex i can  a r r r l  I ) [ ;

The usefu lness of  e lec t ron l  ,
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G. Future Directions
There remain important tr . ,  :
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F. Electrophoresis
Electrophoretic techniques can be useful for distinguishing species and

.ubspecific groups. Hotchkin and Kaya68 compared total protein and isozyme
profiles of both phases of Xenorhabdus associated with several Steinernema
tnd Heterorhabditis species. Total protein profiles on one-dimensional poly-
acrylamide gels revealed l itt le intraspecific variation. except inX.lumines(ens.
There was no difference in the profiles of the symbionts of H. bacteriophora
Hb, H. bac'teriophora (-heliothidis) NCl9, phase one of the Netherlands, or
phase two of the Victorvil le strains. However, the profi les of the phase two and
phase one of the Netherlands and Victorvil le strains. respectively, were appre-
ciably different from each other and the other X. lunines('ens isolates. The
other four species were distinguished from each other but there was little
intraspecific variation. The profile of the S. kraussei symbiont was interpreted
as being more similar to the X. beddingii profile than to the X. hot'ieniiprofile.6s

Isozyme analysis of four enzymes confirmed the similarit ies and differences
between the X. luminesc'ens isolates detected by total protein profile,68 and
showed differences between the remaining four species. Although the symbi-
ont of S. kraussei differed slightly from X. bovienii, it was clearly diffbrent
from X. heddingii.

Restriction fragment length differences (RFLDs) in genomic DNA can be
used to detect interspecific differences between Xenorhuhtlus species. lntra-
specific differences between the type strain of X. nentatophilus. the symbiont
of S. corpocapsae DD-136, and the Agriotos and Plougastel (=Breton)+s strains
were detected by hybridizing a labelled probe to Southern blots of genomic
DNA.46

lntraspecific differences have also been detected in the electrophoretic
profiles of lipopolysaccharides of the Breton strain of X nentutopltiftls and
those of the Mexican and DD-136 strains.r8

The usefulness of electrophoresis in the taxonom), of Xenrtrhahdus has yet
to be tested by extensive examination of intraspecific variation. Its greatest
value wil l probably l ie in the detection of genetic polymorphisms.

G. Future Directions
There remain important taxonomic questions to be answered. Examination

of the relationship of bacteria symbiotically associated with Heterorhabditis to
those associated with the Steinernematidae shows that isolates currently iden-
tif ied as X. luminescens should be divided into several taxonomic groups,
probably at the species level, and perhaps be assigned to a new genus. How-
ever, it would be preferable that an extensive evaluation of DNA/DNA ho-
mologies among Xenorhabdus be completed to determine whether there are
two or more groups at the generic level or a continuum of DNAIDNA homolo-
gies. It is also necessary to complement this with a phenotypic study so that any
new taxonomic groups can be described adequately. Before describing a new
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species to accommodate the symbiont of a newly discovered species of nema-
tode, one should examine several isolates of the bacterium to provide a meas-
ure of intraspecific variation. The study should also include representative,
preferably type, strains of existing species as controls to reduce the problem of
the choice of test conditions affecting the result.

There are significant differences among X. luntiner('er?r isolates in their
association with nematodes (Table 2). However, subdivision of X. luminesc.ens
may not be a simple matter. Numerical analysis of phenotypic data (59 isolates,
45 characters) produced two groups from the 13 X.lumines('(ns isolates, with
phase one of the Polish strain in one group and phase two in the other.25
Combining the data of phase one and two isolatesrr miiy resolve this problem,
although it is desirable that phase two isolates be clerived from phase one at the
outset of the study to minimize the effects of between isolate variation.

The taxonomic relationships between the svrnbionrs of S. J'ettiae (-l1i6i-
onis), S. kraussei, S. ffinis, S. intermedia, and some unidentifie d Steinernema
spp. are uncertain. Although differences between some of these bacteria have
been detected by comparing phenotypesrr.ls and protein profi les6' and by the
use of l65 rRNA probes6a and DNA/DNA hybriclization.5" there are insuffi-
cient data on intraspecific variation to assess w,hether these reflect clifferences
at the species level. In assessing their relationships. one should consider the
nematode/bacterium interaction. S. felt iae (=bihioni^s) reproduced well in
monoxenic in vitro culture with the symbiont of .S. Arrlrr. lse i and was almost as
efficient in retaining it in the infective-stage juvenile inrestinal vesicle as its
own.aO However, S.felt iae (=bibionis) did not associarc as ef'fectively with two
other strains that are phenotypically similar to X. brn'it,rt i i : i t did not retain the
symbiont of S. ff inis (Dan)as within the infective-stage intestine and could not
be cultured with the symbiont of steinernenta sp. F3 lFigure l).6e

It may soon be necessary for government insecticide registration and,
perhaps for proprietary rights, that Xenorhahtlus be distinguished at the strain
level because the nematode/bacterium association is unlikely to be broken
when the organisms are used on a large scale for insect pest control. Lipoly-
saccharide profi les or isozyme analysis may be useful for distinguishing strains
when intraspecific variation has been explored. Howel,er. DNA techniques are
eff-ective for identification at the species and subspecies levels and are gener-
al ly easier to use.

IV. CONCLUSIONS
The interaction between nematode and bacterium has not been fully ex-

plored. The nature of essential nutrients provided by the bacterium, the signifi-
cance and underlying mechanism(s) of phase change and the consequences of
a stable phase one, the pathogenicity of Xenorhabclus for a range of insects, and
the mechanism(s) determining retention of Xenorhabdus within the infective
juvenile intestine have yet to be determined. Moreover, most studies of the role
of Xenorhabdus have been addressed using S. carpocapsae and X . nematophi-

1rr . i  as  a  model .  In tcr . i . l :  r  .  ,

t t n t s  do  no t  a lw 'a r  s  l , , l l , ' . , ,  '  '

is part icularly truc' tr tr  l l .  ' .

nematode and probul. ' l r  . ,  :  . .
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r/ f  as a model. Interactions between other Steinernema spp.and their symbi-

rrnts do not always fol low this modela and require separate examination. This

r\ particularly true for HeterorhabditislX. luminescens, a different family of

nematode and probably a different genus of bacterium from the model.

ACKNOWLEDGMENTS
The authors thank Drs. M. Breh6lin, L. Drif, R.-U. Ehlers, and C. J. Thomas

tbr generously providing us with their unpublished data.

REFERENCES
1 . Thomas, G. M., and Poinar, G. O., Jr ., Xenorhabtlus gen. nov.. a genus of entomopatho-

genic nematophilic bacteria of the family Enterobacteriaceae. 1n1../. .Sr'.r1. Bacteriol..29,

352.  t979.
2. Akhurst, R. J., A Xenorhabdus sp. (Eubacteriales: Enterobacteriaceae) symbiotically

associated with Steinernema kraussei. Rev. Ndmatol..5.217. 1982.

3. Akhurst, R. J., Taxonomic study of Xenorhabdu.r, a genus of bacteria symbiotically
associated wi th insect  pathogenic nematodes,  Int . . l .  Syst .  Bacter io l . .33.  3 l t .  lg l t ,3.

4. Akhurst, R. J,, Xenorhabdus poinarii ' . its interaction with insect pathogenic ncmatodes,

S.vstem. Appl. Miuobiol.,8, 142. 1986.

5. Akhurst, R. J., Xenorhabdus nematophilus subsp. beddingii (Enterclbacteriaceae) a new

subspecies of bacteria mutualistically associated with entomopathogenic nenratocles. /rrl. ./.
S1-st. Bacteriol., 36, 454, 1986.

6. Poinar, G. O., Jr., Neooplectana intermedia n. sp. (Steinemernatidae: Nernatoda) fronr
South Carol ina,  Rer ' .  Ndmatol . ,  t i ,321,  1985.

l. Poinar, G. O., Jr., Jackson, T., and Klein, M., Heterrtrhubditi.t ntcqidi.s sp. n. (Heter-

orhabditidae: Rhabditida), parasitic in the Japanese bectle. Pttpil l iu juponicu (Scara-

baeidae: Coleoptera), in Ohio, Proc. Helninthol. Soc. th'u.slt.. -5-1. 5-1. l9tt7.
8. Poinar, G. C)., Jr., Mr:icek,Z.,and Doucet, M. M. A.. A re--e-ramination of Neoaplec-

tana rara Doucet,  1986 (Steinememat idae:  Rhabdi t ida).  Rcv.  N(ntuto1. .  11.447,  1988.
9. Poinar, G. O., Jr., Nematodes for Biolo,qical Control tf ' Irt.st'ct Pesr.s. CRC Press, Boca

Raton, 1979, 143.
10. Poinar, G. 0., Jr., and Thomas, G. M., The nature of At hrontobocter nematophilus as

an insect  pathogen, J. lnvertebr.  Puthol . ,9,  -510.  1967.
I l. Milstead, J. 8., Heterorhabditis bacteriophrtru as a vector fbr introducing its associated

bacterium into the hemocoel of Galleria ntellonellu larvae. .l . lnvertebr. Pathol .,33,324,
1919.

12. Giitz, P., Boman, A., and Boman, H. G., Interactions between insect immunity and an
insect-pathogenic nematode wi th symbiot ic  bacter ia.  Proc.  Ror.  Sor ' . ,  Ser.  B,212,333.
1 9 8 1  .

13.  Poinar,  G. O.,  Jr . ,  and Thomas, G.M.,  Signi f icance of  Achromobacter  nematophi lus
Poinar and Thomas (Achromobacteraceae: Eubacteriales) in the development of the
nematode, DD-136 (Neoaplectand sp.. Steinernematidae), Parasitoktgv, -56, 385. 1966.

14. Boemare, N., Recherches sur les Complexes N6mato-bacteri6ns Entomopathogdns: Etude
Bactdriologique, Gnotobiologique et Physrologrque du Mode d'Action Parasitaire de Stcirr-
ernema carpocapsae Weiser (Rhabitida: Steinernematidae), Ph.D. thesis, Universit6 des
Sciences,  Montpel l ier ,  1983.



88 Entomopathogenic Nematodes in Biologic'al C ontrol

1-5. Breh6lin, M., and Boemare, N., Immune recognition in insects: conflicting effects of
autologous plasma and serum, J. Contp. Pht.siol. B, 17, 759, l9tl8.

16. Dunphy, G. 8., and Webster, J. M., Virulence mechanisms of Heler orhahditis hetiothidis
and its bacterial associate, Xenorhohdus luntinest'e tr.s. in non-immune larvae of the greater
wax moth,  Gal ler ia mel lonel la. lnt .  J .  Parasi to l . .  |U.729,  1988.

11. Akhurst, R. J., Antibiotic activity of Xerutrhabrlu.r spp., bacteria symbiotically associated
with insect pathogenic nematodes of the families Heterorhabditidae and Steinemematidae.
J .  Gen .  M ic rob io l . ,  128 ,  3061 ,  I981 .

18. Poinar, G. C)., Jr., Hess, R., and Thomas, G. M., Isolation of defective bacteriophages
from Xenorltabdus spp. (Enterobacteriaceae). IRCS Mcd. Sr.r.. U. l4l. 1980.

19.  Paul ,  v .  J . .  Frautschy,  S. ,  Fenical ,  w. ,  and Nealson,  K.  H. .  Ant ib iot ics in microbia l
ecology. Isolation and structure assignment of several neu' antibacterial compounds from
the insect-symbiot ic  bacter ia Xenorhabdu.r  spp. ,  .1.  Chem. ELrt l . .J .  -5t t9,  l9t t l .

20. Rhodes, S. H., Lyons, G. R., Gregson, R. P., Akhurst. R. J., and Lacey, M. J.,
Xenorhabdin ant ib iot ics,  Can. Patent  1214130. U.S.  Patent  -+671130. lgf t , t .

21 . Akhurst' R. J., and Boemare, N. 8., A numerical taxonomv studt, of the genus Xenorhab-
r/rr.s (Enterobacteriaceae) and proposed elevation of the subspecies of X. nemarophilus to
species,  J.  Gen. Microbio l . ,  134,  1835, l98t l .

22. (iregson, R. P., and Mclnerny, B. V., Xenocounracins. lnr. Patent Appl. PCT/AU[i3/
00156 .  1986 .

23. Poinar, G.O., Jr., Thomas, G.M., Haygood, M.. and \ealson, K.H., Growth and
luminescence  o f  the  symb io t i c  bac te r ia  assoc ia ted  u i th  the  te r res t r i a l  nematode
Heterorhabditis hacteriophora, SoiI Biol. Biochant.. |). -5. I9ttO.

24. Akhurst, R.J., and Boemare, N.E., A non-luminescent strain of Xt'nrtrhobdus lumines-
('enr (Enterobacteriaceae), J. Gen. Microbiol., 132. 1917. lgtjb.

25. Akhurst, R. J., Bacterial Symbionts of Insect Pathogenic \enrarocies of the Families
Steinemematidae and Heterorhabditidae, Ph.D. thesis. Universitv of Tasmania, Hobart,
t982.

26. Giitz, P., and Boman, H. G., Insect immunity. in (.-ttrtrltrt,ht'rt.sive Inset't Phy-siologr-,
Biochemistr,- and Pharmacolog-r-, Vol. 3, Kerkut. G. A.. and Gilbert. L. J.. Eds, Perqamon
Press, Oxford, l9tl5, 453.

21.  Dr i f ,  L. ,  Breh6l in,  M.,  and Boemare,  N. ,  unpubl ished data.  1989.
28. Dunphy, G. 8., and Webster, J. M., Interaction of Xutttrltttbtlu.s trt,rnutrspfti las subsp.

nematophi lus wi th the haemolymph of  Gql ler iu mel lonel lu. . l .  l r t .sect  Pht ,s io l . ,30,  883,
l  984.

29. Welch, H. E., and Bronskill, J. F., Parasitism of mosquito lan,ae by the nematode, DD-
136 (Nematoda: Neoaplectanidae),  Can. J.  Zool . .40.  l16-1.  1961.

30. Poinar, G. o., Jr., and Kaul, H. N., Parasitism of the nrosquiro Cule.r pipiens by the
nematode Heterorhabditis bacteriophora, J. Invertebr'. Puthol..39. -182, 1982.

31.  Boemare,  N. ,  Laumond, C. ,  and Luciani ,  J . ,  Mise en evidence d 'une toxicogenbse
provoqu6e par le N6matode ax6nique entomophage lrle)uplt,(tana ('arpo(apsae Weiser
chez I ' lnsecte ax6nique Gal ler ia nte l lonel la L. ,  C.R. Acut l .  Sci  Pur is.295,543,  1982.

32. Burman, M., Neoaplectana ('arpocapsae: toxin production bv axenic insect parasitic
nematodes, ft'lematologica, 28, 62, 1982.

33.  Akhurst ,  R.  J. ,  unpubl ished data,  1984.
34. Bowen, D. J., Barman, M. A. E., Beckage, N. E., and Ensign, J. C., Extracellular

insecticidal activity of Xenorhabdus luminest'or.s strain NC-19. in Proc. XVIII Int. Consr.
Entontol . .  Vancouver.  1988. 256.

3-5. Seryczvnska, H., Toxicity of Achromobacter nentutophilus Poinar et Thomas cell suspen-
sions againsl Leptinotarsa decemlineata Say, Bull. At.utt. Pol. Sci.,23,34j, lgj5.

36. Kamionek, M., Effect of heat-kil led cells of Achrontobo('ter nematophilus Poinar et
Thomas, and the fraction (endotoxin) isolated fiom them on Galleria mellonella L.
caterpi l lars,  Bul l .  Acad. Pol .  5ci . ,23,271,  1915.

l1  .  Lysenko ,  O . .  P ru r .  r : . r . . .  i  : .
nonsporefonning f ' ; r . : , . :  ,  ;

E .  W . ,  E d . .  A l l c n h t l , :  r  r .

. 18 .  Dunphy ,  G .  8 . .  and  \ \  rb . r r r
(Enterobacter iae c lc . : l . :  ' .  .
( lnsecta:  Lepic loprcr . r  . :

19.  Boemare,  N. ,  Boni fas. i .  I
I 'act ion pathogdne r i i i  ' - . . : :  . :
o log iques  chez  l ' i n r r ' .  r : .

-10.  Akhurst ,  R.  J. . , \ ' , , , , , i r ,  ,  ' .

Xenorhubclus. Erlt l ' ,,1,.,
, l l .  Dunphy ,  G .  B .  Ru thc r fo rd .

Steinerncnu ! / t , r .1ar '1 11'1 .
Nemato l . ,  17 ,  476 .  l , r s :

42.  Akhurst ,  R.  J. .  
' l 'hc 

nr . : .  . :  ,
nematophilu.r subsp l ' . , .
Austru lasian Cttn l .  (  , ,  . i ,  . ,
coln,  198-5,  262,

43 .  B i rd ,  A .  F . ,  and  Akhur r r .  R .
fami ly Steinementat iduc.  , i ,  .

44 .  Akhurs t ,  R .  J . ,  N jo r fh , , l , , -  :
symbiot ical ly  assoc r . r rc. :  . ,
Heterorhahclitis. ,l ( it,: 1.,

45.  Boemare,  N.  E. .  and {khur.r
colony fbrm variantr i lt \,
7 5 1 , 1 9 8 8 .

46.  Akhurst ,  R.  .J . ,  and l lot rnarr
47.  Boemare,  N. ,  Louis.  ( ' . .  anr l  h

d u s  s p p . ,  b a c t e r r e :  u r : , .  t : . .
Heterorhabditidae. C R \

48.  Couche, G. A. ,  I -ehrhar,h.  l ,
Gregson, R.  P. ,  Occurr . ' : . r . ,
J .  G e n .  M i c r o b i r t l . .  I  i i , , .

49.  Breh6l in,  M. A. .  and [ f  otnrar t
in Locusta migrutorr , t .  1t ,

50.  Thomas, C.  J. .  per. , , , r r r l  .
51 .  Po ina r ,  G .  0 . , . 1 r . .  Her r .  R .  I

observa t ions  o la  bae tc r : , , : - :  . -
E,rper ient iu,  45.  l9 l .  l , r r ' .

52 .  Akhurs t ,  R .  J . ,  unpuh l r . i  :  I  . .
-53. Poinar, G. O., Jr.. Jtcl-r, ' .
54.  Farmer,  J.  J . ,  I I I .  . f  orgrn.rn.

Jr . ,  Ageron,  E. .  Pierce.  (  ,  !

Hickman-Brenner.  F.  \ \  .  ,  .

human cl in ical  spcr. ln l ( , .  .

5-5.  Curran,  J. ,  Chromt, . , ,n: , .
Nimatol . ,  12,  1.1-5.  I  qs, ,

56.  Akhurst ,  R.  J. ,  Boenrarr .  \  |
51 .  Johnson, J.  L. ,  Nuclcr t  . : .  r .

Bacter io logv-,  Vol . l .  Kni . -  r ,

58 ,  Wayne ,  L .  G . .  B renner .  l l
Kr ichevsky,  M. I . .  \ toort .  I
E. ,  Starr ,  M. P. .  and Truorr .  I
approaches to bactc.r i l l  . . .  :  :



89

r-. Lysenko, 0., Principles of pathogenesis of insect bacterial diseases as exemplified by the
nonsporeforming bacteria, in Pathogenesis of Invertebrute Microbial Diseases, Davidson,
E.  W.,  Ed. ,  Al lenheld/Osmun, Totowa, 1981. chap. 6.

18. Dunphy, G. 8., and Webster, J. M., Lipopolysaccharides of Xenorhabdus nematophilus
(Enterobacteriaceae) and their haemocyte toxicity in non-immune Galleria mellonella
( lnsecta:  Lepidoptera)  larvae,  J.  Gen. Microbio l . ,  134,  1017, 1988.

-r9. Boemare, N., Bonifassi, E., Laumond, C., and Luciani, J., Etude exp6rimentale de
I'action pathogdne du ndmatode Neoaplectana (arpocapsae Weisert recherches gnotobi-

ologiques chez I' insecte Galleria ntellonella. Agronomie.3, .107, 1983.
-10. Akhurst, R. J., Neoaplectana species: specificity of association with bacteria of the genus

Xenorhabdus, Erp. Parasitol.,55, 258, 1983.
-1 l. Dunphy, G. B, Rutherford, T. A., and Webster,.I. M., Growth and virulence of

Steinernema glaseri influenced by different subspecies of Xenorhabdus nenrutophilus, J.
Nematol., 1l, 416, 1985.

42. Akhurst, R. J., The nematode/bacterium complex, Steinernenru glaserilXenorhabdus
nematophilus subsp. poinarii, pathogenic for root-f 'eeding scarab larvae, in Pror'. 4th
Australasian Conf. Grassland lnt'ertebr. EL'o\.. Chapman. R. B.. Ed.. Caxton Press, Lin-
co ln ,  1985 ,262 .

43. Bird, A. F., and Akhurst, R. J., The nature of the intestinal vesicle in nematodes of the
family Steinernematidae, Inr. J. Parasitol., 13, 599, 1983.

44. Akhurst, R. J., Morphological and functional dimorphism in Xt,rtorlrttbdus spp., bacteria
symbiot ical ly  associated wi th the insect  pathogenic nematodes l \ , ,1 eouplectana and
Heterorhabditis, J. Gen. Mic'robiol., l2l, 303, 1980.

45. Boemare, N. 8., and Akhurst, R. J., Biochemical and physiological characterization of
colony form variants in Xenorhabdus spp. (Enterobacteriaceae). .l Gcn. Micnthiol .. 134,
7 5 1 . 1 9 8 8 .
Akhurst, R. J., and Boemare, N. E., unpublished data, l9ltt.
Boemare, N., Louis, C., and Kuhl, G., Etude ultrastructurale des cristaur clte t Xenorhah-
das spp. ,  bacter ies inf6od6es aux n6matodes entomophages Steinernemat idae et
Heterorhabdi t idae.  C.  R.  Sci .  Soc.  Bio l . .  177.  107.  1983.
Couche, G. A. ,  Lehrbach,  P.  R. ,  Forage, R.  G.,  Coonel  .  ( ; .  C. .  Smith,  D.  R. ,  and
Gregson, R. P., Occurrence of intracellular inclusions and plasmids in Xurrtrhobdts spp.,
J.  Gen. Microbio l . ,  133,  967,  1987.

49. Breh6lin, M. A., and Boemare, N. E., Recognition of particulate rnaterial by haemocytes
in Locusta mig,rator ia,  Dev.  Comp. Immunol  . ,  10.639.  1986.

50. Thomas, C. J., personal communication, 1989.
51. Poinar, G. O., Jr., Hess, R. T., Lanier, \ry., Kinney. S.. and White, J. H., Preliminary

observations of a bacteriophage infecting Xenorhttbtlus luntinc.rcol.s (Enterobacteriaceae),
Experienria, 45, l9l, 1989.
Akhurst, R. J., unpublished data, 1980.
Poinar, G. O., Jr., personal communication. 1989.
Farmer, J. J., III, Jorgensen, J. H., Grimont, P. A. D., Akhurst, R. J., Poinar, G. O.,
Jr., Ageron, E., Pierce, G. V., Smith, J. A., Carter, G. P., Wilson, K. L., and
Hickman-Brenner, F. W., Xenorhabdus luminestens (DNA hybridization group 5) from
human cl in ical  specimens,  J.  Cl in.  Microbio l . .27.  1594, 1989.

-55. Curran, J., Chromosome numbers of S/ciruernema and Heterorhabditis species, Rel
Nlmatol . ,  12.  145.  1989.
Akhurst, R. J., Boemare, N. E., and Mourant, R. G., unpublished data, 1989.
Johnson, J. L., Nucleic acids in bacterial classification , in Berge v-' s Manual of Sy'stematic
Bacter io logy,  Vol .1,  Kr ieg,  N.  R. ,  Ed. ,  Wi l l iams and Wi lk ins,  Bal t imore,  1985,8.
Wayne, L. G., Brenner, D. J., Colwell, R. R., Grimont, P. A. D., Kandler, C).,
Krichevsky, M. I., Moore, L. H., Moore, W. E. C., Murray, R. G. E., Stackebrandt,
E., Starr, M. P., and Triiper, H. G., Report of the ad ftoc committee on reconciliation of
approaches to bacterial systematics, Int. J. Syst. Bacteriol., 37, 463, 1981.

48.

46.
A 1

52.
-53.
54.

56.
51.

58 .



90 Entomopathogenic Nematodes in Biolo,qical C ontrol

Grimont, P. A. D., Steigerwalt, A. G., Boemare, N., Hickman-Brenner, F. W., Deval,
C., (irimont, F., and Brenner, D. .I., Deoxyribonucleic acid relatedness and phenotypic
study of the genus Xenorhabdus, Int. J . St'st. Bat'teriol.. 34, 378, 1984.
Fox, G. E., Pechman, K. R., and Woese, C. R., Comparative cataloguing of 165
ribosomal ribonucleic acid: molecular approach to procaryotic systematics, Int../. .Sr.'.st.
Bacter io l . .  27 .  44.  l91l  .
Ehlers, R-U., Wyss, U., and Stackebrandt, E., l65 rRNA cataloguing and the phylogen-
etic position of the genus Xenorhabdu.s, Sr'.stenr. Appl. Microbiol.. 10. l2l. 1988.
Brenner, D. J., Family Enterobacteriaceae. in Bcr,qtr".r Monuul rl 'systematit ' Bacteriol-
ogr ' .  Vol .  l .  Kr ieg,  N.  R. ,  Ed. ,  Wi l l iams and Wi lk ins.  Bal t imore.  198.5.  506.
Ramia, S., Neter, E., and Brenner, D. J., Production of enterobacterial common antigen
as an aid to classification of newly identified species of the f amilies Enterobacteriaceae and
Vibr ionaceae. Int .  J .  Svst .  Bacter io l . ,  32,  395.  1982.
Ehlers, R-U., personal communication, l9tJ9.
Baumann, L. ,  and Baumann, P. ,  Immunological  re lat ionships ol 's lutamine synthetases
from marine and terrestial enterobacteria. Curr. Microhiol.. 3. l9l . l9tlO.
Baumann, L. ,  Bang, S.  S. ,  and Baumann, P. ,  Study of  re lat ionships among species of
Vibrio, Photobacterium, and terrestial enterobacteria by' an inrmunolclgical comparison of
glutamine synthetase and superoxide dismutase.  Curr .  Mi tntb io l  . ,1.  133.  1980.
Poinar, G. O., Jr., Nematodes for Biologicul Contrttl tf '  Ittst'tt.s. CRC Press, Boca Raton,
1919. 199.
Hotchkin, P. G., and Kaya, H. K., Electrophoresis of soluble proteins from two species
of Xenorhabdas, bacteria mutualistically associatcd u ith the nematodes Steinern(mo spp.
and Heterorhabditis spp.,./. Gen. Microbrol., 130. 2725. l9tt.l.
Akhurst, R. J., and Boemare, N. E., unpublished data. lgll-1.
Akhurst, R. J., Use of starch gel electrophoresis in the taronomy' of the genus Heler orhab-
diris (Nematoda: Heterorhabditidae), Nematolo.qita. 33. l. lgtt7.

59.

60

6 1 .

62.

63.

64.
65.

66.

61.

68.

69.
70 .

E,.



Ecology



93

5. Soil Ecology

Harry K. Kaya

I. INTRODUCTION
Soil, the natural habitat for entomopathogenic nematodes, varies greatly in

chemical composition and physical structure. It is a dynamic system in a
continual state of f lux. Combined with its physical, biological, and chemical
complexity, this dynamic state makes soil a diff icult medium in which to
conduct quantitative research. Despite the complexity and variety of this
environment, entomopathogenic nematodes have been recovered from soils
throughout the world; their distribution may primarily be limited by the availa-
bil i ty of susceptible hosts.

Initial studies with an entomopathogenic nematode were conducted in the
1930s to test Steinernema glaseri as a biological control agent of Japanese
beetle grubs in soil.r In contrast, when S. carpocapsae was isolated in the
1950s, it was used principally as a biological insecticide against above ground
insects.2 Excellent control was obtained against insects in moist. cryptic habi-
tats, but many failures occurred against foliage-feeding insects.r The success
in cryptic habitats and misdirected use of this nematode as a biological insec-
ticide against foliage-feeding insects probably accounted for the delay in
intensive soil studies. The lack of researchers and resources rn insect nematol-
ogy also contributed significantly to this delay. During the 1980s. as applica-
tions made against foliage-feeding insects generally proved to be ineffective
because of rapid desiccation and inactivation by sunlight. a shifi to usage in
their natural habitat against soil insects occurred. These trials had grearer
success, particularly against root weevils, but f ield evaluations of efficacy
against soil insect pests other than root weevils produced inconsistent results.r,4
The sources of variation included application methods. nematode species and
strains, host stage and defense mechanisms, and the biotrc and abiotic soil
environments. Thus, Gaugler3 stated that "We lack definitive information on
the fate of nematodes introduced into the soil. on factors regulating their
population dynamics, on optimal conditions for epizootic initiation, and on the
ecological barriers to infection."

Our knowledge of entomopathogenic nematode behavior in the soil envi-
ronment is limited. If these nematodes are to be exploited in their natural
habitat, we need to understand their interactions in the soil environment. This
knowledge would form the basis for further studies on population dynamics
and epizootiology of nematode diseases in soil. Ultimately, this information
will allow us to optimize the control potential of entomopathogenic nematodes
against soil insects.
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II. SOL ENVIRONMENT
Phytonematologists have long recognized the importance of the soil envi-

ronment on plant-parasitic nematodes so a number of reviews elucidating soil-
nematode interactions are available.5 7 More recently, entomologists have fo-
cused their attention on soil insect ecology, particularly for pests of agricultural
importance.s Their work wil l also provide important background information
for scientists working with entomopathogenic nematodes. Conducting further
ecological studies concentrating on the interactions of steinernematids and
heterorhabditids wil l require a basic understanding of the soil environment.
Detailed infbrmation on the technical aspects of soil is available in textbooks
in soil science,e-rr and only a brief summary is provided here as background for
this chapter.

Soil texture, a basic concept in soil science, is determined by the ratio of
particle types, which are divided into three arbitrary fractions based on size:
sand, silt, and clay. According to the classification of the U.S. Department of
Agriculture, sand ranges from 2.0-0.05 mm in diameter, silt between 0.05 and
0.002 mm, and clay <0.002 mm. Textural class names such as sand, sandy
loam, loam, sandy clay, and silty clay describe the approximate ratios of these
particle types.

Wallace5 states that the principal soil factors affecting nematodes are pore
size, water, aeration, temperature, and the chemistry of the soil solution. The
pore space of a soil is occupied by air and water as well as nematodes and other
soil organisms. The amount of pore space is determined. in part, by the
arrangement of the solid particles,e and is thus dependent on soil texture. Sandy
soil have large pore spaces but less total pore space than loam or clay soils. Soil
depth, overall compaction, and cultivation techniques also influence porosity.

Although many factors affect nematode activity in soil. moisture is consid-
ered central. The many methods for measuring soil water fall into two general
categories, those calculating the moisture content and those determining the
soil water potential. The moisture content is rn expression of the grams of
waterper l00g of  dry soi l .  Waterpotent ia l  is  a measure of  the forces holding
water in the soil. Adsorption of water molecules to the soil particles. capil lary
forces, and osmotic pressure from solutes contribute to the total water poten-
tial.rr Soil moisture content is easier to measure. but in terms of comparing the
biological availabil ity of water in different soil types. water potential is a better
measurement. Its use should be encourased so that the results of different
investigations can be compared.

Soil aeration depends on oxygen consumptron and carbon dioxide produc-
tion. Oxygen is replaced by diffusion from the atmosphere into the soil pores;
carbon dioxide diffuses from the soil pores to the atmosphere. For gaseous
movement to occur, there must be a gradient of both gases. The gradient is
established by biological and chemical activit ies in the soil, and the rate of
diffusion is controlled by the physical properties of the soil. As nematodes live
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rn the water f i lm within the soil pores, their oxygen diffuses from the pore
:poce into the water f i lm, and their waste carbon dioxide diffuses from the
\\ ater into the pore space.

Soil temperature is determined to a large extent by factors which control
transfer of heat in and out of soil. Wet soil has a greater conductance and
smaller rise in temperature than dry soil with the same input of heat at the
surface. Thus, solar heat penetrates deeper in wet soil but produces a smaller
rise in temperature than in dry soil. Wet or dry, soil undergoes slower and
smaller temperature fluctuations than the atmosphere. The deeper layers are
more buffered than the surface, which tends to heat and cool rapidly along with
the atmosphere and under the influence of direct sunlight. During the day,
higher surface temperature allows for heat flow downward; at night, when the
soil surface cools, heat flows upward.

The chemistry of the soil solution affects nematodes through such factors as
pH and osmotic pressure. In most soils, pH ranges from 4 to 8 and probably has
litt le effect on nematode activity. In fact, survival and pathogenicity of S.
glaseri and .S. c:arpocapsae decreased only stightly as soil pH decreased from
pH 8 to pH 4 but were adversely aff-ected at pH l0.rr Chemicals. however, may
act directly as orientation stimuli for nematodes, and steinernematids do re-
spond to various ions and chemicals.ra

Plants directly and indirectly affect nematodes in many ways. They create
a moisture gradient in the rhizosphere. Plant roots also respire. thus reducing
oxygen and increasing the carbon dioxide in the surrounding soil. and creating
gradients of oxygen and carbon dioxide close to the roots. In addition. plants
influence soil temperature by intercepting solar radiation.

Plants are central to the food web. Microbes, invertebrates. and vertebrates
utilize all plant parts as a food source, and exudates from the roots affect the
soil microflora. The invertebrate and vertebrate herbivores provide a food
source for predators and parasites and produce waste proclucts which serve as
food for saprophytes. All these organisms eventually die and provide addi-
tional food for saprophytes. Most of these activit ies occur in the soil and add
to the complexity of the soilenvironment. With seasonal climatic variation and
human activit ies come further complications, making it diff icult to interpret
cause and effect. Simplistic generalizations do not easily explain the myriad of
interacting abiotic and biotic factors in natural and cultivated soils. Conse-
quently, research under controlled conditions has been conducted to present
hypotheses to explain activit ies of entomopathogenic nematodes in the soil
environment.

III. DISPERSAL
Factors affecting the movement of steinernematid and heterorhabditid

nematodes in soi l  are examined in this section. Unfortunately, in many cases,
the experiments discussed here put an emphasis on the dispersal capability of
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the nematode species at a constant temperature and moisture level rather than
in a particular soil type.

Movement can be active or passive. In the former, dispersal of nematodes
is through their own locomotion and in the latter, dispersal is through the action
of another agent.

A. Active Dispersal
When the infective juveniles of steinernematids or heterorhabditids are

placed on a soil surface, the majority of them remain near the point of place-
ment.r5-re The exception is S. glaseri.re In general. only a small proportion of
the steinernematid or heterorhabditid populations disperse. Those that do dis-
perse are found 4 to 90 cm from the point of placemenr (Tables I and 2). When
infective juveniles are placed in the middle of a soil column, significantly more
Heterorhabditis bacteriophorat\ and S. carpo('apsder6 move upwards than
downwards, whereas significantly more S. glaseri move downwards than
upwards.rT In a limited, unreplicated field study. S. r'arpocctpsae applied in a
furrow was recovered46 cm away from the placement site within 2 weeks.20
Rain occurred I I days after application and may account, in part, for the rapid
dispersal through field soil.

Soil texture and the presence of a host also affect dispersal (Tables I and 2).

TABLE 1. vertical Dispersal of Steinernema carpocapsae,
S. glaseri, S. feltiae (=S. bibionis), and Heterorhabditis
bacteriophora in Soil

Soil  texture (Vol Dispersal distance (cm)"
Time in Host

soil (days) present downwards upwards Ref.

S. carpocapsae

TABLE I  (cont inuc. l
(arpocapSae, S. 3/rr r t

H eterorhabdit i s lt,t, i,

Soil  texture (o/cl

sand silt
l i m

ro i l  (

sand silt clay

95
r00  0
r 0 0  0
tiO l0
8 0  l 0
65 15
65 r-5
42 24
42 24

r00 t)

100

95
8 0  l 0
80 10

100 0

c lar

<-5r.
( )
( )

l 0
l 0
2(\
20
-1+
a 1
-t+

0

<-)"

1t)
It)
t)

95
100 0
100 0
100 0
80 l0
80 l0
65 15
65 15
42 24
42 24

100 0
100 0

<5n

0
0
0

l 0
l 0
20
20
34
34
0
0

4530
5
5
5
5
5
5
5
5
5
2

1-5
l0 '
10 .
1 0 .
10 .
10 .

6
l 0
6.
6c

l 0
l 5 d l 5 d

1 9
l 6
l 6
l 6
l 6
1 6
l 6
1 6
1 6
l 6
l 5
59

The nematode mor r.n, i :  :
Combination of sr lr  .r :r  :  .
A signif icant dit tcr i ' : r , . .
absent occurred r i  i thir : :
recovered from soil ,,' ' ::
Dispersal distancc \\ . : .  . , .
No signif icant dit ' t ' , . ' rr : . .  ."
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TABLE I (continued). Vertical Dispersal of Steinernema
('arpocapsae, S. glaseri, S. feltiae (=S. bibionis), and
Heterorhabditis bacteriophora in Soil

Soil  texture (Vo) Dispersal distance (cm)"

sand silt clay
Time in Host

soil (days) present downwards upwards Ref.

S. glaseri

I fc '

t r f

l \ -

e n

r re

.ln

J N

l a
:

tt ri

- f .

("

95
100 0
100 0
80 l0
80 l0
65 15
6 5  1 5
42 24
42 24

100 0

100

95
80 l0
8 0  1 0

100 0

+
+

S. feltiae

+

H. bacteriophora

<50

0
0

l 0
1 0
20
20
34
34
0

<5b

1 0
l 0
0

30
5
5
5
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5
5
5
5
7

90
I  A .
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l 4 '
l 4 '
l 4 '
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90 r 9
t 7
t 7
1 l
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t ' 7

1 7
t 7
t 1
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r 9
l 9
l 8
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5
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30,1

.59l 0 u

{-\"
+
+

The nematode movement to the greatest distance away from the placement site.

Combination of silt and clay.
A significant difference in nematode distribution bctween host present and

absent occurred within the same soil texture. Higher nematode numbers were

recovered from soil with the host present.

Dispersal distance was assessed by infection of host.

No significant difference in nematode distribution.
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TABLE 2. Horizontal Dispersal of Steinernema
carpocapsee, S. glaseri, S. feltiae (=S. bibionis) and
H. bacteriophora in Soil

Soil  texture (Vo)

Time in Host
sand si l t  clay soi l  (days) present

S. carpocupsae

30 l -5
2 1.1
I + 2-5.

14 _ 46.

S. glaseri

3 0 - 9 0
7 + 3 0 .

S. feltiae

7 + -10.

H" bacteriophora

Dispersal
distance (cm)' Ref.

l 9
1 5
59
20

1 9
59
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95
100
r00
40

- <-)"
0 0
0 0

33 26

95 - <5b
100  0  0

r00

95
r00

-  <50 30
0 0 7

- .+-5 19
+ 30' 59

59

" Nematode movement is recorded for the greate st clistance away fiom the place-
ment site.

b Combination of si l t  and clay.
'  Dispersal distance was assessed by infect ion of host
d Study was conducted in the field.

In heavy clay soi ls, nematode movement is impaireC and the presence of a host
does not increase infective juveni le dispersal.r6rr Thus. porosity affects nema-
tode movement, with less dispersal occurring as the percentage of si l t  and clay
increases in  the so i l . r6 . r7

With the exception of S. glaseri,most entomopathogenic nematodes do not
become active dispersers in the presence or absence of hosts. Although the
presence of a host signif icantly increases the number of dispersing infect ive
juveniles, the majori ty are st i l l  found near the placement si ls.ro-rt  Ishibashi and
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Kondo2r suggested that S. carpocapsde enters a quiescent state following
application to the soil. Gaugler et aI.,22 in studies to improve host-finding
ability, suggested that only a small proportion of S. corpocapsae became
aggressive host seekers (dispersers); the larger proportion conserved their
energy and presumably waited for the host to come to them or became aggl'es-
sive only in close proximity to a host. The heterorhabditids also appeared to not
move as readily in soil as compared with S. glaseri, but recent studies indicated
that five heterorhabditids placed on a soil surface were sufficient to infect a
high proportion of hosts buried in soil.23

Laboratory studies in petri dishes have shown that these nematodes respond
positively to a number of chemical and physical cues produced by insects.r
Despite these studies, no definit ive experiments have been conducted to un-
equivocally demonstrate that the nematodes respond to kairomones in the soil.
Heterorhabditids and S. glaseri appear to init iate random movement in soil and,
when they are in close proximity to a host, may uti l ize chemical and physical
cues for host f inding.

The effects of moisture and temperature on S. qlust,r ' i  dispersal in bark
compost in the presence of a host have been studied.} Urrdcr dry conditions
(defined as 25Vo maximum water capacity ratio) the percentage of nematodes
dispersing increased from 0 to 50o/a as the temperature rose from 5'C to 25oC.
Soil moisture levels >50o/o reduced nematode dispersal. Dri ' conditions and
low temperatures inhibited nematode movement, because of the nonavailabil-
ity of a water f i lm in which to move and temperature-incluced sluggishness.
Excess water reduced nematode movement due [o anoria ancl . l ippage.5

B. Passive Dispersal
Numerous means of passive dispersal are know n for nc-nratodes. Entomo-

genous nematodes can be dispersed by water. wincl.r ' uncl human activity, but
dispersal by these agents, especially wind. has not been adequately docu-
mented with steinernematids and heterorhabditids. Though both active and
passive dispersal were probably involved. irrigation at'ter application of stein-
ernematids and heterorhabditids as biological insecticides against soil- inhabit-
ing insects was shown to enhance efficacy.r" This suggested that water dis-
persed the nematodes downward through thatch anci the soil pores.

The dispersal of steinernematid by small invertebrates functioning as
phoretic hosts has been observed under laboratory conditions.2T For S. car-
pocapsae, eight species of mesostigmatid mites and one species of oribatid
mite served as phoretic hosts, some species being better hosts than others. The
nematodes escaped consumption by nematophagous mites by orienting per-
pendicular to a substrate and bridging onto the dorsum of a searching mite.
Over time, the nematodes were tightly packed on the dorsum of the mites.
Although eight of nine mite species fed on the nematodes, they sti l l  served as
phoretic hosts. Phoretic hosts may be important dispersal agents of steinerne-
matids in the soil environment, taking them greater distances than if they
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moved on their own energy. No phoretic relationship between a heterorhabidi-

tid and mites was observed, and a different behavioral strategy (i.e., active

downward movement as opposed to nictating behavior) may account for the

lack of a phoretic relationship.
Nematode-infected hosts, which live about 48 hr before they die, may also

serve as a means to disperse nematodes in the soil. Infected larvae2s may move

laterally and downward in soil, and infected adultsr' rnuy fly several meters

before dying and establishing new foci of infection.

IV. SURVIVAL
Studies on factors affecting nematode survival or persistence in soil have

focused on moisture, temperature, and more recently. parasites and predators.

A major criticism of many of these studies is that they have been conducted

with steri l ized or pasteurized soil. However. in defense of this approach,

baseline data are required to understand survival in soil. Once these data are

obtained, the impact of biotic or other factors can be evaluated. One aspect of

survival is the abil ity of the nematode to recycle. which is discussed in Section

VI .

A. Soil Texture
Soil texture affects survival of the steinernematids .S. carpocapsae and S.

glaseri.3o When infective juveniles were placed in steri l ized sand, sandy loam,

clay loam, orclay soils for l6 weeks, the lowest survival was seen in the clay

soil for both nematode species. Survival of S. carpo(upsae and S. g/aseri was

best in the sandy loam and sand soil, respectivell ' . Generally, higher clay

content resulted in lower nematode survival. and survival of S. ,q/aseri was

lower than S. carpocapsae rn all soil textures. Pathogenicity studies paralleled

results obtained for survival. As pore space size and iieration are reduced in

clay soils, these two parameters probably have a major influence on survival.

The larger, motile S. glaseri would have expended more energy supplies during

dispersaf in the smaller pore spaces than the inactive S. r'arpocapsae. Low

oxygen levels would have also been more detrimental to the active S. glaseri.

This explanation covers the clay soils, but reasons tor the lower survival of S.
glaseri in the sandy soil remains unknown. Perhaps S. glaseri abrades its

cuticle during movement in the sand, resulting in lou'er survival.

B. Moisture and Temperature
S. corpoc'apsae can survive some degree of desiccation provided it occurs

slowly.3r Nematodes placed in moist soil survived for 20 days when the soil
was slowly dried at7O7o relative humidity (rh).tt When S. carpocapsae and S.
gloseri were placed in a sandy loam soil at different soil moistures, both species
survived best at low soil moistures (2 and 4o/o,respectively).r3 In simulated soil
conditions, g0o/o of S. carpocapsae placed in humidity chambers were alive
after l2 days at79.5%o rh.3a Because steinernematids survive at relatively low
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soil moisture, moisture levels normally occurring in natural soils may not be
a limiting factor (i.e., nematodes survive but host f inding and infectivity may
be reduced).

Temperature alone had a direct effect on steinernematid and heterorhabditid
survival in sand at 7o/o moisture (water potential of -0.03 bars).rs More than
90Vo of S. glaseri survived for 32 weeks at l5oC in the absence of an insect
host. At lower and higher temperatures, survival decreased; overall better
survival was observed at the cooler temperatures. S. corpocapsae was recov-
ered at a high proportion (ca. 60Vo) after 32 weeks at l0'C. At the other
temperatures, nematode survival was <10c/o afler ca. 6 weeks. H. bacterio-
phora showed trends similar to those of S. carpocapsoe but at an overall lower
survival rate, whereas Heterorhabiditis sp. D1 did not survive beyond 8 weeks
at any temperatures except l5oC. Molyneuxrs observed that within 2 weeks at
23" and 28oC, the heterorhabditids and S. ('arpocapsae appeared transparent
and lethargic, whereas S. glaseri became transparent after 8 weeks at 28oC.
Moreover , S. glaseri were frequently observed in an immobile. coiled position,
a condition associated with enhanced survival.rr Coil ine was not observed with
the heterorhabditids or S. c'arpocapsae.

The poor survival of heterorhabditids and S. feltiae (=5. bibionrs) at the
higher temperatures was probably related to their relatively high motilrty and
respiration which would have quickly depleted food reserves."'At lower tem-
peratures, these activit ies were minimal and increased their sun'i ' , 'al. but Heter-
orhahditis sp.Dl did not survive well at l0oC, probably because this nematode
is adapted to tropical conditions. The excellent survival of 5. ,q/r.rseri was
attributed to its abil ity to become inactive, a strateg)' also used bv some plant-
parasitic nematodes.

In a sandy loam soil at 127o moisture, survival ot' .5. curpot'apsae was
greater at 5 to 15"C than at 35oc.r3 In contrast. survil'al of S. ,q1a.reru was greater
at l5 to 35"C than at 5"C. The reason for the temperature-related diff 'erence in
survival for S. carpocapsae and S. glaseri lr'as ascribed to their possible
origins. The temperate origin of S. carpocaps./{, may favor its survival at low
temperatures, and the tropical or subtropical origin of S. glaseri may favor its
survival at high temperatures.33

Temperatures above 30oC tend to inhibit nematode development in a
[6s1.]z'3s Temperatures above 35" over an extended period of time are detri-
mental to infective juveniles.3e Generally, these temperatures are not experi-
enced by naturally occurring nematodes in the field unless the host cadaver is
near the soil surface. Deeper in the soil. the infective juveniles are buffered
from environmental extremes. As many species and strains of steinernematids
and heterorhabditids have been isolated from temperate soils, cooler tempera-
tures are not detrimental to survival. Moreover, the nematodes, because of their
motility, may move below the frost line to survive. Studies by Molyneux36
strongly suggest that the "native" home of the nematode species and strains
determines their ability to tolerate temperature extremes.

Only limited studies have been conducted to evaluate the combined effects
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of moisture and temperature on survival. In tests with S. carpoc'apsae, ternpera-
ture was the single factor that affected nematode survival in a silty loam soil.a0
Survival (>l5o/o) was greatest at 30oC at 10,20, and 30olo soil moisture over 1
or 2 weeks. At temperatures above 30'C, survival decreased significantly as
temperature increased at the three moisture levels. At temperatures below 30"C
survival generally decreased. Although laboratory data suggest that S. r'ar-
pocapsae can survive warrn temperatures (40"C) occurring near the soil sur-
face for at least 2 weeks when moisture levels are adequate.rO in the field
nematodes exposed on the unprotected soil surface probably desiccate and die;
they are also exposed to the direct detrimental eff-ects of high temperature and
ultraviolet radiation.a I

Obvious differences in the data are apparent among the various researchers.
Yet, some trends are emerging and we can speculate on the survival strategies
of these entomopathogenic nematodes. The dispersal studies showed that S.
glaseri is a very motile species compared with S. cut'po(opsnc: however, the
highly motile species is often observed to persist longer than the less motile
species. The following hypothesis is proposed to erplain these difl-erences. The
larger S. glaseri possesses abundant storage reserves. and activelv searches for
hosts (abundant food reserves may not be correlated rr,,ith overall survival
because a larger nematode is expected to have more reserves). If no host is
found and the storage material reaches a crit ical point. the nematode coils,
enters an inactive state and only becomes active when a suitable host is nearby.
The smaller S. carpocapsae has less storage reserves and is less active, but
because it cannot or does not coil, i t moves unti l i ts reserves are exhausted and
then dies. Heterorhabditids, smaller than .S. sluseri and rnore active than S.
carpocapsae and noncoilers, also die quickly. Thus. coil ing may be a key
survival strategy for some nematodes.rl

C. Aeration
In nonsoil laboratory studies, S. carpocapsu( can sun'ive with oxygen

tension as low as 0.57o of saturation at 20oc.1r In another study. the infective
juveniles apparently survived only when this arnount of oxygen was bubbled
in water.ar Lindegren et al.a3 demonstrated that the respiratory rate of S. r 'ar-
po(apsoe was temperature dependent and that the nematode died at low
oxygen concentrations. In sandy loam soil, surviral of S. .qlaseri and S. r 'ar-
pocopsae decreased as oxygen concentrations decreased from 20 to 7o/a.t3 S.
carpocapsae survived better than S. glaseri at oxygen concentrations of l, 5,
and l}o/c after 2 weeks. After this time period. both species showed a rapid
decline in survival even at 207o oxygen concentratron. Although oxygen is
essential for nematode survival, other factors such as moisture. temperature,
and soil type also play important roles. Oxygen becomes a l imiting factor in
clay soils, water-saturated soils, or soils with high organic content.
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D. Pesticides
A number of studies have shown that S. carpor:apsae and H. bac:teriophora

can survive exposure to various kinds of chemical pesticides.2 In some cases,

a given pesticide was nematostatic, but its removal through washing resulted

in "normal" behavior. When S. corpocapsae was exposed to fenamiphos, no

effect on survivalor infectivity was observed when the infective juveniles were
washed from the treated sand after 4 days.aa Presumably, long-terrn exposure

to pesticides wil l cause nematode mortality.

E. Antagonists
Antagonist is a plant pathological term which refers to biological control

agents with the potential to interfere with the lif-e processes of an organism.
Natural enemies, an entomological term, refers to parasitoids, predators, and
pathogens. The term "antagonist", which encompasses antibiosis, competit ion,
parasites, pathogens, and predators, is widely accepted in the biological control
literature of plant-parasitic nematodes and will be used in this chapter. Many

antagonists of nematodes exist and a number of reviews on the subject, particu-
larly with plant-parasitic nematodes, are available.a5 a'

Survival of S. (arpocapsae and S. glaseri was greater in sterilized and
nonsteril ized bark compost and steri l ized sandy soil than in nonsterile sandy
soil.50 Kaya et aI.51 also observed better survival of S. cttr '1t,)( 'ul)sdc in steri l ized

soil as compared with nonsteril ized soil. The dearth of micro- and mticroorgan-
isms in the steri l ized soils probably accounted for the enhanced sun'ival of the
steinernematids. In the case of the nonsteril ized compost. deconrposing organic
material in a compost pile can reach temperatures of 60'C. accounting for the
poor soil biota. This pasteurization probably explains the enhanced persistence.
The direct cause for the reduced survival of the sternernernatids in nonsterile
soil is unknown, and a number of factors could contribute to these results.
These factors would range from the production of toxic metabolites by micro-

organisms to predation by invertebrates.
Antagonists, particularly bacteria, fungi. and predatory invertebrates, re-

duce plant-parasitic nematode populations. and steinernematids and heter-
orhabditids are susceptible to a number of these same antagonists. Under
laboratory conditions, the entomopathogenic nematodes are infected by nema-
tophagous fungisz's: and microsporidians.5r trapped by nematode-trapping
fungi,5s and preyed upon by mononchid and dorylaimid nematodes,s6 mites,27"t6
a collembolan species,s6 and a tardigrade species.56 These observations suggest
that some of these antagonists may be significant mortality factors in the soil.

With the great array of antagonists capable of reducing nematode numbers.
there is considerable pressure for evolution of strategies to avoid predation and
infection. Thus, the retention of the second-stage cuticle of infective juveniles

may have evolved as a survival mechanism. Small mesostigmatid mites, which
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puncture (or mangle) their prey and ingest fluids, had difficulty attacking the
larger infective juveniles, suggesting that the second-stage cuticle might be an
effective defense structure.2T Exactly how the second-stage cuticle protected
the nematode from mite attack is not clear. Conceivably, the loose cuticle
becomes entangled within the mites' appendages and discourages further
feeding activity.

The second-stage cuticle has been shown to have a protective function
against other antagonists. Steinernematids trapped by nematode-trapping fungi
can escape by slipping out of their second-stage cuticle.ss Infective juveniles
with the second-stage cuticle were not susceptible to inf-ection by the nemato-
phagous fungi, Drechmerio coniospora and Hirsutellu rhossiliensis.s2 Conidial
attachment was observed on the second-stage cuticle of heterorhabditids in
soil57 and in petri dishes,s2 but no infection occurred. Removal of the second-
stage cuticle resulted in conidial attachment to the third-stage cuticle and
infection. It is tempting to argue that the heterorhabditids. because they retain
their second-stage cuticle, are refractory to nematophagous fungi and have
developed a strategy of actively searching for their host, whereas steinernemat-
ids, because they lose their second-stage cuticle, are highly susceptible to
fungal infection and have developed the strategy of inactivity. wait for the host
to approach them. Although this argument appears attractive, S. g/aseri, an
active disperser, loses its cuticle readily and is susceptible to fungal infection.

Jaffee et a1.58 studied the impact of Hirsutella rhossil iensis on field popu-
lations of the plant-parasitic nematode, Criconontella .renopla,r. This fungus is
apparently weakly density dependent and has little impact on Criconoemella
populations. Whether this situation wil l hold true for steinernematids and
heterorhabditids remains to be seen.

Competit ion between entomopathogenic nematode species or between
these nematodes and other organisms has been documented. When a steinerne-
matid species and H. bac:teriophora were placed in equal numbers on soil and
allowed to compete for the same lepidopteran hosts. the steinernematids in-
fected a greater proportion of proximally located hosts than H. bac'teriophora;
H . hac'teriophora infected a greater proportion of distally located hosts than the
steinernematids.5e H. bacteriophora's greater motil i ty accounts, in part, for its
ability to infect hosts located farthest from the point of nemarode application.
Motil i ty, per se, is not the only factor to be considered. because S. glaseri
shows greater motility than H. bacteriophora and infected more hosts located
proximally than distally. Similarly, the steinernematids infected a greater
proportion of hosts located proximal to nematode placement than H.
bacteriophora. H. bac'teriophora, rn most cases, probably reached the host
before the steinernematid because of its greater motility. The steinernematids,
being intrinsically superior, prevented H. bacteriophora from colonizing the
host. In a few instances when a dual infection occurred in the same host. neither
nematode species survived.

In most field soils, only one species of steinernematid or heterorhabditid
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seem to occur, but on some occasions a heterorhabditid and a steinernematid
have been isolated from the same soil.60 62 Unless these nematode species are
separated temporally or spatially, some form of competition can be expected.

Competit ion studies with other insect pathogens in the same hosts have been
summarized by Kaya and Burlando6s and Barbercheck and Kaya.il Briefly,
baculoviruses do not affect nematode development, but interference with
nematode development occurs in hosts infected with Bacillus thurinRiensis.63
On the other hand, S. carpoc'opsae and its mutualistic bacterium inhibit
Beauveria bassiana development.s Although none of these interactions was
studied in the soil, they probably occur because B. thuringicnsis-kil led, f ungal-
kil led, and virus-kil led insects are found in or on soil.

Steinernematids can be antagonists to plant-parasitic nematodes.65 Inunda-
tive application of S. g/aseri prevented the establishment of root-knot nema-
tode juveniles in tomato roots. Apparently. S. glaseri accumulated around the
growing tips of the roots in response to carbon dioxide and prevented root
penetration by 2-week-old root-knot juveniles. The addition of S. ,q/ascri or S.
corpocopsae also reduced populations of native plant-parasitic and frce-living
nematodes in sandy soil.s0 Free-living nematodes surpassed their init ial density
levels after 8 weeks, but the plant-parasitic nematodes rernained at a low level.
The reason for the init ial decrease in nematode numbers is unknori n. although
the authors speculated that the competit ion for space or habitat in the soil mav
have been a factor.

V. HOST:FINDING AND INF'ECTIVITY
Host-f inding and infectivi ty in the soi l  have not been srudiecl extensively.

The relat ionship between presence of a host and dispersal uas discussed in
Section II I .A.

A. Soil Texture and Moisture
Soif texture influenced the ability of ,S. g/a.rt,r'i anrJ Heterrtrhabditis sp. Dl

to infect their hosts.66 Infection was less in a clay' loam soil with high clay
content compared with a sandy soil. Similar observations with S. r 'arpocapsae
and H. bacteriophoro were made by choooT and Geden et a1.68

Moisture affected infectivity of the host in clay loam, loamy sand, and fine
sand.66 At low waterpotential (>-1.0 bars) in the fine sand orclay loam soil,
or very high water potentials (<-0.01 bars) in the clay loam, no nematode in_
fection occurred. In loamy sand, nematode inf'ection was obtained at water po-
tentials between -0.01 and - 100 bars (very wet to very dry), and in the fine sand.
nematode infection was observed from water potentials of about -0.003 bars
(near saturation) to -0.4 bars. S. glaseri, the larger nematode, was less eff-ective
in the clay loam with its small pore diameters than the smaller heterorhabditid
species. Thus, nematode species, soil texture, and moisture interact to drasti-
cally affect the nematodes' ability to find and infect a host. The possibility for
nematode infection is better over a wider range of water potentials in a sandy
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soil containing some silt and clay than in a clay soil. In all cases, water-
saturated soil is detrimental to nematodes because oxygen in the soil is l imit-
ing, and active movement is impaired. Moreover, these conditions are detri-
mental for most insects. resultins in nonavailabil itv of hosts for the nematode.

B. Temperature and Moisture
At a water potential of -0.03 bars, S. Jeltiue (=5. hibiorris) could infect hosts

in soil at temperatures varying from 2o to 30oC. whereas heterorhabditids were
able to infect hosts from 7" to 35"C.15.r6 However, the temperature range for
infection of a given nematode species or strain depended on its "native" home
(Table 3). For example, S.felt iae (=5. bibionr.i) strain N60. whose native home
temperature ranges from l-20oC, was very active at low temperatures and
infected >lO7o of its host from 2-20"C. In contrast. It(tt,rorltuhditis sp. Dl,
whose native home temperature ranges from 26 to 29"C. inf-ected >70o/c of its
host from 20-33"C.

C. Hosts
Behavioral, morphological, and physiological defense strategies of target

insects may affect the nematodes' abil ity to inf-ect the host in the soil environ-
ment.r'6e Gauglers provides an excellent discussion on strategies evolved by
soil insects to avoid or minimize infection by steinernematid and heterorhab-
ditid nematodes. Behavioral defenses included wall ing off infected individual
to avoid contamination (termites), a high defecation rate to reduce infection via
the anus (scarabaeids), low carbon dioxide output or release of carbon dioxide
in bursts to minimize chemical cues (lepidopterous pupae). and boring into
roots to escape infective juveniles in the soil (rootu,orms). or preening to
remove infective juveniles (scarabaeids). Morphological def enses or barriers to
infection involved pupal cells of dense soil particles. silken cocoons, sieve
plates over spiracles, t ightly closed spiracles, and hard body surfaces. Physio-
logical defenses included encapsulation of invading nematodes by rootwormsTO
and humoral response against the mutualistic bacteria.'1 Gauglers concluded
that known defensive strategies against nematode infection were skewed
toward behavioral encounter measures, especially to escape detection or pene-
tration. rather than physiological defenses or phenological separation.

An interesting observation concerning the mole cricket and S. carpocapsae
was recent ly made in Brazi l .72 Nematode-trapping fungi  in the genera
Arthrobofi"l's and Dactylaria colonized the cuticle of the mole cricket, appar-
ently trapping infective juveniles of S. c:ar7to('upsue and protecting the mole
cricket. To verify this observation, mole crickets with and without nematode-
trapping fungi were exposed to S. c'arpocapsue. Mole crickets without the
nematode-trapping fungi had significantly higher mortality (637o) than rhose
with the nematode-trapping fungi (l3oh). The authors concluded that this
association between the fungi and mole cricket was facultative mutualism or
protocooperation. This conclusion, however, is tentative because of the low
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numbers of test insects, inadequate controls, and the lack of direct observations
of trapped nematodes on the mole cricket cuticle.

D. Species and Strains
Major differences in infectivity exist between steinernematid and heter-

orhabditid species and their various strains. The literature on field and labora-
tory tests is replete with the differential response of these nematodes to a given
insect host. Differences, for example, in inf'ectivity at different temperatures
between two heterorhabditids and two S. feltiue (=5. bibionis) strains were
cited earlier in Section V.B.r6'66 The differences observed were attributed, in
part, to the "native" home of the nematode. For another example, a Heter-
orhabditis sp. Tasmanian strain had a lower LD.,, than H. bacteriophora NC or
HP88 against the western spotted cucumber beetle. Diabrotit'a undec'impunc-
tato.13 The reasons for these differences remain unclear and may be related to
nematode behavior, quality of the nematodes. and adaptation to a given host
(attraction to the host or abil ity to overcome defense mechanisms).

VI. RECYCLING
Ecologically, steinernematids and heterorhabditids are clbligate pathogens

of insects. In order to persist, they need to reproduce or recycle within a host.
As these nematodes occur naturally in soil. recycling is obviously not a
problem. However, the population dynamics of these nematodes in the soil
environment have not been adequately studied. and methods to determine
population fluctuations temporally in soil need to be developed.

A. Inundative Release
Field application of steinernematids and heterorhabditids has stressed in-

undative releases to reduce pest populations to levels below the economic
threshold level. This insecticidal approach requires nematode survival or per-
sistence for a sufficient period to obtain efficacious results. Although recycling
is highly desirable to minimize subsequent applications, it is not a prerequisite
for this control tactic. In many field applications. soil samples are routinely
taken to examine for nematode persistence. but w'hether the nematodes re-
cycled or merely persisted remains unknown. Thus. H. bacteriophora and S.
carpo(apsae applied against Japanese beetle grubs reduced the population at
28 days post-treatment, examination of the same plots without further applica-
tion in the following generation of grubs showed that the nematodes were
present, often with high mortality due to nematodes.r Recyclin g of H. bac'terio-
phora and S. carpocapsae probably occurred in the grubs in the treated plots,
but no direct evidence for this event was provided.

H. bacteriophora were applied to a loamy sand in containers with grape ivy
plants in the following treatments: nematodes alone. nematodes plus hosts, no
nematodes, and no nematodes plus hosts.Ta Using the Galleria trap method to
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B. Inoculative Release
Inoculative releases of nematodes have not been attempted. This approach

is worthy of experimentation and should be tried in locations having the
following criteria: (1) a soil pest or a complex of soil pests should be present
throughout most of the year, (2) the pest(s) pref-erentially should have a high
economic threshold level and should be moderately susceptible to the nema-
tode so that some pests survive to reinf'est the soil. and (3) soil conditions
should be favorable for nematode survival (e.g.. moist, sandy soil, moderate
temperatures, and few antagonists). These criteria are fulf i l led by a number of
habitats, including forests, pastures, orchards. and turf. Hopefully, the nema-
todes wil l respond in a density-dependent manner to the pest problem.

C. Natural Occurrence
Steinernematids and heterorhabditids are widespread and have been isolated

from every inhabited continent and many islancls.6r 
-- 

Distribution studies uti l-
izing the baiting techniqueTs have shown that these nematodes are widely
distributed in Ireland,Ts England,62 Czechoslovakia.-"' '  u.s. (i.e., Florida60 and
North Carolina,8'), Hungary,82, Italy,83 and Australia.n,

In spite of the natural occulrence of these nematodes. very f'ew long-term
studies on population dynamics have been conducted. another indication of the
diff iculty of conducting research in the soil environment. In Florida citrus
groves, steinernematids and heterorhabditids \{'ere recovered from soil most
often from May to November.60 Rainfall, moisture content. soil type, and pH
were not correlated with nematode infection. although there was a positive
correlation with soil temperature. Lower nematode parasitism was recorded in
the winter when soil temperatures were < 15"C. In Czechoslovakian forests, the
steinernematid, S. kraussei, was recovered front humus (3-7 cm) and organic-
mineral (5- l0 cm) layers of soil where the host insect pupated. but not from the
litter (2-3 cm).7e This nematode was isolated tiom the soil throughout much of
the year, although lower numbers were recovered during the summer than
during spring or autumn. S. kraussei, a cool temperature nematode, was appar-
ently adversely affected by the higher soil temperatures during the summer.80

In the field, steinernematids and heterorhabditids are faced with a vast
number of antagonists and unfavorable abiotic conditions. Nematodes in steri le
soil can often survive for an extended period of time. but the probability for
long-term nematode survival in nonsterile soil is -ureatly diminished. Factors
favoring nematode survival include adequate moisture or slow dehydration of
soil, low temperatures, absence of antagonists. favorable soil texture (i.e.,
sandy soils). and continued presence of hosts.

Epizootics of nematode disease probably occur regularly in soil,sa but be-
cause these epizootics are difficult to observe. they go unnoticed and unre-
corded.2s This area remains a virsin field of studv.
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VII. CONCLUSIONS
Understanding the soil environment in relation to the activit ies of ento-

mopathogenic nematodes is a basic step toward managing soil pests and
init iating studies in epizootiology of nematode diseases. Although these
nematodes are prime candidates for biological control of a number of soil pests,
their use as biological insecticides has often resulted in inconsistent control.
These inconsistencies have been attributed to abiotic factors-in particular
temperature extremes, ultraviolet radiation, soil texture. or overabundant or
insufficient moisture levels-and to the nematode themselves for their lack of
motil i ty or poor quality due to production or storage conditions. Other factors
which may contribute to the inconsistent results include host def-ense mecha-
nisms and the presence of nematode antagonists. For the nematodes to be
successful, soil conditions, abiotically and biotically. rnust be f 'avorable for
their motil i ty and infectivity. Using the nematodes inundatively cloes not
require that they survive or persist in the soil for any great length of t ime,
especially if the pest is univoltine or has a synchronous life c1,cle. On the other
hand, nematode survival (i.e., recycling and persistence) is virtually essential
for pests with an asynchronous life cycle or fbr initrating epizc'rotics.

Soil is diverse chemically and biologically, even over a small area. making
it diff icult to elucidate cause and effect in the field. Consecluenrl\. mosr studies
have been conducted under controlled conditions to denronstrate the impact of
various abiotic and biotic factors on nematode behavior ancl survrval. Exami-
nation of certain nematode characteristics in the laboraton has enabled us to
determine which nematode may have the greatest potential for \uccess in the
field in a given soil environment against a particular pest. l jor erample. the
greater motility of heterorhabditids in soil comparecl rr irh .!. (ut'p()(.upsrze has
been clearly established. Assuming equal susceptibil i t_r o1'a host to heterorhab-
ditids or steinernematids under laboratory conditions. thc- heterorhabditids
would be the nematode of choice for biological contnrl. However, the knowl-
edge that S. c:arpocapsae is less motile has led to the clevelopment of applica-
tion equipment which places this nematode in close prorimity to a hosts5 and
to the selection of a better host-finding strain.rr Laborarory studies have deline-
ated that clay soils adversely aff 'ect nematode rnoti l i t l '  and infectivity, thus
implying that greater success can be attained agarnst pests in sandy soils.
Clearly, as more information about the ecology of these nematodes and their
abil ity to infect insect hosts in the soil environment are obtained. their effec-
tiveness in biological control programs and our abil ity to manipulate them to
init iate epizootics should be greatly enhanced.

REFERENCES
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nematode parasire, .1. N. Y. Entomol. Sor'., 43, 345. 1935.
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6. Dehydration Survival and
Anhydrobiotic Potential

C hristopher Z. Womersley

I. INTRODUCTION
Few subjects in nematological research have caused more interest, excite-

ment, and consternation than the abil ity of nematodes to survive severe dehy-
dration, a condition referred to as anhydrobiosis. The confusion that sti l l  exists
over their anhydrobiotic capabil it ies is understandable when one considers the
diversity of nematode habitats, and the ways in which these essentially aquatic
pseudocoelomates have evolved in response to the dehydration stresses to
which they are normally exposed. Init ially, it was believed that this mode of
survival was a rarity amongst nematodes.r Such a viewpoint was based on the
well-documented abil it ies of a few plant-parasitic fbrms (specifically those
parasitizing the aerial parts of plants) to survive rapid and prolonged periods
of dehydration (see Evans and Perry2 and Evans and Womerslel ' '  for review).
However, over the last l0 years, research has shown this belief to be incorrect.
For example, pure and applied studies on nematodes inhabiting rnore hospi-
table environments than the aerial parts of plants have dentonstrated that there
are at least two basic groups of anhydrobiotes, slou -dehl clratron and fast-
dehydration strategists, with most species studied fitt ine into the former group
(see Womersleya for review).

The above realizations have helped reduce the confusion as to why different
nematode species require radically different conditions to facil i tate successful
induction into anhydrobiosis but have substitutecl other problerns in their place.
To the purist, the term "anhydrobiosis" applies to tho\e orsanisms capable of
surviving either rapid or slow dehydration up to and be1'ond the point at which
metabolism is fully arrested, resulting in a state of suspended animation, more
commonly referred to as the "cryptobiotic condition". Because cryptobiosis is
not exclusively associated with dehydration stress but can also be induced by
extreme osmotic (osmobiosis), temperature (cryobiosis). or oxygen (anoxybi-
osis) stress, organisms capable of surviving dehydration to this degree are
termed "cryptobiot ic anhydrobiotes".a However,  many slow-dehydrat ion
strategists are rarely, if ever, exposed to such rigors of dehydration. Although
they are more than competent at surviving the dehydration stresses to which
they would normally be subjected and the substantial water losses that occur,
they may not enter a fully cryptobiotic state.a 7 Rather, a quiescent phase,
involving a reduction in metabolic activity and behavioral, morphological, and
biochemical adaptations identical to or reminiscent of those exhibited by
cryptobiotic anhydrobiotes, is the norrn. Thus, even though their ability to



118 Entomopathogenic Nematodes in Biolo,qic'al Control

survive dehydration in absolute terms is less than that shown by cryptobiotic
anhydrobiotes, their anhydrobiotic potential is maximized within their natural
habitat.

We are presently unaware of where entomopathogenic nematodes fit into
this picture. Those species studied to date are exclusively slow-dehydration
strategists and evidence I shall present suggests that they may not be capable
of attaining a fully cryptobiotic state. In the remainder of this chapter, I will
focus on what is known about the anhydrobiotic potential of some of the
species concerned, their abil ity to withstand dehydration, the adaptations they
employ, and how these factors may relate to solving problems of storage and
field application that have arisen in the applied arena.

II. ECOLOGICAL CONSIDERATIONS FOR
EVALUATING ANHYDROBIOTIC POTENTIAL

To determine the anhydrobiotic potential of any organism, the habitats in
which they are normally found must be assessed with respect to the rate and
level of dehydration stress that may occur. It is an impossible task to cover all
habitats occupied by entomopathogenic nematodes: thus. I have restricted the
scope to those illustrated in Figure l. The five habitats presented are divided
on the basis of rate of evaporative water loss and level of dehydration stress
encountered. The reasons for such restrictions are simple. Nearly all research
efforts on the use of nematodes for the biological control of insects have
involved representatives of the families Steinernematidae. Heterorhabditidae,
and Mermithidae. The infective-juvenile stage of steinernematid and heter-
orhabditid nematodes is predominantly associated with the upper soil profileT
(Figure 1.2) with implications involving the soil-air interface (Figure 1.3).
Those mermithids studied are usually found in similar environments or can be
exclusively aquatic (i.e., Romanomermis culit ' ivord.\*") and thus, may be ex-
posed to the dehydration regimes associated with the pond sediment or the
pond sediment-air interface (Figures 1.4 and 1.5. respectively).

Even though pond sediments (Figure 1.4) have allowed the evolution of
some of the more successful slow-dehydration cryptobiotic anhydrobiotes,a,r0.rr
the level of dehydration stress that can be tolerated by R. culicit,orax infective
juveniles or eggs would appear to be negligible.rr Similarly, although stein-
ernematid and heterorhabditid nematodes infect a plethora of insect hosts and
present the most impressive potential for biological control,T'rr their apparent
lack of anhydrobiotic potential has caused problems with their successful
commercial storage or field persistence. Only the infective juvenile, complete
with mutualistic bacteria (genus Xenorhabdas). is free-living and occurs out-
side the host, predominantly in the upper soil profile (Figure 1.2). This is rhe
most stable environment in which anhydrobiotes occur.a'r0 Organisms inhabit-
ing this region are usually only subjected to extremely slow rates of evapora-
tive water loss and seem to have developed little resistance to control this loss.
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Figure l. Classification (based on rate of evaporative water loss ancl possible level of dehydration
stress) of the anhydrobiotic potential of terrestrial and tentporarv aquatic habitats in which
entomopathogenic nematodes are found.

For the most part this scenario appears to be true tor steinernematids and
heterorhabditids. This does not mean, however, that they are unable to with-
stand high dehydration stress, only that the rate of warer loss is crit ical. For
example, in certain cases successful induction into anhydrobiosis can only be
achieved if the target organism is dried at a rate that simulares rhe drying of its
natural environment.r0 Clearly, the actual rate of drying which affords entry
into anhydrobiosis is crit ically important for all steinernenrarids and heter-
orhabitids and wil l be greatly influenced by the drying characreristics of their
natural environment.

We can therefore presume that the infective juveniles are highly' unlikely to
have evolved strategies for tolerating the rigors o1' rapid dehl'dration stress
imposed at the soil-air and plant-air interfaces. Thus. the l imited success of
foliar and soil surface applications of steinernematrd and heterorhabditid infec-
t ive juveni les is not surpr is ing (see Gaugler-  and Kayar{  for  reviews).  In
addition, solar radiation l imits the viabil ity of the nemarodes placed in these
exposed environments.r-5 Only with inclusion of ultravirt let protectantsr6 or
antidesiccantqrT-re can the detrimental effects of rapid dehydration and expo-
sure to ultraviolet l ight be reduced. Collectrvell,. these results underline the
fragile balance that exists between an organism and its natural environment and
suggest that steinernematid and heterorhabditid nematodes may only realize
their full biological control potential in the soil environment. This latter con-
clusion has been noted by other authors.T.ra.r(,

III. PHYSICAL FACTORS AFFECTING
DEHYDRATION SURVIVAL

Because slow drying appears to be a prerequisite for dehydration, and pre-
sumably the successful induction of anhydrobiosis in steinernematid and heter-
orhabditid nematodes, the question arises as to how slow this process must be.
The answer is not so simple because many factors, including soil structure and
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the behavior and morphology of the organisms concerned, affect final viability.
For example, Crowe and Madin2r demonstrated that exposing mixed juvenile
and adult aggregates of the free-riving mycophagous nematode, Apheren.hus
aven1e, to elevated (97Eo) relative humidities (rh) for 3 days was sufficient ro
induce anhydrobiosis. An almost identical situation also exists fbr the mush-
room nematode, Ditylenchus m-vceliophagu.s|r.rr Jn both cases the behavioral
adaptations of coilinga'r0 and clumping for mutual protection 2a aremajor factors
involved in physically reducing the rate of evaporative water loss. However,
clumping is a specialized phenomenon not generally applicable to soil-dwell-
ing nematodes. Although reports of aggregates in close proximity to insect
larvae and f-ecal pellets have been noted experimentally for Steiner..nema car-
pocapsae, (=,s. J'elt iae),2s no such observations have been made for other
entomopathogenic nematode species. If we assume that most steinernematids
and heterorhabditids (l ike many other soil-clw,ell in-e nematodes) dehydrate as
individuals rather than as aggregates within the soil. then these results do not
define the drying rates necessary for the successful induction of anhydrobiosis
under field conditions. Field observations supporr this view in that a number
of nematodes (e.g., Rotytenc'hulus renifornti.s. D. nnceliophagus, A. uvencte,
etc.) are able to coil and survive anhydrobioticallr as individuals in the soil but
are unable to survive direct exposure to 9lc/c 1[.ro16

As individuals, the infective stages of steinernematid and heterorhabditid
nematodes are exclusively associated with the microenvironment provided by
the interstit ial spaces of the soil (Figure 21. rhe w'arer dynamics of:which vary
depending on moisture availabil ity. At f ield capacitr ' (Fi-eure 2.1), nematode
movement can (depending on species) be severelv restricted due to the lack of
surface tension forces necessary for locomoti, ' ,n. UncJer these conditions
nematode viabil ity may also be adversely aff-ected if anaerobic conditions
prevail, because the nematodes concerned are obligate aerobes.r As noted by
Gaugler,T there is probably a moisture window,' w'here the amount of moisture
present in wet, aerated soils (Figure 2.2) provides for optimal movement and
survival of the nematodes. However, as free water is removed from the upper
soil layers via the evaporative sink at the soil-air interface, nematode move-
ment wil l again be restricted, eventually leading to coil ing and the induction of
anhydrobiosis (Figurc 2.3).In R. renformis it ha, been demonstrated conclu-
sively that coil ing is an adaptation which can be used to signify successful
induction into anhydrobiosis.r0 The rate at which water evaporates from the
upper soil layers is largely dependent on the physical characteristics of the soil
itself (i.e., soil porosity, water-holding capacity of soil aggregates, etc.) and the
nature of the water table.2S'2e The cumulative effect of all these factors is that
water removal an extremely gradual process with relative humidities approach-
ingl007o being maintained in the interstit ial spaces of the drying ,ol1^+,ro

Conceivably, the relationship between natural drying regimes for soils and
anhydrobiotic survival in steinernematids and heterorhabOitlOs may not be as
distinct as that shown for R. reniformis.r0 For example, retention of the second-
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' lr ise cuticle by the infective juveniles wil l presumably slow the rate of
' lrr ing'r ' '( '  Nevertheless, the fact that a coil ing i.rponr. has not been demon-rrrared in most entomopathogenic nematode, ,ugg.rt, that they have yet to be
tlchr drated at relative humidities that allow rot ih. induction of true anhydro-
bro:is. we have induced coil ing in s. g/aseri exposed to elevated, (>97o/o)
rclative humidities3r and in S. r:arpocapsae (All strain)32 when dehydraterd onrttoclel substrates that mimic the drying of soils after the methods of womersley
;rncl Ching'r0 These results wil l be discussed in more detail in the followins
\ c e  t l o n .

IV. DEHYDRATION SURVIVAL OF
STEINERNEMATIDS AND HETERORHABDITIDS
.{. Direct Exposure to controlled Relative Humidities

'{ttempts to induce anhydrobiosis in steinernematid and heterorhabditid
rrltc-ctive juveniles by direct exposure to reduced relative humidities can be'plit into two distinct categories, experimental and commercial. The first has
rrclusively involved controlled dehydration of modest numbers (10-1000 indi-r rduals)of S' carpocapsae rnfective juveniles, either individually or in clumps,
to rtscertain their dehydration survival capabil it ies in relation to natural condi-
Ir.r1' ' '  Simons and Poinar2o init ially induced anhydrobiosis in groups of 1000 S.ctt'lttt|'ttp5te (Agriotos) infective juveniles by holding them on membrane
Itltc'rs for 12 hr periods at96vo and then 93o/a rh before exposing them to rhicr cls of 79'5va or less. under these conditions survival was inversely propor-
rrrt l i l f to the final rh level with over 90vo viabil ity after l2 days at lg.idrh andr{ t( i 'iability after 4 days at 48.4va rh. Survival was reduced to essentia lly zero
'rltcr ll days at 48.4vo rh and death occurred rapidly at lTLo rh and below.
\Jrhough promising, these results may be misreading in that, as discussed

rrtr iously, the clumping abil ity of infective juveniles in the soil has yet to be.1::1'r\ed. and thus, the protective effects afforded by aggregation may not be'r ' t l- ' tte-QY employed in the natural environment. Ishibashi et aI.33 demonstrated
::..!r an rncrease in the size of the nematode clump (ranging from 20_150 _g)'::.1 cnhance the survivar of s. carpocapsae (DD-r36) infective juveniles, but no: r ':rr ' ttode numbers were given. In addition, they showed that a gradual decline
:: rh lcrel from 98-347o over 9 days was far more effectivs in facilitating

.':\ r\ al (i 'e'. >30vo viabil ity) than was direct exposure to 34vo rh for the same
l\'rrrr(r of t ime which resulted in only 4.270 survival. Again, although mutual
r: ' ' tcit ion is an obvious factor, the latter results underline the impJrtance of:: ' tt iLrrl r s' immediate and rigorous desiccation for enhancing the jehydration
. ..r\ rr al capabil it ies of this nematode.

( )ur erperiments with s. carpocapsae (All) infective juveniles have concen-
l:'rtr'tl m(lre on the survival of individuals with the protective effects of aggre-
i 'rr rr rr being avoided by the use of row juvenile numbers (ca. 50 per experimen_
r': '  fr lr int t '  In these experiments infective juveniles were preconditi oned,atgTo/o

rh  fbr  3  days be l r l re  h . - rn l  r . . . : .  ,
rehydrat ion a t  I00% rh l r r r  .  .  , . .  ,
a l l y .  m a n y  r e h y d r a t c t l  i r r l i . : . .  -
s . ta te  ( i .e . ,  s l ight ly  cur \  c r l  ( )1 .  \ . . . .
that  repor ted by Hanr  r rn t l  K, , .  ,
s t imulat ion was necL.s \ar \  [ i ,  r .
Continued exposure to t) j , ,  1-1, I  l
on nematode surv iva l .  Ht r r i r , , ,  ._
resu l ts  in  a  gradual  decre l .c  in  , . . :  .
surv iva l  decreases at  a  nruch t . r r .  _
3 ) .  Exposu re  t o  60% rh  h r r r  ! r \
juveni les  appear  ab le  to  . , , r r ' , r . .  - .
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Figure 3. Survival of ,steinerneln(t ( , t t t . l )r ,  , .
3  days  precond i t ion ing  a t  97Vc re la t i re  :
relat ive humidit ies fbr up to g t lavs (N.._ I  , .
per  sample) .15

The high survival of S. carpt )( tt i  , ,,
surprising in being f-ar better thart r1,.,:juven i les , r0  o r  ind iv idua l  juve l r i l . , ' . , , ,
gt.ts.26 This enhanced surviuul ,r.,,,, ,,,
second-srage cut ic le by the infecr l r , .  . , .
t ion of  the second_stage cut ic le in inr . .
has been shown to inciease survir ,,1 l, 

' ,

total lack of recovery in exsheathctl .

6 0 t r h
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rh for 3 days before being placed at other rh levels, followed by gradual
rehydration at l00a/o rh for 24 hr before the addition of bulk water. Behavior-
ally, many rehydrated infective juveniles assumed an inactive or quiescent
state (i.e., sl ightly curved or straight body posture with bent tail) identical to
that reported by Hara and Kaya.ra To accurately assess survival, physical
stimulation was necessary to induce movement in these infective juveniles.
Continued exposure to 97o/o rh for a further 8 days seems to have little effbct
on nematode survival. However, exposure to 807c rh after preconditioning
results in a gradual decrease in survival (ca. 6OC/c) unti l the 5th day, after which
survival decreases at a much faster rate, approaching zero after 8 clays (Figure
3). Exposure to 600/o rh has given l itt le survival after 2 days and no inf-ective
juveniles appear able to survive 24 hr exposure tr-t Tc/c, or 4oa/a rh.

1 0 0 :=--*=l;---O-tr -A
v  9 7 t r h  Y

)--*

1 8
Time (days)

Figure 3. Survival of Steinernemu (arpo('apsua (all) inl 'ectirc -jLrieniles on membrane fi lters after
3 days preconditioning at 977o relative hurnidity (rh) l ir l loued by, direct exposure to reducecl
re lat ive humidi t ies for  up to 8 days (N_-3,  bars indicatc + SD: approximately -50 infect ive luveni les
per  samp le ) . ' 5

The high survival of S. c:arpocopsoe atglc/r and even 80o/o rhare somewhat
surprising in being far better than that recorded fbr R. reniformis second-srage
juveniles,r0 or individual juveniles and adurts ol ' A. at,enae and, D. myceliopha-
gus.26 This enhanced survival may well be clue to the effects of retention of the
second-stage cuticle by the infective stage, slowing their rate of drying. Reten-
tion of the second-stage cuticle in infective juvenile s of Haemonghus ,urro,.r^
has been shown to increase survival for up to 20 days at 477o rhcompared with
total lack of recovery in exsheathed forms afier 8 hr exposure to the same rh
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level'2a Preconditioning infective juveniles at 97vo rh also appears to be animportant factor, because ohbai6 was onry able to maintain un LTr,, of r20 min

:L:liTT t'r!,n' iiiZ:g',, 
( DD- r 3 6 t i nrecri ve j uven les,"r,'!n exposed

The second category of research has involved dehydration of extremelylarge numbers of infective juveniles (106-l0e nematodes) for commercial leveldry storage of steine-.*utid, and hererorhabditids. By preconditioning infec-tive -iuvenires ar 97.va rh for 3 days. b..1:* exposing them to rower humidities,Popiel er ar.37 mainrained high viabirity in's. ,ri ipo(.apsae, S. fettiae (=g.bibionis), and Heterorhabditii bacteriophrtrct (_H. heliothictis) fbr 3_5 monthsat25oC' with optimal survival at rh levels ranging from g5 9 4o/c,. someof theseresults are summ arized in Tabre r. These 
-i, ' , irou..nents 

in viabirity overexperimenrar resurrs with individuar or smail gr,,uf, 
"ri"r..ii".'jri.ni,., ur.clearly due to the srower rates of drying un*o.o'uy fhe rarge aggregates. Itwould be interesting to know the level of juvenile hydration within the nema_tode mass with respect to individuals on the outsicle and compare their survivalrates with time stored. The same researchers arso noted that. arthough oxygenconsumption was reduced from 6 ml in control inf'ective juveniles to less thanI ml/min per 106 nematodes in dehydrated ones. u^1g.n was stirr required tomaintain shelfl i fe.rT These data strongry suggest trrat',h. n.ro,odes were in aquiescent anhydrobiotic state, but howcror.ry this approached the cryptobioticcondition (i.e., no measurabre metaboric activir 'r i , unknown.

Species

S t e i n e r ne ma (:arp oc aps 0e
Steinernema Jettiae
H e t e rrt r habd i t i s bac te r.i op ho ra

I'ime stored Va yiabilitv

.5 months >95Vo

.l months >95Va

.l months >95Va
3 months >90Va

use of a clay/nerni l tr  , , .1r. .
mate ly  3  da1,s  an( l  l l - . :
per iod o f  7  week\  r r , \ , . . : ,
at 23"C. These rc.r 11 1,. . ,-
2 weeks, o11 i i tn]prJr]. , .-  .
" sandw ich "  cqu l l t ( , r  t ,  . :
probably incorrer.r.  I  i : i .  l
o f  S.  carpo{ .up. \ t t t  in  t r . -  :
I i ke l y  be  ex t reme l r  gp . , . ,
t ion o f  the whole , , . . , , , . , ,  ,
a l though the nentut r  r t l r . ,
equ i l ib r ium wi th  ; . r In ] ,  , . : . ,
Rather ,  these ne l l t l t t (  r r t -  .  , ,
which increase to  rhc l : :_ : .
Th is  suggests  th l r .  . r .  :  I
s t ages  o f  qu iescen t  . r n l . .  ,
The rap id  reduct ior r r  i r  r  - . -
larly at temperaturcr .1F...
superior survival ot.  r ic. ,
4'C) is faci l i tatecl hr i , . .  1
reg ime  ( t hus  reduc in r , , ,  .
bo l ic  act iv i ty  due to  . r , , r .  l
STTCSS.

B. Dehydration Surr
An obv ious proh l r .n t  . , . . :

aggregates of S. (.ut. f) t ,1 , ; ;
s t ra te  any co i l ing rc , rJr r ,y1,  .
Iarly, although deh,rr lr l rr  ,
surv iva l ,  presumabl , r  [ r , . . . . , ._
observations have bccn : . :
nematode mass.  Coi l tnr  , ,
to  the phys ica l  consrr l r i r ,  . l
se l ves .a  I f  co i l i ng  i r  r t  h . . . :  ,
anhydrobiosis, then thr. l .r .  r .
rh levels suggests thar r I  .
(:arpo('apsae infectivc .iLr r c:.. .
ua l  in fect ive juveni le  \  ln r j  : : .
severe to  induce th is  r1 . rpr ,11.
indicate that successf 'Lrl  rrr, t . . .
d i rec t  exposure exper inre  r r : ,
tend to support this vir.r i

Our present attempt\ |
in fect ive juveni les  bv s11f r1g. ;  .

TABLE l. percent viability of Infective Juveniles ofThree Species.of Entomop;thogenic Nemarodes Afterstorage at various Rerative Hu.ioity (rh) Levels for 3_5Morrths Following preconditioning ftr': ouy, at 97vo rh31

Final rh

85c/(

94c/(

97%

94q(

In a different approach Bedding38 emproyed attapurgite clays, diatomaceousclays, and kieselg,uhr, either formirg a homog.nom nematode/clay suspensionor a clay/nematode cream/clay sandwicn in ,itrictr n..nutod.s could be stored.ln the first techniq.y.. s ,orpo.oprae (Ar), S. J'ettiae, and H. bac.teriophora(NZ) retained viabil it ies of lo-aoEo after beingiror.a on calcined attaputgitechips for up to 24 weeks at 4oC. However, the actuar or even approximate rhlevel finally reached during storage is difficult to interpret from the data. The
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use of a clay/nematode cream/clay sandwich held at about 957a rh for approxi-
mately 3 days and then gradually reduced to an apparent rh of 607a over a
period of 7 weeks resulted in a viability of about 9oo/o after two months storage
at 23'C. These results are even more difficult to interpret. To assume that after
) weeks, an atmospheric rh level of 60o/a in a closed container containing the
"sandwich" equates to a water activity of 0.6 throughout the nematode mass is
probably incorrect. The differential drying characteristics of a2-cm deep layer
of S. carpocapsae infective juveniles are presently unknown, but this loss wil l
l ikely be extremely gradual (i.e., far more gradual than would allow equil ibra-
tion of the whole nematode mass to 60a/o rh during the 2-week interval). Thus,
although the nematodes in the outer layers of the nematode mass may be in
equil ibrium with atmospheric rh levels. those in the deeper layers wil l not.
Rather, these nematodes wil l, in all probabil ity. exhibit variable water contents
which increase to the highest levels of hydration at the center of the aggregate.
This suggests that, as in Popiel et al.,r7 these inf'ective juveniles are in varied
stages of quiescent anhydrobiosis as opposed to cryptobiotic anhydrobiosis.
The rapid reductions in nematode viabil ity under anaerobic conditions, particu-
larly at temperatures above l0oc, support this view.rs Presumably then, the
superior survival of desiccated infective juveniles at low temperatures (i.e.,
4"C) is facilitated by reduced metabolic rates imposed by the temperature
regime (thus reducing oxygen requirements)and not by a suspension of meta-
bolic activity due to entry into a cryptobiotic condition induced by dehydration
StrESS.

B. Dehydration Survival on Model Substrates
An obvious problem with the dehydration studies on rndividuals or small

aggregates of S. corpocapsae discussed so far is that all have failed to demon-
strate any coil ing response of the nematode during dehydration stress. Simi-
larly, although dehydration of large numbers ot' inf 'ective juveniles enhances
survival, presumably because of slower rates ot'evaporative water loss, no
observations have been made of individuals coil ing on the outside of the
nematode mass. Coiling would be difficult on the inside of the aggregate due
to the physical constraints imposed by close packing of the individuals them-
selves.a If coil ing is a behavioral response that signifies the induction of
anhydrobiosis, then the lack of this response after direct exposure to reduced
rh levels suggests that (l) coil ing may not be an adaptation employed by S.
carpocapsae tnfectle juveniles, or (2) the drying rates experienced by individ-
ual infective juveniles and those on the outside of aggregates have been too
severe to induce this response. [f this latter scenario is the case, it seems to
indicate that successful induction into anhydrobiosis has not been achieved in
direct exposure experiments.3s The poor survival rates of individual nematodes
tend to support this view.

Our present attempts to increase the survival of and induce coiling in
infective juveniles by subjecting them to reduced rates of water loss that mimic
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the drying of soil have met with mixed results. Following the experimental
protocols of Womersley and Ching,r0 we have applied infective juveniles to
model substrates (0.57o agar and 1.07o agarose) whose moisture loss character-
istics, when exposed to 977o rh, simulate the natural drying rates of soils
maintained at the same rh. Moisture release characteristics of these substrates
in comparison to a wet Hawaiian soil are shown in Figure 4. Water loss from
the model substrates is similar to that from wet soil for the first 48 hr, after
which the soil stabilizes due to moisture bound into the soil macrofabric.se In
contrast, moisture continues to be lost from the model substrates, eventually
approaching0Ta rh after l4 days. In essence. this continued water loss repre-
sents prolonged loss of pore water from the interstit ial spaces of the soil,r0 and
thus, nematodes dehydrated on these substrates lose water far more gradually
than if exposed directly to 97c/o rh.
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substrates (modified after Womersley and Ching"').

Preliminary survival data of infective juveniles dried on 7%,agarose at various
rh levels after preconditioning at 917o rh are presented in Figure 5.32 Survival
has remained high for infective juveniles exposed to 90o/o rh, stabilizing at
about 80o/o survival after 8 days. Similarly, infective juveniles placed at 807o
rh survive far better in comparison to direct exposure experiments, with over
507o survival after 8 days. Even at 6O7o rh, more than 507o of the juveniles
survive for 3 days compared with little or no survival after direct exposure to
the same rh level for 2 days (Figure 3). A coil ing response is also evident at
all relative humidities except O7o rh, the response maximi zing at 907o and 80Vo
rh with 30-40o/a of all individuals coiling. The morphology of a dehydrared
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coi led infect ive nematode and one that  has undergone rehydrat ion for  4 hr  at
lo}oh rh are shown in Figure 6.

We are presently unable to reproduce the coil ing response consistently and
have yet to ascertain whether coiled indivicluals survive better than uncoiled
ones. However, coil ing seems to have lttt le el 't 'ect on sun,iv al at 40% rh and
below where, l ike direct exposure experiments. there is I itt le tolerance to these
dehydration regimes despite the slower rates of u ater loss providecl by the
model substrate. A change in induction period fronr 3 clays at 97o/o rhto24hr
periods at977a and907o rh, respectively. before exposure to 80a/o rh and below
appears to facilitate higher survival rates (ca. 507c ) tbr.S. (.arpo(.apsae dried on
lo/o agarose for 7 days at 607o rh (Figure 7).r5 Conversely, there is l i tt le
difference between the survival rates afforciecl by direct drying and drying on
0.5% agar (Figure 7). and litt le or no survival occurs on exposu re to 40o/o rh and
below, irrespective of the substrate used. Interestingly, individuals dried on
0.5o/o agar tend to burrow into the substrate during dehydration, and thus, l i tt le
or no coil ing response occurs.

The above results appear to confirm the data reported for large aggregate
drying experiments to some extent in that S. r'arpoc'apsae (if dried slowly
enough) can apparently enter a quiescent anhydrobiotic condition and persist
under relatively dry conditions (i.e., down to 600/o rh). However, if exposed to
harsher dehydration regimes, the nematodes seem unable to enter a cryptobi-
otic state and quickly die. The fact that s. ('arpo(.apsae may only be capable
of surviving as a quiescent anhydrobiote rather than a cryptobiotic anhydrobi-
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Figure 6. Pictorial presentations of the coil ing response exhibited by some Steinernema carpo(up-
sae (all) infective juveniles dried slowly at 97Vc' rh and below on l7c agarose, (A, top figure)
dehydrated coiled, (B, bottom figure) coiled following rehydration at l00Va rh for 4 hr.
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ote is interesting in itself and supports our present data on other soil-dwell ing
nematodes.a'r0 The adaptive significance of many infective juveniles maintain-
ing this quiescent state after rehydration is unknor.,n'n. It may allow protracted
survival by conserving energy stores during periods of host absence, the me-
chanical/physical stimulation required for activation being provided by the
physical presence of the host and by the host's activit ies within the soil matrix.

V. PHYSIOLOGICAL AND BIOCHEMICAL ASPECTS
OF DEHYDRATION SURVIVAL

Clearly, l ike other slow-dehydration strategists. steinernematid and heter-
orhabditid infective juveniles must be dried extremely slowly to ensure any
survival. The rates of water loss required to induce anhydrobiosis remain to be
fully defined, but will probably be similar to the moisture loss characteristics
of the nematodes' natural habitats. Even so, this statement is presumptive in
that slow dehydration does not always facilitate survival at low water activi-
ties.a For example, ensheathed, infective juveniles of H. contortus dry far more
slowly than some of the aerial plant-parasitic nematode anhydrobiotes but
cannot survive to the same extent.2a Results of this nature indicate that other
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adaptations are involved in retaining cellular integrity as water is removed.
Because water is an essential component of l iving cells and is important in the
maintenance of the structural and functional integrity of biomembranes and
biomacromolecules (see Womersleya for review). these additional adaptations
must be intimately concerned with the molecular fabric of the cell itself.

Crowe and Madin2r suggested that gradual water loss was a prerequisite for
anhydrobiotic survival, enabling the organisms concerned to make the neces-
sary metabolic and biochemical adaptations needed to enter cryptobiosis and
thus, survive rigorous and extended periods of dehydration. Such adaptations
would allow for the stabil ization of an essentially dry biological system and
preclude the irreversibly damaging effects norntally associated with the re-
moval of bulk and structural water.a'a0 Subsequently, the same workers showed
that, in A. avenae, induction into anhydrobiosis was associated with an accu-
mulation of glycerol and trehalose (a disaccharide of glucose) at the expense
of glycogen and lipid reserves.ar These results correlate well with analyses
made on encysted embryos of the brine shrimp. Artt,nriu salina.az Only over the
last two years have similar analyses been conducted on S. ('arpo(.apsae, the
results of which are encouraging.

Ishibashi et a1.33 first demonstrated that S. ( 'urpo('upsae (DD-136) decreased
insoluble saccharides (presumably glycogen) and increased soluble sac-
charides (tentatively identif ied as trehalose with a minor glucose component)
during dehydration for 6 days at 98o/o rh. However. it is difficult to compare the
amount of trehalose present with that found in anhl'drobiotic A. at,enae or A.
salina because results were expressed as glucose equivalents (pMlmg dry wt)
rather than on a 7a dry wt basis. Our preliminarv experiments with small
samples (<l mg) of s. c'arpocapsae (All) infectir,,e juveniles (provided by R.
Gaugler) have involved both carbohydrate and lipid analyses.ar Fresh, un-
stressed samples have an initial lipid content of ca. 30c/c dry wt and a glycogen
content of ca. 4o/o dry wt, but these levels are reduced to ca. 24o/o dry wt and
essentially zero, respectively, after preconditioning fbr 3 days at97Vo rh. The
decrease in lipid represents a 20%a reduction in total lipid reserves, which is
much less than that recorded for either D. mt'r'eliophagus or A. avenae.22.23.4l
Conversely, trehalose levels start at less than 0.2% dry wt in fully hydrated
samples and increase to just below 7 .07o dry wt after dehydration. Glucose and
glycerol levels have yet to be quantified accurately. Although the elevated
trehalose levels we have recorded in S. carpo('apsae are not as high as those
reported for A. at)enae, they do compare favorably with the levels found in
other nematode anhydrobiotes.22'23'44 Thus, it would appear that S. carpocapsae
infective juveniles do possess the biochemical adaptations that have been
associated with anhydrobiotic survival in other nematodes.a

The preferential storage of trehalose by anhydrobiotes has been linked to its
use in the replacement of bulk and structural water and in the inhibition of
oxidative damage (see Womersleya for review). For example, research on
model membrane systems has shown that the presence of trehalose in physio-
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logically relevant amounts (0.3 g trehalose/g membrane) can preserve thei:
structural and functional integrity by preventing phospholipid phase transitions
and bilayer deformations as structural water is removed.as ae Other research has
demonstrated that trehalose can prevent dehydration-induced fusion between
phospholipid bilayers in synthetic membrane systems and, by inference, may
have the potential to protect anhydrobiotic systems from similar irreversible
structural damage.s0 However, the ways in which these model membrane
studies relate to the actual anhydrobiotes themselves is presently unknown.
Our research on carbohydrate levels in D. ntyceliophu,qus2r.2s and on membrane
compositions in a number of nematode anhydrobiotessr has caused us to begin
to reevaluate the protective role played by trehalose in whole organisms during
anhydrobiosis.

If an increase in trehalose is indeed indicative of successful entry into
cryptobiotic anhydrobiosis the question remains, why are s. carpo(apsae
infective juveniles unable to achieve cryptobiosis'J One would predict that once
the required amount of trehalose had been synthesized, stabil ization of cellular
structure and maintenance of functional integrity would become automatic and
would no longer be dependent on maintainin-e a slow rate of evaporative water
loss. This has been reported to be the case for A. at,enee.ar However, our
research has shown that this is not the case for juveniles ancl adults of D.
myceliophagu5'tt '22'zt Nematodes culturecl on the mycelium of A,qaricus bis-
porus or Rhizoc'tonia c'erealis and then dehydrated for up to 5 days at 97Vo rh
show similar declines in l ipid and glycogen stores. but trehalose levels are very
different (i.e., ca. 3%o dry wr vs. over g% dry wt. respecrively) (Figure g).
Moreover, if natural dehydration regimes are substitutecl lbr enf orced dehydra-
tion at 97o/o rh by allowing nematodes to s\\'urnr from fungal cultures and
dehydrate in coiled aggregates over a period ol-6-9 weeks,..:r then trehalose
levels are elevated above l5o/o dry wt (Figure 91. We do not understand the rise
in l ipid content seen during the first 48 hr of su arming and need to confirm
these levels.

When all these differently treated samplc-s are placed at reduced rh levels
following induction, they exhibit the same survival characteristics, regardless
of the amount of trehalose present. That is. all survive equally well down to
407o rh but are unable to maintain survival at l lc/( rh and below, with mortality
reaching l00o/o after 24 hr at \o/c rh. If. however. these nematodes are dried
slowly through successive rh levels down to \c/c rh, then survival is maintained
above 50o/o.st We can infer from these results that, although elevated trehalose
levels may be indicative of induction into quiescent anhydrobiosis, other
adaptations are involved, either separately or in conjunction with trehalose that
allow entry into the cryptobiotic state. Ultimately, the correct implementation
of these adaptations would appear to rely on maintaining a gradual rate of water
loss rather than the actual amount of trehalose present after induction.

Because of these results our attention has turned to membrane associated
lipid constituents of nematode anhydrobiotes to determine whether these
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constituents remain stable in nematodes containing elevated levels of treha-
lose, or if their composition is modified during dehydration. In all nematode
species we have analyzed, changes are evident in the nature of the molecular
speciation of specific phospholipids either during the induction of or on rehy-
dration from anhydrobiosis. Our studies are not so complete for S. carpocapsae
in that actual analyses of phospholipid molecular speciation have yet to be
undertaken. However, our analyses of the major lipid constituents show some
interesting trends (Table 2).s2 Phospholipids and cholesterol (both of which are
important membrane components) remain relatively constant and, as expected,
triglycerides are gradually depleted during the dehydration period. The in-
crease in free-fatty acids observed initially is not maintained and stabilizes at
low levels after 8 hr exposure to 9Jo/o rh. Concomitant with this is a rapid
increase in another l ipid component (tentatively identif ied as cholesterol es-
ters) over the first 8 hr of dehydration, after which this component stabil izes
and is apparently unaffected by continued drying. Again, we can only speculate
on the adaptive significance of this, but interestingly. esterif ication of free fatty
acids to cholesterol esters may provide a mechanism for their immobilization
during dehydration and reduce the potential for oxidative damage. Further, the
preferential storage of cholesterol esters could allow for modification of
membrane fluidity through modulation of free cholesterol. However, since free
cholesterol levels appear to change litt le during dehydration, this suggests that
any effects on membrane fluidity may only be apparent during rehydration.

TABLE 2. Changes in Lipid Constituents of Steinernemo
carpocapsae (All Strain) Infective Juveniles during
Dehydration at Controlled Relative Humidities (rh) and
the Presumptive Induction of Anhydrobiosissl

Constituent lipidsl%

F'ree
Phospho- Choles- fattl'

l ipids terol acids

total l ipids

Choles-
Trigly- terol
cerides esters

0 minu
30 minl9lVo rh
60 minl977o rh
t hrl97o/o rh
24 hrl9jo/o rh
72 hrl91o/o rh
72 hrl9lVo rh +

6 days at 90Vo rh

23.5
21.6
20.9
20.6
23.2
25.5
2s .2

1 . 2
6.-5
9.0
5.-5
7 .0
8 . 8
9 . 3

l - 1  . :

t 5 . 8
9 .3
6 .3
5 .4
6.0
4.4

s3.5
52.9
53.4
-51 .3
49.5
43.2
43.7

2 .6
3 . 2
1 A

16.3
t4.9
16.5
t7.4

Fresh nematodes from an aqueous suspension.
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The interpretations drawn from the biochemical data presented here are not
applicable to all nematode anhydrobiotes. Differences in biochemical adapta-
tions and their adaptive significance have already been shown to exist between
slow- and fast-dehydration strategist nematode anhydrobiotes.a.aa Similarly,
any results concerning biochemical adaptations occurring in slow-dehydration
strategists are themselves open to interpretation because little data are available
for any given anhydrobiote. Moreover, the observed biochemical changes may
be a product of the experimental regime rather than that which might occur
under more natural conditions. Trehalose does appear to be an integral part of
the adaptive process at the cellular level in many anhydrobiotes, but its defini-
tive role in stabilizing cellular structure may not be so distinct as previously
thought.as-ae There are other metabolic profi les besides carbohydrates (i.e.,
organic acids, amino acids, etc.) that need to be analyzed and which may also
show significant changes in character during dehydration. In addition, exami-
nation of the morphology and molecular organization of intracellular compo-
nents (i.e., membrane systems) has yet to be fully realized, and the ways in
which changes in molecular structure may interface with changes in metabolic
profiles remain unknown. Nevertheless, results obtained for S. carpocapscte
clearly show that although we are unable to interpret fully the reasons why
certain biochemical adaptations occur, they are present in this nematode and
are comparable to those found in proven nematode anhydrobiotes.g

VI. CONCLUSIONS
In comparison to other nematode anhydrobiotes that are slow-dehydration

strategists, we obviously know very l itt le about the dehydration survival capa-
bilities of entomopathogenic nematodes. This lack of knowledge is not surpris-
ing when one considers that, with the exception of a few isolated studies.
research concerning their ability to survive dehy dration has been directed
towards commercial storage applications, rather than identifying the anhydro-
biotic potential of the organisms within the context of their natural environ-
ment. Consequently, their anhydrobiotic potential is difficult to assess at the
present time. The available evidence suggests that the steinernematids and
heterorhabditids studied so far are exclusively quiescent anhydrobiotes at best.
If so, this realization alone is an important one. Lack of knowledge concerning
the anhydrobiotic potential of these nematodes has already led to them being
placed in environments whose moisture characteristics have been partially or
totally unsuitable for their survival, resulting in a high degree of failure in the
field.

In addition to defining their environmental limitations for field applications,
the probability that steinernematids and heterorhabditids are quiescent anhy-
drobiotes reduces the prospect of their eventual successful storage in the dry
state. Again, this would indicate that the partially hydrated and aerobic condi-
tions reported to give high viability may already define limitations for their
commercial storage and fall short of the attainment of a cryptobiotic state.
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Anomalies do exist, however, in assessing these nematodes as quiescent anhy-
drobiotes. Preliminary studies on small groups of S. r'arpocapsae have shown
that infective juveniles are capable of making the metabolic adjustments
considered necessary for the successful induction of cryptobiotic anhydrobi-
osis. This fact does not support the contention that S. carpo('apsae rs a quies-
cent anhydrobiote. On the contrary, these results suggest that this and similar
nematode species have yet to be dried at rates that are conducive to the
induction of the cryptobiotic state. This could be the case for large aggregares
of infective juveniles that, because natural dehydration regimes are unknown,
have been dried following the techniques used for much smaller numbers of
other nematode anhydrobiotes. In these instances, we are uncertain whether the
apparent quiescent cryptobiotic condition attained is a consequence of the
differential drying characteristics of the nematode mass, or a true representa-
tion of the anhydrobiotic potential of the nematodes studied.

In contrast, problems of differential drying do not exist in dehydration
experiments involving individual infective juveniles, where viabil ity remains
high at elevated humidities, but cannot be maintained below 60Vo rh,even with
the use of model substrates. These experiments provide the strongest evidence
in support of the quiescent condition. If metabolic adjustments are occurring
here (and there is no reason to suspect they are not), this would suggest that the
biochemical adaptations normally associated with cryptobiotic anhydrobiosis
are merely a prelude to the initiation of further cellular adaptations that, either
independently or in concert with init ial biochemical adaptations (i.e., trehalose
storage), support this ametabolic state. That metabolic adaptations may be
apparent in quiescent anhydrobiotes emphasizes our lack of knowledge as to
the ways in which dry biological systems are stabil ized at the cellular level.
Moreover, if proven, the use of metabolic adaptations by quiescent anhydro-
biotes will demand a reorganization of our thinking on the biochemical adap-
tations necessary for the successful induction of anhydrobiosis at both the
quiescent and the cryptobiotic levels.
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7 . Behavior of Infective Juveniles

ll . Ishibashi and E. Kondo

I. INTRODUCTION
Soil nematodes possess a rich variety of intriguing behaviors, including

chemotaxis' thermotaxis, osmotic avoidance, and dauer formation and recov-
ery.'6 Mutants defective in each of these behaviors have been isolated for the
free-living nematode Caenorhabditis elegans,6 permitting detailed behavioral
analyses. Using C. elegant as a model, the basic functions behind many
nematode behaviors may become resolved, and we should be able to apply this
information for controlling injurious nematodes or for enhancing beneficial
nematodes.

Infective juveniles of entomopathogenic nematodes in the families Stein-
ernematidae and Heterorhabditidae are known to exhibit many of the same
specific and complicated behavioral patterns of C. elegans dauer juveniles.
Yet, interpreting the behavior of either of these nematodes remains splculative.
Although some investigations and interpretations of entomopathogenic nema-
tode behavior are referred to in the present text, this research is still in its
infancy. Our main concern at this time is how to exploit the behavior of
infective juveniles of entomopathogenic nematodes for the control of insect
pests.

II. INFECTIVE VS. NORMAL DEVELOPMENTAL
STAGE JUVENILES

lnfective juveniles of entomopathogenic nematodes are more motile than
the respective third-stage juveniles of the normal developmental cycle.T This
attribute is an adaptation for a free-living existence in which orientation and
movement for host-finding can be crit ical. In conrrast. the third-stage develop-
mental juveniles are parasitic, and so there rs little advantage or adaptation for
high motil i ty. For example, the movement of steinernema carpocapsae (DD_
136 strain) infective juveniles, believed to be among the least motile of ento-
mopathogenic nematodes, is still nearly twice that of developmental juveniles.
Although there are no significant differences in wavelength between the two
forms (44 ltmfor developmental vs. 49 pm fbr infective juveniles) when placed
on 2c/o agar, the wave amplitudes were 27 pm for developmental and 17 1tmfor infective juveniles (Figure l). Consequently, infective juveniles can mi-
grate 245 ltmlmin on agar compared with 132 ltmlmin for developmental
juveni les.
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D e v e l o p m e n t a l  j u v e n i l e  :  4 4  x 3 /  m i n  = ' l 3 2 P m l m i n
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Figure I . Schematized undulatory movement of Steinerrtcnt(t ( ut p( )( up.tur, front tracks left on a27c
water-agar fi lm.

ru. SURVIVAL STRATEGIES
Infective juvenile survival or persistence remains a key obstacle to the

effective use of entomopathogenic nematodes in insect control. Applications
against foliage-feeding insects have generally been discouraged because infec-
tive juveniles are not adapted to the environmental extremes characteristic of
exposed surfaces. The soil is the natural resen oir for entomopathogenic
nematodes, and these organisms have evolved at least three major behavioral
strategies for persistence in this buffered environment: aggregation, inactivity,
and anhydrobiosis. The latter topic has been extensivelv reviewed by Womer-
sley.8

A. Aggregation
Aggregation commonly occurs in many nematode species. This behavior

may be driven by mechanosensitivity or tacti le sensitivity, both of which are
fundamental properties of nematodes.a Aggregation has survival value in
protecting nematodes from desiccation and sunlight.e Nematodes at the periph-
ery of aggregations usually die to form a barrier against unfavorable environ-
mental stresses, so that survival within a clump is greater than that of isolated
individuals on the same substrate. Aggregation is also a frequently observed
laboratory phenomenon with entomopathogenic nematodes (Figure 2), with
the aggregating nematodes assuming a straight posture like a bundle of wire.
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Figure 2. Aggregation of Srcirrcrnentu t'arpocapsae in-
fective juveniles on an insect cadaver.

B. Inactivity
Active movement has advantages to entomopathogenic nematodes, because

it increases chances for encountering a susceptible host and for survival by
permitting escape from unfavorable habitats. However. some entomopatho-
genic nematodes may employ inactivity as a strategv to enhance their survival:
an inactive nematode reduces energy usage, attractiveness to predators (e.g.,
mesost igmat id mites do not at tack mot ionless infect ive juveni les),r0 and
chances for encountering nematode natural enemies.rr'rr

Inactivity in soil has been well documented with S. carpocapsae, which
tends to remain at the point of application.ra r5 Inactivity may be responsible for
the sharp decline in infective juvenile recovery from soil using the Baermann
funnel method, which depends on nematode movement, compared with cen-
tr i fugal  f lotat ion.r6 Further evidence support ing inact iv i ty is that  infect ive
juveniles stored in water often assume a straight nonmotile posture.

Coiling is another form of inactivity, a posture related to anhydrobiosis in
some nematode species.s Entomopathogenic nematodes do not coil as readily
as aphelenchid nematodes undergoing anhydrobiosis.8 S. carpocapsae infec-
tive juveniles coil loosely, whereas S. glaseri coils more frequently and some-
what tighter. In both nematodes, however, true coiling is rare. Consequently,
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the infective juveniles of these nematodes are generally not as resistant to
desiccation nor is their inactivity as fixed as the tightly coiling aphelenchids.

IV. DISPERSAL
Dispersal is a behavioral mechanism entomopathogenic nematodes use to

locate habitats for survival and infection. The free-living infective juvenile is
the dispersal stage for these nematodes. Dispersal can be active or passive.rT
Active dispersal under the nematode's own power is short-range, and may
include movement away from the host cadaver. to sheltered microenviron-
ments, or to preferred soil depths. Active dispersal is constrained by soil
particle size, pore diameter, water content, temperature, and the relative activ-
ity of the nematode species. Passive dispersal is longer range and is affected
through the action of other agents, including water. infected insects,r8 phoretic
hosts,re or soil (e.g., farm machinery, nursery plants). Dispersal plays a particu-
larly important role in entomopathogenic nematode colonization of new locali-
t ies, as demonstrated by their cosmopolitan geographical distribution.rT

V. NICTATION
Nictation, the behavior of l i ft ing all but the posterior portion of the

nematode's body from the substrate and waving the extended body from side
to side, occurs in infective juveniles of entomopathogenic nematodes (Figure
3), although there are differences among species. Steinernema carpocapsae
actively nictates, alternatively waving and pausing tn a straight extended state;
S.feltiae (=bibionis) nictates but only for a short time and without pausing in
the straight form; S. glaseri nictates rarely and only' when moving to neighbor-
ing particles.2o This behavior is unique to the infective stage and is not present
in the developmental stages. Although this behavror is not fully understood, it
may be related to "bridging" and "leaping" (i.e.. active dispersal), or host-
finding (i.e., orientation).

A. Nictation Substrate
An infective juvenile's abil ity to nictate is dependent upon substrate. It

seldom occurs on a water-agar film with less than 2c/c agar, although some
nematodes nictate on the surface of dog-tbod medium containing 2o/o agar.
Nictation is most frequently observed on rough surfaces, where substrate
particle size greatly influences the behavior.rr

Nictation is more often observed in covered than open Petri dishes, suggest-
ing that high relative humidity is preferred for this behavior. Nictation can
occur over a wide range of substrate moistures, but saturated surfaces show a
lower rate than somewhat dry substrates. Moreover, infective juveniles can
elevate almost their entire bodies, perching on their tails, on drier surfaces with
less surface tension. They cannot nictate on water-saturated substrates, and
those that attempt standing only initiate the process before resuming their
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Figure 3. Infective juveniles of Steinernemu (arp()(up rr.rc nictating on bark com-

post. N indicates nictating nematodes.

gliding behavior on the substrate surface. The water content of bark compost

as a substrate for nictation was best at 60c/(,on a weight basis in open vessels,

but when the vessel was covered no significant difference in nictation occurred

over a moisture content range of 30 to 60cft.1

B. Behavioral Sequences
Croll and Matthewsa suggested parasitic nematode activity is l ikely fixed as

a behavioral sequence, which once init iated results in a series of activit ies not

interrupted until the sequence is completed. Nictation of S. t'urprtcapsae infec-

tive juveniles seems to follow a series of behavic)rs as described for other

nematodes.i
Nictation starts when infective juveniles elevate their anterior end and wave

their heads from side to side. This behavior includes large waving, which can

last for several hours, followed by small waving. pendulum waving, riding,

and/or straight standing (Figure 4). Init ially. they make large waves of the

head, with some individuals forming bridges with their bodies to adjacent

surface projections, as if the large waving is intended for attachment. Pendu-

lum waving and straight standing nematodes occasionally provide a surface for

other infective juveniles to start nictatingl nematodes will crawl up these

infective juveniles to become riders. When many nematodes participate in the

"riding" formation, the aggregated clump looks like one moving organism.

Small waving and pendulum waving inf-ective juveniles can also shift to

"leaping", which may have evolved from these behaviors. When they leap, the

small waving individuals suddenly make a large wave and leap with a sudden

reaction following the loop formation described by Reed and Wallace.22 Leap-
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Figure 4. A sequential behavror from standing to leapinu. Sttirtt,r 'ttt 'ntu (dt'! ' ,()(upsd( infective
juveni les.

ing can be induced by a sudden change of milieu l ike tlashing a l ight or l i ft ing
the l id of the culture vessel.T Neither nictating nor leaping is fully understood
to be associated with infection, although soil morstures suitable for nictation
also provide high insect mortality.20'23 Nictating int'ectrve juveniles can often be
seen on setae or the body surface of host insects.

VI. INFECTION
There are two major behavioral components to infection: host-finding and

penetrat ion. Infect ion is unl ikely to be achieved w' i thout host-f inding mediated

by host kairomones, followed by penetration into the host.

A. Host-Finding
Nematode attraction to chemical stimuli has often been attributed to klino-

tactic orientation.3 The side-to-side movement or headwaving of nematodes
has been interpreted as sampling the stimuli;ra'r5 presumably the distance
between the amphids is insufficient to permit comparison of the intensity of
stimulation without head movement. Inf-ective juveniles of S. carpocapsae
exhibit klinotactic orientation in responding positively to CO, and aggregating
at the source.2s Although CO, is believed to be important in host-finding, it
appears to be a short-range attractant and may play its most critical role in host

{

t
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penetration through the spiracles. CO, may also play a role in observed aggre-
gations of infective juveniles of S. glaseri at plant roots,r6 a response which
places them in the feeding zone of root-feeding insect hosts.

Host fecal components including uric acid, xanthine, allantoin, ammonia,
and arginic acid have also been reported to cause aggregations of infective
juveniles of S. carpocapsae,2T'28 although it is unclear whether the nematodes
were attracted to or arrested by these compouncls. In our experiments, fecal
pellets of common cutworm , Spodoptera litura, repelled S. carpocap.rae juve-
niles.2e

Infective juveniles of S. carpocapsae are also reported to accumulate around

\ the nematode's symbiont bacterium, Xenorhabtlus nentatctphilus.30 We have
i confirmed this observation, although it is again unclear whether the bacteria-l

f acted as attractants or locomotion arrestants. Interestingly, we found few
i juveniles accumulated near heat-killed symbiont bacteria. The significance of

\ 
attractton to the symbiont is unclear.

\ Temperature has been suggested as an additional cue by which entomopa-
thogenic nematodes locate host insects.sr However, these invertebrate parasites
seem unlikely to respond as positively to the insect body temperature as do
nematode parasites of warm-blooded hosts (e.g., hookworms). Burman and
Py.tt found that infective juveniles of S. carpocapsae tend to aggregate at or
near their culture temperature. This tendency is similar to the acclimatization
of Ditylenchus dipsaci and other soil nematodeq.-rr.:+ Conversely, starved and
dauer juveniles of C. elegans appeared to disperse from the acclim atjzed,
temperature.35 The significance of entomopathogenic nematode temperarure-
related behavior is uncertain, and more investigations are needed.

Although many stimuli attract entomopatho-eenic nematodes or cause ag-
gregations, it seems improbable that any one stimulus is predominant. Host-
finding is l ikely the result of a sequence of host stimuli which intesrate
searching behavior.2s

B. Penetration
The portal of entry for steinernematid and heterorhabditid infective juve-

niles is through natural openings (i.e., mouth. anus, and spiracles) and, much
less commonly, wounds that permit direct access to the host's hemocoel. In
addition, heterorhabditids possess a large terminal tooth that may be used to
penetrate soft intersegmental areas of the cuticle.r6 This type of penetration is
usually preceded by the nematode probing cuticular folds, and abrading the

,.cutic.le 
with the tooth until an opening occurs, allowing nematode entry.

( ^ I'h: 
portl of entry can be restricted depending on rhe developmental srage

I of the host. For example, the only portal of entry for nematodes entering pupae
( is the spiracles. In larval stages, the spiracles of scarabs are protected with sieve' plates which may have evolved as a means of protection against pathogens,

especially entomopathogenic nematodes.3T The oral route is the only penetra-
tion portal for black fly larvae, but buccal size determines whether infective
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juveniles are able to enter without being ruptured by the mouthparts. Similarly,
the oral route of invasion does not occur in insects with sclerotized proventricu-
lar valves such as in cockroaches.38

Infective juveniles of S. carpocapsae enter and aggregate in the ventral
eversible vesicle beneath the esophagus of Spodoptera litura (Figure 5), which
may serve as a means of entry into the hemocoel,rr although further informa-
tion is needed about this structure.

The abil ity of infective juveniles to penetrate into the host is an essential
step in the entomopathogenic nematode's life cycle. Nevertheless, the proba-
bil ity of any individual juvenile successfully penetrating and establishing in
even highly susceptible hosts is low.3e The inabil ity of most infective juveniles

to penetrate a host is cause for concern in using these nematodes as biological
control agents, and may reflect another reason why so many nematodes are
needed in field efficacy trials.

VII. ACTIVATION
The infective juveniles of steinernematid nematodes tend to become mo-

tionless in the absence of a host insect and take on a straight posture (Figure
6,{). Sinusoidal activity can be restored by placing the juveniles near a host or
agitating them. Various chemicals can also induce movement. For example,
dilute oxamyl (an insecticide/nematicide) (Figure 68), or juice from kale or
aloe plants can stimulate activity.40 The response of infective juveniles to
attractants or repellents on agar film is amplified b1' using "activated" infective
juveniles. For example, the difference in attraction between living and heat-
killed symbiont bacteria is more clearly shown bf inf ective juveniles activated
in kale juice.2r Chemically activated nematodes do not always display normal
movements. The movements are of several types depending on the properties
of the chemicals, showing typical large sinusoidal undulations, as well as
kinks, twitches, or convulsions, and other uncoordinated movements.ar

Chemical activating agents have been used in field trials to achieve higher
insect mortality rates.ao'a2 Oxamyl at 10 to 50 ppm stimulates.S. carpoc:apsae's
normal movement for more than 2 days at room temperature. When oxamyl
granules (3.5 kg AI/ha) were mixed with S. r'urpoc'apsae infective juveniles
(2.5 x l0s/m2), l0-99Vo field mortality of the turnip moth larvae, Agrotis
segetum, was achieved. By contrast, infective juveniles alone resulted in 22-
JSVa mortality, and oxamyl alone had virtually no effect.a2

Not all chemicals activate infective juveniles to attack insects; infective
juveniles treated with some organophosphates and carbamates can show partial
paralysis with a curled or coiled posture.| On the other hand, oxamyl, and
some insecticides and herbicides, are nontoxic to S. carpocapsae at the concen-
trations of practical field use.44'4-5 Most chemicals in our laboratory experi-
ments, except dilute oxamyl and acephate, also imparted abnormal movement
to infective juveniles of S. carpocapsae, despite giving more effective results
in mixed field applications. It is uncertain whether the chemicals acted on the
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Figure 5. Aggregation of Steinernema corpo(up.\ue inf'ective juveniles (N) in ventral eversible
vesicle of common cutworrn, Spodoptero littu'u. (Al Ventral view of a larva with nematodes in
partly everted vesicle. (B) Nematode aggregation in vesicle.

\
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Figure 6. Oxamyl activation of infective juveniles of Steinernema ('arpocapsae. (A) Juveniles in
disti l led water. (B) "Activated" juveniles in an oxamyl solution (30 ppm) 2 days after treatment.
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insect host to increase nematode invasion or whether the nematodes were
activated to find and infect the insects.a6 Substances which stimulate infective
juvenile activity are worthy of further investigation to enhance nematode
efficacy against insect pests.

VI[. CONCLUSIONS
Our understanding of entomopathogenic nematode infective juvenile be-

havior is clearly deficient, particularly with regard to heterorhabditid species.
What little is understood about steinernematid behavior is based largely on one
nematode species, S. carpocapsae, studied on artificial substrates. Studies of
infective stage behavior in the natural habitat, soil, are formidable, restricting
present research to consequences rather than processes. It is achievable,
however, to assess the generality of S. carpocapsae as a behavioral model for
other entomopathogenic nematode strains and species. Finally, efforts to inte-
grate behavior with function should be encouraged, as such studies will provide
fundamental knowledge useful in increasing our ability to use them effectively
in biological control.
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8. Commercial Production and Development

.Vilton J. Friedman

I. STRATEGIES OF COMMERCIAL DEVELOPMENT
Development of production technology, distribution, and sales of ento-

mopathogenic nematode-containing products is occurring now at a rapid pace.
The strategies of commercial development which are selected will have a
significant effect on how production technology develops and on which tech-
nologies are eventually implemented. Three factors distinguish these strategies
of development: the source of investment capital. the level of investment
compared to sales, and the degree of patent or other competitive protection
which can be obtained.

The source of investment influences the rate of technology development by
determining the level of funding available. Higher levels of investment and
more rapid rates of development wil l lead to improved chances of developing
proprietary, patent-protected technology. Protection of technology from com-
petit ion in turn assures a significant return on investment. Whether such
proprietary technology can be developed and whether sales wil l fbllow to
justify such investment are the unknown factors that promore more conserva-
tive approaches.

The simplest form of investment and the most conservative is owner, or
"sweat", equity, in which the business revenues provide both the owner,s
salary and development funding. Several small nematocle-producing concerns
have been of this general type. In the owner equirv model. investment capital
is largely l imited to the level of sales. As a result. the rare of technology
development is comparatively slow and rarely results in the sustained develop-
ment of proprietary, patented improvements. Nevertheless. if the technology is
labor (rather than capital) intensive, if there is no ef'fective patent barrier to
using the technology, and if there is no price competit ion with more efflcient
companies, this model can be and has been successful. The greatest vulnera-
bil i ty of this business strategy is an inabil ity to respond to competit ion from
capital intensive, patent-protected, and efficient production companies.

More rapid technology development requires a higher level of investment
than what is available from direct sales, and two types of investment can be
used for this purpose. One is social investment, in which, through grants,
guaranteed loans, or other social subsidies, a government or nonprofit organi-
zation supports technology development directly or by allowing the commer-
cial use of public-sponsored research under limited license. In the social
investment model, the amounts of funding available are highly variable and
responsive to noncommercial factors. Examples of these factors include so-
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cially recognized needs for technology development that can ameliorate suffer-
ing, needs for strengthening national economies through diversification or self-
sufficiency, and needs to develop jobs through industry relocation. Normally,
the development of technology is perfbrmed separately from the commerciali-
zation of the technology in the social investment model. As a result, social
investment projects build gradually, based on long-term plans of ten years or
more. Projects on large-scale nematode production in New Jersey during the
1930s and at the CSIRO in Australia during the 1980s are examples of social
investment. Working over a relatively long period of t ime, technologies were
developed (described below) which provided eff-ective production of ento-
mopathogenic nematodes for widespread use in both the public and private
sectors. In the absence of more efficient competit ion, the social investment
model can lead to significant patent-protected technologies. Limitations on
technology l icenses imposed by social investment, such as requirements on the
site of manufacture or the unavailabil ity of exclusive l icenses to use the
technology, can be disadvantages. Companies which are based on technology
development in the nonprofit sector are most vulnerable to competition from
more rapidly developing companies, and the inefflciencies described above
further detract from their ability to compete.

Venture, or risk, capital investment can provide levels of investment that
greatly exceed sales during the development phase. but this type of investment
requires a shorter development time than the model above and the development
of strategic barriers to competition to provide an attractive return on invest-
ment. Internal corporate investment is similar. The most common competitive
barriers sought are patents. Overall, the venture model can be successful when
proprietary technologies can be developed in a relatively short time and when
market development is possible in an equivalent t ime period. The greatest
vulnerability of a venture investment strategy is to errors in estimating the time
required to develop a proprietary, efficient production process and to ineffi-
ciencies in management of the development effort.

The best model of development is not any one of the above, but a combi-
nation. For example, Biosys was founded by a small group of private individu-
als. Through a combination of venture funding for in-house proprietary tech-
nology development and out-of-house cooperation with the USDA and univer-
sity researchers, Biosys established basic feasibility data and a patent-protected
technology base. Subsequent development is being accomplished by additional
venture funding for product and market development and government support
in Alberta, Canada for establishment of a production facility.

In the earliest stage of commercial development, owner investment provides
the greatest incentives to the initiation and invention processes and provides a
nucleus of feasibility which can attract both social and venture investment. Of
these two, venture investment should be used for the development of proprie-
tary technology and patents. In this way, the patent rights are clearly controlled
by the company itself without the constraints or inefficiencies of the social
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rnrestment model. Social investment can be used effectively for nonproprie-
tary developments such as field demonstrations, production plant f inancing,
and market introductions.

Similarly, Bioenterprises, Ltd. of Australia is a private concern with access
to technology developed under the government-sponsored CSIRO, and Agri-
cultural Genetics of the U.K. benefits from government-sponsored research for
its commercial efforts. These individual efforts represent varied combinations
of the models described above. In general, the Biosys technology is more
capital intensive and more dependent on patent protection tiom competition.
The efficiencies of different processes and the efficacy of different products
will ult imately determine which combination of models wil l prove most suc-
cessful.

II. STRATEGIES OF TE,CHNOLOGY DEVELOPMENT
Existing technologies for the production of entomopathogenic nematodes

have developed over a period of 60 years. In this time, entomopathogenic
nematodes have been produced by a variety of means - by insect infection or
on artif icial media - by axenic or monoxenic culture, in solid and liquid phase
fermentation. The means chosen have depended on the amounts of product
required and the time, resources, and knowledge available. The methods dis-
cussed here have application to both the steinernematid and heterorhabditid
entomopathogenic nematodes. In practice, modifications to the general meth-
ods of production are required for each nematode, and the reader is referred to
the citations provided for more information. In the case of axenrc culture. other
members of the superfamily Rhabditoidea are reterred to in the text or in
citations and are assumed here to be similar in culture characteristics to the
entomopathogenic nematodes. While many aspects of large-scale production
currently used by industry are proprietary. the general conditions and con-
straints of production can be and are discussed.

The large-scale production of entomopathogenic nematode-containing
products must be planned in a context composed of the production plant,
distribution system, and application environment if the production system is to
be profitable and self-sustaining. In conventional commercial operation, plant
is large scale, distribution is through third parties. and application is unsuper-
vised. Until recently, virtually all applications of nematode products have been
limited to the nonprofit sector, in which production has been small scale,
distribution has been direct and rapid, and application has been closely super-
vised by experts. The only commercial applications of nematodes have been
closer to the nonprofit model than to conventional commercial operation and
as a result have provided little profit stability. More recently, several efforts are
being made to close the gap between what is practiced and what is profitable.

The economy of scale for a production process is a key factor in commercial
development. As distribution area, market penetration, and competition in-
crease, the fraction of the product's price which is available for production
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shrinks. Other costs such as transportation. inventory, and sales and marketing
activities comprise larger and larger shares of the total cost as products de-
velop. If, in parallel, the cost of production decreases, profits will be stable or
increase. If production costs remain constant as scale increases, profits wil l
decline. The sensitivity of the production cost to scale is relatively easy to
determine by computer modeling of the production process and its costs. Such
a model is based on the flow of materials through a production plant. Included
in the model are algorithms to calculate equipment sizing and cost, uti l i t ies
loads, and labor and material requirements. As the total capacity of the plant
is changed, the model responds by recalculating the cost of unit production. A
graph of the unit cost vs. capacity function reveals the economy of scale. When
the model includes transportation costs and alternate modes of production (i.e.,
capitalized plant vs. contract operations. centralized vs. distributed operations,
etc.), the optimal size for each of several distributed plants can also be deter-
mined. Such models are useful for guiding research and development priorities
even in the earliest stages of research. Objectives such as shorter cycle times,
increased production yields, and lower cost materials can be compared for their
effects on production cost at different scales. When the model is applied
dil igently, production processes can be developed in a way that is consistent
with long-term product development and marketing.

The desire for nematode products to be storable and easy to use derives from
constraints in the distribution and marketing systems already in place for pest
control products. Such systems have developed over time fbr products that can
be exposed to more extreme conditions of temperature than are normally
withstood by living materials. Exposures to fieezing temperatures on loading
docks and to very high temperatures in unventilated w,arehouses represent only
the most extreme of these conditions. In addition. many products might remain
in the distribution system for up to three years with only rudimentary provi-
sions for inventory control of shelf life or replacement of expired stock. While
the pest control industry is certainly the most logical conduit fbr marketing
nematode products, it is not clear today whether nematodes will ever be
compatible with existing distribution systems. Where better controlled distri-
bution systems can be used, however, there sti l l  remain compelling reasons to
develop products with long shelf l ives. Plant load scheduling, inventory plan-
ning, transportation scheduling, and distribution are all more efficient with
products having shelf l ives of at least l2 months.

Applications of pest control products are usually performed by the users
themselves with only the packaged instructions as a guide. In such a setting,
special handling requirements are often ignored. In the design of nematode-
containing pest control products, there are few options to developing products
that can be treated much like commodity chemicals. Where this cannot be
achieved, safeguards must be provided to assure that the quality of application
equals the quality of production.

Consideration of these three issues, scalability of production, product stabil-
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ity in distribution, and ease and quality of application, provides the environ-
ment in which nematode-based products must be developed to succeed in the
commercial setting. These issues are largely to partially technical and each is
dependent on the others in the development process.

III. METHODS OF NEMATODE PRODUCTION
A. Economies of Scale

Economies of scale are cost decreases which result from increasing scale of
operation and derive from three sources: capital. labor, and materials. Capital
economy can be obtained when the production yield of the plant increases at
a higher rate than the capital cost of equipment and materials. Processes
performed in tanks, for example, provide yields that increase as the cube of
tank diameter while capital costs for tanks increase roughly as the square. In
this case, cost reductions from capital expenditures are obtained in direct
proportion to the extent of increased scale. Labor economy can be obtained
from two sources: increases in equipment scale or increases in automation. An
increase in tank scale provides decreased costs when the labor requirement is
determined more by the number of tanks than by their size. Automation, while
decreasing labor, always has a cost. and the economy of automation can only
be determined by comparing the decreased labor costs with any increased
capital cost. Raw material economy can be obtained when the materials used
are those which can be produced in large-scale commercial processes. Special-
ized materials may not produce any economy of scale. and. in the extreme case,
the use of specialized materials can negate capital economies.

An additional economy of scale can be obtained as an economy of quality,
where the consistency of product quality is increased with scale. Although
diff icult to predict on a theoretical basis, an economv of quality significantly
affects the proportion of total useable product. a proportion that varies with
different biological processes. The altemative modes of nematode production
can be compared within this framework. and the processes which provide the
best economies of scale can be identified.

B. In Vivo vs. In Vitro
As early as 1931, Glaser recognized the value of developing culture meth-

ods for entomopathogenic nematodes,r and he was able to produce the entire
life cycle of Steinernema glaseri on artificial media (the first such success with
a parasitic nematode of any kind). In the following l0 years, Glaser made
several important discoveries. First, he found that microbes contaminating the
cultures caused a high degree of variabil ity in yields.2 He developed the
practice of allowing either yeast or "the natural f-lora from the nematodes" (now
known to be the symbiont, Xenorhabdus) to cover the surface of his agar-based
media prior to inoculation with nematodes as a means for suppressing contami-
nant growth.3 Using a dextrose-veal infusion medium, his cultures were pro-
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ductive for only 7- 10 subcultures. Glaser3 hypothesi zed that an essential nutri-
ent was lost during this time, and he found that only bovine ovarian substance
as an additive could restore the vigor of the cultures. While l iving yeast could
provide some of the essential nutrient. the "natural flora" could not. Neverthe-
less, Glaser et al.a established the first large-scale production process for
nematodes using a variety of media preseeded with living yeast and supple-
mented with antimicrobials for additional protection against contaminants. The
costs for the process, however, were high, and the yields inconsistent. The
problems of identifying an easily produced essential nutrient and of controlling
contamination remained. Glaser never identified the essential nutrient, but the
problem of contaminating organisms was solved by producing nematodes in an
insect host (in vivo) and developing axenic culture.

Entomopathogenic nematodes can be produced by in t,it,o processes, in
which insects serve as small biological reactors. as long as a source of insects
is available. Most investigators today use the wax moth larva, Galleria mel-
lonella, for this purpose. The inoculum and the product of the in t,ivo produc-
tion process is the third-stage infective juvenile. which in nature survives
outside the insect host and actively seeks neu' hosts. Poinar and Himsworth5
describe the process by which an infective juvenile of Steinernema (:arpocap-
sae infects a Gallerialarva by penetrating the midgut wall of the larva and
invading its hemocoel. The infective juvenile carries in its digestive tract cells
of the symbiotic bacterium, Xenorhabclus nentutoltltilus, and within I hr of
entering the hemocoel, the nematode begins pharvngeal pumping and releases
the bacteria. These bacteria multiply and, within an additional 7 hr, the rissues
of the insect larva begin to disintegrate. Death of the host is closely associated
with these events. Bovien6 observed first that nematode development awaits
the death of the host; in retrospect, an indication that the reproduction of the
bacterial symbiont is a necessary precursor to nematode growth.

StollT reminds us that the parasitic infection of insects by Steinernema rs
unusual in that the nematode can complete an entire reproductive cycle within
a single host, as well as completing development to a third-stage infective
juvenile. Growth and development of the nematode are continuous, but punc-
tuated by juvenile molts. Within 3 days of invasion, and providing that the
sexes are both represented, eggs are produced. The size of the females and the
number of eggs produced by each female vary depending on nematode density
with higher reproductive rates at lower female densities.s Juvenile develop-
ment proceeds along one of two possible paths. One path leads, as with most
other parasitic nematodes, to the infective stage. The other path allows direct
development of second- to third- to fourth-stage nematodes and the formation
of second generation adults. Control of this developmental bifurcation has been
studied by Popiel et al.,e who found that infective juvenile formation was
promoted by increased population levels and decreased nutrient.

The developmental events of steinernematid infection of an insect combine
to allow an efficient conversion of insect t issue to infective juvenile mass. First,
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the symbiont is released and proceeds to l iquify the insect t issues, making a
high proportion of the tissues available to the nematode. Second, the reproduc-
trve rate of the nematode is adjusted in response to nematode density, appar-
ently to maximize reproduction up to the capacity of the host t issue. Third, a
second round of reproduction is allowed to further maximize reproduction. The
eventual outcome of these processes act, in a production setting. to provide a
consistently high yield of infective juveniles. The lif-e cycle of the heterorhab-
ditidsr0'rr is similar in many respects and characterized by the same efficiency
of production.

Methods of rearing the insect host, of nematode infection and incubation,
and of harvesting infective juveniles have been described.r2'r3 The harvest
usually depends on the tendency of infective juveniles to migrate away from
the insect cadaver and into a water trap.rr Where the water source and the
cadavers are well separated, the nematodes leave behind debris and contami-
nants to produce a relatively clean suspension.

The cost of producing nematodes by insect infection is high. Estimates of
cost exceed one dollar U.S. per mill ion infective juveniles. Moreover, the
process lacks any economy of scale. The equipment used is simple - trays and
shelves - and is dependent for capacity on surface area. Therefore, a doubling
of capacity requires a doubling of area and a doubling of the capital cost.
Without automation, labor also increases as a linear function of capacity since
the process is highly labor intensive. In addition. one of the required materials,
of course, is insect larvae, the cost for which similarly wil l not demonstrate
economies of scale. Perhaps more important than these considerations is the
lack of an economy of quality in increasing scale. To the contrary. just as
disease outbreaks are characteristic of high intensitl, '  animal husbandry
practices, invivo production of nematodes is increasinclv sensitive to biologi-
cal variations and catastrophes as scale increases. The process wil l be strongly
sensitive to the health, physiological state. and pathogen load of the insect host
used in the process, and these factors wil l be ditf icult to control without
stringent practices.

The above considerations suggest several f-eatures that a desirable produc-
tion process should have. One is freedom from reliance on a living host. The
benefits from use of an artificial medium come primarily from an economy of
quality. As scale of production increases, uniformity of raw materials must be
both attainable and ascertainable.

C. Axenic vs. Monoxenic Culture
The second means developed for avoiding the growth of contaminating

organisms on artificial media was to grow the nematode axenically. Glaser was
the first to develop an axenic culture process for S. glaseri2 and later S.
carpocapsae (-chresima).ts The axenic inoculum was obtained by a strenuous
process of cleaning and disinfection applied to infective juveniles. This inocu-
lum was introduced into a simple agar medium containing I g of sterile rabbit
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kidney on 10 ml of l7o agar. Glaser was able to obtain over 14 transfers or 50

generations of S. glaseri with this medium. Moreover, he demonstrated that the

nematodes could live equally well in liquid media containing kidney extract.

For the first time, the need to increase surface area to achieve increased

capacity was weakened, because the feeding, development, mating, and repro-

duction of the nematode did not require a solid substrate. Successful exploita-

tion of this discovery awaited a better defined medium and a better definition

of the conditions required for optimal reproduction.

StollT continued Glaser's work in liquid medium and found that raw liver

extract (RLE), never heated in its preparation. added to veal infusions, gave

consistently good yields of axenic S. glaseri when grown in test tubes shaken

100 times per minute. Stoll found that this rate of shaking was important, since

rates less than 100 per minute gave lower yields.16 while higher rates were also

deleterious.T The contribution of RLE, apparently a replacement for Glaser's

ovarian substance, remained unexplained. though its activity seemed associ-

ated with its degree of precipitation and was variable.16 Clearly, the objective

of finding an artificial medium free of the variability and the uncertainty

characteristic of living materials had not yet been achieved.

During the next decade, the requirement for an unidentified essential nutri-

ent in nematode axenic liquid culture remained, and similarly, the culture

medium of the free-living nematode , Caenorhabditis hriggsae,tT while highly

defined and complex, was also found to require "a single crude preparation in

small amounts". Continuing efforts to define the requirements of S. glaseri

were successful at achieving reproduction in a completely defined medium,rs're

but did not achieve high reproductive levels. A bovine plasma fraction was

found to partially replace RLE for high yield cultures. and the requirement for

aeration was restated. Meanwhile, axenic culture techniques were extended to

S. carpocapsae (DD- I 36).20
The benefit of good aeration of liquid axenic cultures and its hazards were

clearly shown by Hansen and Cryan2r when they achieved up to 5-fold increase

in yield by growing nematodes in a thin liquid film. In attempting to culture

large numbers of nematodes, the authors found that shaking, rolling, and

gassing tubes of liquid medium failed to produce high yields. Instead, the

authors filled a separatory funnel with glass wool and allowed a relatively

small volume of liquid to adsorb on the surface. The configuration of their

culture vessel provided a combination of high gas exchange, no liquid agitation

or shear, and a reticulated surface which allowed an increase in the dimension-

ality of the culture without sacrificing the possible benefits of nematode-

surface contact. The concept of a reticulated matrix was to prove valuable in

later attempts to culture the nematodes, but another means for providing

aeration was to prove equally effective.
In 1971, Buecher and Hansen22 reported that the simple bubbling of liquid

medium in bottles provided yields equal to those in the glass wool, and, for the

first time, presented a means for producing large quantities of axenic nema-
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rodes, including S. c'arpoc:apsae, in an artificial medium. The discovery that
bubbling was an acceptable means for providing aeration to liquid nematode
cultures put the process on solid, well-travelled ground.

Bubbled cultures are easy to scale-up,2r and the technique of Buecher and
Hansen can be used as the basis of a plant design to predict the economy of
scale obtained by axenic liquid culture of entomopathogenic nematodes (Fig-

ure I ). Unlike the in vivo process, the axenic liquid process shows appreciable
capital and labor economies of scale. Economies of quality are also expected
because the nematodes would be produced in a homogeneous and reproducible
environment. The overall manufacturing cost, however, does not show an
economy of scale after l0 x l0r2 nematodes per month, because it is largely
determined by the cost of the medium. As previously discussed, specialized
raw materials can eliminate economies of scale that would otherwise charac-
terize a process.

The medium used in the axenic liquid process received much more attention
in subsequent years. Consistently, researchers focused on identifying the es-
sential nutrient, or "growth factor", required by nematodes in culture. The
studies of Buecher et al.2a'2'5 on C. briggsae centered on the role of protein and
heme precipitates that enhanced growth. Rothstein,r6 building on earlier work
by Hieb and co-workers,27'28 reported a beneficial effect of hemoglobin and
cholesterol in a yeast and peptone-based medium. a medium that. significantly.
could be autoclaved. Vanfleterenze working from the results of Rothsteinr6,
developed an inexpensive medium for Cue,rtrtrhubtiitis ele,qurt.s and. for the first
t ime, reported results of high yields of nematodes from l0 | fermenters.
Aeration was by bubbling, and suspension was assisted by' slow' stirring. Pace
et a1.30 has reported that a similar medium and agitation svsteni supports the
growth of S. carpocapsae. With the Rothstein-Vant' leteren medium. we can
expect a production process which shows improvements over Buecher and
Hansen (Figure 2). The process gives an estimated cost of production less than
one-third that of the Buecher process. At plant capacities greater than 20 x l0'2
nematodes per month, however, further improvements develop slowly. Exami-
nation of the model shows that additional improvements can be anticipated
from less expensive media and improved yields per generation.

The theme of precipitated factors, originating in the studies of Stoll,7 16 was
recapitulated by Vanfleteren,sr who proposed the necessity of heme-containing
particles for efficient reproduction. He also wrote that some studies had re-
ported benefits from living bacterial cells.

D. Monoxenic Culture-Solid vs. Liquid Phase
The finding that particulates benefited the culture of entomopathogenic

nematodes followed by several years the practice of growing these nematodes
together with their bacterial associate. By 1964, Dutky et al.12 were referring
to the "nematode-bacterium complex" which they maintained on peptone-glu-
cose agar and pork kidney. In 1965, House et a1.32 reported a culture system that
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Figure l. Sensitivity of nematode production costs to plant capacity based on the axenic l iquid

process described by Buecher and Hansen.2r The mathenratical rnodel used to generate this figure

estimates equipment size, uti l ity loads, personnel loads ancl costs. materials costs, and capital costs

which include engineering and construction. The cost elements. capital (l). material (A), labor

(l), and the total (#) are in arbitrary units. The assurnption was made that the process would be

as efficient in 100,000 I bubble columns as it was in the snall scale.
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Figure 2. Sensitivity of nematode production costs to plant capacity based on the axenic l iquid

process described by Vanfleteren.2e The same assumption of scalability was made here as de-

scribed in the Figure I legend and the same model was used. The cost elements, capital (l),

material (A), labor (l), and the total (#) are in arbitrary units.
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probably necessary for the success of the culture" is now realized to be an

understatement. By 1967, Dutky et a1.33 had found that a medium of peptone-
glucose, with the bacterial associate, and with cholesterol, could support the

reproductioin of DD-136, a strain of S. carpo(apsae. These reports demon-
rrrored that the symbiotic bacterium, Xenorhabclus. provided significant nutri-

t ional benefits in a production sstem and allowed the use of inexpensive

ntedium materials. Additional benefits were described by Hansen et al.ra who

:howed that incorporation of Xenorhabdusinto a defind liquied medium mark-

edly stimulated exsheathment of infective juveniles. From the l iterature alone.

it is difficult to appreciate how the concept of monoxenic culture developed.

I t  is  c lear,  however,  that  Glaser,r  I  Dutky et  a l . r r  and f inal ly Poinar and

Thomas20 (who describe the monoxenic infection of Galleria) benefited from

working directly wit h the insect infection. observing first hand how these two

organisms cooperate.
The solid phase culture systems of House et al. 'r and the l iquied phase

monoxenic system suggested by Hansen et al.rt are ameable to scale-up. Both

are more complex than axenic systems in that they involve two organisms. Of

critical note, however' are the observations that ( I ) bacteria other than Xen-

orhabdus serve less well in monoxenic culture.r" (2) the phase one variant of

the symbiont is preferred by the nematode.'5 and (3) nematode species have

evolved close and specific interactions with their symbionts and grow best with

the symbionts with which they have evoh'ed.ro Important to monoxcnic culture

are the facts that (1) the bacteria produce abundant amounts of protease.rt (2)

the nematodes, as well as feeding on bacteria. absorb nutrients avidll '  and

directly from the medium,38 and (3) the bacteria respire'" rn.l theretore require

oxygen.
The production of protease by the svmbiont erplains in larsc measure the

abil ity of almost any high protein medium to support monorenic culture.a0The
abil ity of the nematode to absorb nutrients directlv suggests that various

additives may significantly benefit production efficiency. The need of the

bacteria for oxygen increases the overall requirement for oxygen in a monox-

enic culture. The scale-up of monoxenic cultures becomes a problem largely of

scaling up the delivery of oxygen, and this problem can meet with different
solutions in solid or l iquid phase culture.

Hara et al.ar described a scaled-up version of the House et aI.32 method in

which Petri dishes containing dog food medium are inoculated, incubated for

20-30 days, and then harvested over a 3-week period by nematode migration

into sterile water. As oxygenation is accomplished by diffusion through the

atmosphere to an agar surface, the yields of the process related to the total
surface area of agar used. By this process. a single technician can produce 100
million nematodes per week. This was confirmed by Poinar3e who reported on

the practice of a commerical operation. The costs of large-scale production

based on a dog food-agar process can be compared with an in vivo production
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process. The material costs are considerably less, and an economy of quality
would be obtained due to the consistency and availability of the medium and
to the abil ity to l imit contamination. The limitations on achieving economies
of scale in both capital and labor, however, like the in t,it,o process, limit the
commercial potential of this method.

Beddinga2'43 addressed both of these limitations by increasing the dimen-
sionality of the process. Using a variety of reticulated matrices and, f inally,
shredded plastic foam, Bedding increased the yields of the solid phase monox-
enic process from I million per Petri dish to 40 million per flask. Moreover,
he introduced a semi-automated harvesting process capable of handling large
quantities of foam.a3 A wide variety of materials were used as media, with
preference to chicken offal. Using a pig kidney-beef fat medium, production of
S. carpocapsoe, S. feltiae (=bibionis), and S. ,qluseriand four heterorhabditid
species was obtained. Woutsaa subsequently developed a medium containing
nutrient broth, yeast extract, soy flour, and corn oil for heterorhabditid produc-
tion using this solid phase method.

The Bedding process has been adopted by a number of commercial opera-
tions during the developmental stage and is being used for commercial produc-
tion. The economy of the process is highly dependent upon the consistency of
production, and the process is sensitive to contamination. If the process de-
scribed by Beddingot is modeled (Figure 3). economies of scale are obtained
up to a production level of approximately l0 x l0rr per month. Beyond that
point, labor costs remain constant and signrficant. suggesting that more ad-
vanced technologies are needed to support lar-ser scale production of ento-
mopathogenic nematodes in industrial countries ri ith high labor costs. There is
litt le doubt, however, that the Bedding process has application in the develop-
mental stage of the industry and in decentralized societies such as China.

Monoxenic, l iquid culture has only recently been described in the scientif ic
literature beyond the observations of Hansen et al.! Buecher and Popielas have
described the complete development of S. t'arpo('apsae in a nutrient broth
monoxenic culture. In addition, two international patent applications have been
published which describe some of the first attempts at monoxenic culture in
fermenters.30''+6 Experience in solid phase, monoxenic culture indicates that a
wide variety of media could support high yields. Pace et a1.30 report that ox
kidney homogenate-yeast extract or various homogenized offals can serve as
media in l iquid monoxenic processes. In kidney-yeast medium they report
yields as high as 90,000 nematodes per mill i l i ter in fermenters in approxi-
mately 3 weeks and yields of 190,000 per mill i l i ter in shake flasks. The
conditions necessary to achieve high proportions of infective juveniles, how-
ever, are not described. In one example, the authors describe transferring the
nematodes to water at 15"C and incubating until 60-907o infective juveniles are
obtained. The final count of infective juveniles is not reported. Friedman et al.a6
report yields up to I 10,000 infective juveniles per milliliter in only 8 days using
a medium containing soy flour, yeast extract, corn oil, and egg yolk. No special
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Figure 3. Sensitivity of nematode production co\r\ to plant capacity based on the solid phase
process described by Bedding.{r The assumption u a: nrade that the process could be perfbrmed in
stainless steel trays of approximately 0.-5 mr which u oulcl each produce l0'r nematodes. Equrpment
used was scaled to the most efficient size fbr a given capacity. The moclel included all of same
factors as those used to generate Figures I  and l .  The cosr e lements.  capi ta l  (O).  ntarcr ia l  (A).
labor (I), and the total (f) are in arbitrarl ' unirs.

conditions are described as necessary to achieve a high proportion of infective
juveniles.

Both Pace et al.ro and Friedman et al. 'n founcl that aeration was the most
diff icult requirement to meet and that shear sensitivitv w'as the most significant
l imitation to production efficiency. The approaches taken to resolve these
problems differ. Pace et a1.30 l imit agitation from stirrin-e to the minimum
needed to maintain the nematodes in suspension. Aeration is provided by
bubbling. In the case where they use a dow'nward pointing sparger, they are
able to forego stirring completely. Friedrnan et al..a6 on the other hand, use
stirring to increase the rate of gas transfer. having discovered that juvenile
nematodes are much less shear sensitive than adults. Friedman et al.a6 also
report that air lift fermenters can be used to produce nematodes, in contrast to
the experience of Pace et al.3o

In the scale-up model, l iquid monoxenic culture provides the best econo-
mies of scale among all of the production methods available (Figure 4).
Beginning at a capacity of I x l0'2 nematodes per month, production costs are
less than other methods, and these costs decrease more rapidly up to a capacity
of 50 x l0r2 nematodes per month. over this size, multiple plants may be
preferred.
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Figure 4. Sensitivity of nematode production costs to plant capacity based on the liquid monoxenlc
process described by Friedman et al.oo The model used u as identical to that used to generate Figure
I except for the materials, yields, and cycle time. The cost elements. caprtal (O), material (A),

labor (I), and the total (*) are in arbitrary units.

E. Engineering of Liquid, Monoxenic Culture
In the small scale, the requirements and constraints of a process can be

determined under a variety of conditions. Achievin-e the optimal combination
of requirements during scale-up, without exceeding the constraints, is an
engineering problem. Choices between alternative means to solving this prob-
lem are made based on economic considerations. iust as was the determination
of the process itself.

A description of the engineering correlates and design considerations useful
in scaling-up nematode production is beyond the scope of this chapter. Instead,
it may be valuable to note some of the qualitative factors important to success.
In small volume static cultures and shaking tubes or f lasks, sufficient oxygen
transfer can be obtained so that nematode development is limited by other
factors, such as the nutrient content of the medium. At the large scale, however,
oxygen transfer can become limiting.

In the macroscale, oxygen transfer in liquid reactors is accomplished by the
mixing of oxygenated l iquid and bubbles into regions of low oxygen. In the
microscale, diffusion of oxygen through unstirred layers mediates oxygen
transfer. Since oxygen is only sparingly soluble in aqueous liquid, it diffuses
slowly. Therefore, oxygen transfer can be limited by the thickness of any
unstirred layer of liquid surrounding an organism. The thickness of these layers
will in turn depend on disruptive fluid forces impinging on the unstirred
volume and on the viscosity and viscoelastic properties of the liquid. Fluid
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recovery periods of variable duration. Only now are attempts being made to
address each of these problems. The simplest approach is to adapt that of
Buecher and Hansen22 and use bubbling. which nematodes tolerate to some
extent. As an alternative, Friedman et al.a6 attempted to measure the shear
sensitivity of nematodes suspended in the 2 mm gap between a bob and a

concentric cup. They found that shear sensitivity varied throughout the nema-
tode life cycle, with adults disrupted at 1800 rpm and first through third-stage
juveniles disrupted between 2800 and 3000 rpm. Based on these results, the
authors developed a variable agitation regime in stirred fermenters that pro-
vided optimal reproduction (Figure 6).
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o  1  I  1 2  1 6

Days

Figure 6. Effects of controlled agitation rates on culturc: ctl S. curpocapsae.a6 Cultures of

X. nematophilus and S. c'arpoc'apsee in 16 liters ot'medium were grown in 20 liter

fermenters. Stining rates were either 50 rpm (#). l2-5 rpm (O). -500 rpm (a), or variable

rpm (I). In the case of variable rpm, the fermenter uas stined at 2-50 rpm until juvenile

reproduction began. The rpm was then increased in response to the increasing oxygen

demand of the culture.

During the past 3 years, Biosys has scaled-up the l iquid monoxenic culture
of entomopathogenic nematodes to the 15,000 I level and heterorhabditid
nematodes to the 7500 I level. The Biosys effort has been characterizedby a
close collaboration between biologists and engineers. Developmental biology,
nutrition, reactor design, and microbiology have all contributed to the overall
success of the process.

IV. STORAGE OF NEMATODES
The ability to store nematodes in product form is critical to commercial

success, but little basic work has been done on the factors that limit survival.
Dutky et aI.12 described storing S. carpocapsae rn insulated jugs held at 7.1'C.
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\ -1.8-l jug was fi l led with one liter of water containing 50 mill ion nematodes.

If u e assume that the diameter of the jug equalled its height, the nematode layer

must have been about I mm thick. With oxygenation of the jug's atmosphere
gr er)' few weeks, the nematodes were reported to survive up to 5 years. This

carlv work established that, at refrigerated temperatures, thin layers of nema-

rodes up to I mm thick can be stored for long periods if the layer is in an

orvgenated environment. Such thin layers have been achieved by applying a

rhick paste of nematodes to thin sheets of plastic toamaT and storing these foam

pieces in the cold. In addition, Poinar3e mentions that materials such as charcoal

or wood chips can be used as a supporting matrix for shipment as long as the

matrix is kept moist and aerated. Products containin g S. carpo(apsae which are

designed in this manner typically provide up to 6 months of refrigerated shelf

life and up to 1 month of shelf life at temperatures up to 25'C with losses of

less than 157o. A notable example is the Biosys consumer product, Biosafe,

which contains l0 mill ion nematodes trapped in a thin gel supported by a mesh

screen.
The above methods emphasize thin lal,ers of nematodes in moist, aerated

environments. In contrast, Burman and Pver* report that they were able to

maintain 1007o survival of S. carpo('ep.\ue at 20 C for a period exceeding 43

days by sparging with nitrogen down to an oxvgen tension of 0.75 mmHg. This

level of oxygen is below that normally requrred by aerobic organisms for

survival, and suggests that nematodes have sorle abil ity to survtve extended

periods in microaerobic conditions. This nrethod has not been adopted by

industry.
The storage of entomopathogenic nematodes in an anhrdrobiotic or desic-

cated form has been attempted by man) inre:tisator:. Popiel et al.*" describe

a method for the induction of a desiccated state requiring carefully controlled

conditions of evaporation. A similar induction period is described by Bedding50

with the nematodes mixed in ground clays. The latter method has been used by

Bioenterprises in a commercial product.
Other patents have been applied for that claim various means of storing

nematodes for extended periods, but. with the above exceptions. none have

been used commercially. Further advances in storage technology wil l be re-
quired before the full commercial potential of entomopathogenic nematodes is

achieved.

V. CONCLUSIONS
A principal characteristic desired in a commercial process is economy of

scale. Therefore, methods of producing entomopathogenic nematodes have

been reviewed and analyzed from the perspective of scale-related costs. It is

well known that production methods have steadily improved in reliability and

efficiency over the last 60 years. It is less well known that currently used
processes differ substantially in their response to scaling. In models described

here, liquid monoxenic culture proves to be the most robust of the current
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production methods for development to large scale. Successful implementation
of large-scale l iquid monoxenic culture wil l depend on achieving consistent
product, and benefits will be obtained from creating stable inoculum and
material sources, developing fault tolerant processes, and constructing low-
fault equipment.

Technologies for formulation and packaging have not been developed
which are as easy to scale-up as nematode production technology. While
current technologies appear sufficient to support preliminary commercial in-
troductions, progress in these areas is necessary before entomopathogenic
nematodes can be used to their full potential for the control of insect pests.
Nevertheless, we can anticipate that such progress will be forthcoming. The
level of sales which can be supported by existing technology can support
existing and higher levels of investment. Investment in the further development
of storage technology is easily justified by the manyfold increase in sales that
are expected to follow increases in storage stability.
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Formulation and Application Technology

Ramon Georgis

I. INTRODUCTION
Proper application is one of the keys to success for any biological pesticide

treatment. Simply stated, the application process delivers the infective stage of
steinernematid or heterorhabditid nematodes to the target insect. This process
usually involves using a carrier in a l iquid. capsule, or bait to transport the
nematodes to the intended surface or target.r

Many factors affect our ability to place quantities of nematodes on or in
close proximity to the target host to produce optimal results at the lowest
possible cost. Application method and timing are crucial to success; however,
unless proper consideration is given to a reliable and stable formulation,
successful application of entomopathogenic nematodes is not very probable.
Certainly, as with chemical pesticides. selection and use of equipment are of
utmost importance and deserve major emphasis when considering nematode
application.

II. FORMULATION
Formulation science is a broad field because it deals with formulation

development, production, and storage as well as the interaction of the ingredi-
ents with plants, insects, other invertebrates. mamrnals. soil. air. and water.r
Pesticide formulations include aqueous solutions or suspensions, emulsif iable
concentrates, wettable powders, and granular and controlled release sub-
stances. Some formulation ingredients include biologically active agents,
clays, solvent diluents, surfactants, and polymers.r In general, formulation is
required to stabilize a product and to improve its efficacy in the field.

The formulation and storage of entomopathogenic nematodes present
unique problems not encountered with a chemical pesticide. Prior to formula-
tion, nematodes are commonly stored under refrigeration in aerated aqueous
suspension or on sponges (Table I ). However. the temperature conditions for
nematode storage tend to be species specific. Thus, the maintenance of nema-
tode virulence for steinernematids is generally between 5 and l0oC, and for
heterorhabditids is between l0 and 15"C. Additionally, the oxygen and mois-
ture parameters required by each species must be assessed. Once the require-
ments for the nematodes are defined, selection of the formulation type, ingre-
dients, packaging size, and storage conditions during each step of product
development and distribution can be undertaken (Table l).

Components used to formulate some commercially available nematode
products, even though termed "inert", may possess properties that enhance
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TABLE 1. Storage and Shipping Requirements for

Current Formulationsu of Steinernematid and
Heterorhabditid Nematodes

Steps in
Product

Development
and

Distribution

Storage parameters

I  t  t l ( l l l U  O f  I l t t t  )  ,  ,  t .  , . j

nenratodes pc'r Srr 
' r . .- .

\  l )(  )d( ) l) t( t ' ( /  ( , . \  i  l . , i r . ; .  I  l . :
t hc  ge l  bead : .  I  i , i .  : : .
\ \ . i \  p resen t  tO  p11 ' '  . . - . .

. \ .  (  Ut 'p( ) ( ' ( /1) t t / t  t11. r :  : . i - :
eontainerr, at -1 C' \ \  :  r .
n t ( ) l s t u re ,  mos t  ncn t . : :  ,

bacteria uL-rc lr l ' run. ' : . , :  I
e  apsule  matr i r  i . i , .  r  i . . i r
that  capsules cou l . j  : ' . .
\ \  O rmS Or  g r i . i 5 \ h ( \ f : - :

t , l4elanophl.r spp | .1: ' . '
success. ' t  6

Another  pot r -n t  l . r t  . . ,
f o r  p rophy lac t i c  r t r n l i

TABLE 2. Fonnu
Steinernematirl .rr

Formulat ion

Activatcd charr '(  \ .1 .
A lg inate c&psulcr

Alginate shee r

Baits
Clay
Evaporetardant.
Ultravioler
protectants

Gel-forminc
polyacrylarrr i . . l . ,r

Absorbent pad
Peat
Polyether-polr urr l : . , .  ."

sponge
Vermicul i tc

Method Condit ion Periodo

Postharvest

Formulation
Shipping

Distributor
and user

Aqueous suspension'
or on sponge

Formulated product

Formulated product

Formulated product

Refrigerated

Refrigerated
Refrigerated
Nonrefrigerated
Refrigerated
Room temperature

6-12 months

6- l2 months
l -12  days
1-7 days
I -6 months
l-3 months

" Immobil ized or part ial ly desiccated nematodes (e.g.. alginate, clay, and

polyacrylamide gel).
b Depends on nematode species, concentratic'rn. formulation. and package design.
' Aerated.

handling, application, persistence, and storage. Among these are alginate,

clays, activated charcoals, and polyacrylamide gels. These carriers, which

immobilize the nematodes or partially desiccate them. reduce their metabolism

and improve their tolerance to temperature extremes. Nematodes are also

commercially available on a moist substrate such as sponge, vermiculite, and

peat, although extended storage at room temperature is generally poor because

nematode viability declines rapidly. Nematode metabolism is temperature

driven, and a warn (20-30'C) environment increases metabolic activity, thus

reducing nematode pathogenicity and viability. Anhydrobiotic nematodes,

which have an arrested metabolism, have the potential of an extended shelf life,

and future development of this area warrants investigation.

A. Alginate
Alginate is a water-soluble polysaccharide with excellent gel-forming prop-

erties. Entomopathogenic nematodes can easily be entrapped in a calcium

alginate matrix by a fast, gentle, aqueous, room temperature process. The

gelatinous matrix produced by this process is biodegradable in the environ-

ment.
In order to perform their function as biological control agents, encapsulated

nematodes must escape or be liberated from the capsule after application in

order to seek out hosts (Tables 2 and 3). When infective juveniles of Stein-
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ernema or Heterorhahditis were encapsulated at a concentration of about 300
nematodes per gel bead (capsute) and fed to larvae of the beet armyworrn,
Spodoptera exigua, the nematodes were released when the insect larvae f'ed on
the gel beads'3 The mortality rate was excellent provided adequate moisture
was present to prevent death of the nematodes by desiccation. This formulated
S' c'arpocapsae maintained its infectivity when stored for g months in closed
containers at4"C-when capsules were placed in several habitats with adequate
moisture, most nematodes migrated out of the capsules within I week.a When
bacteria were abundant in the surrounding environment, decomposition of the
capsule matrix accelerated nematode dispersal. Kaya and Nelien3 suggested
that capsules could be incorporated into baits to attract insects such as cut-
worms or grasshoppers. This concept was tested against grasshoppers
(Melanoplas spp.) and the black cutworrn (Agrotis ipsiton) with moderate
success.s'6

Another potential use of the capsules is to incorporate nematodes with seeds
for prophylactic control of insects such as the cabbage root maggot (Detia

TABLE 2. Formulations and Form of Application of
Steinernematid and Heterorhabditid Nematodes

t l r '

t t .  h

I \ Il-l

t  I  : ( l

.rncl

Ll \L'

'Llf e

h u .
l e  . .
r l  C .

r  l O -
I

.r tll

l-hc
, r l l -

t e d

l n

:  r 1 -

Formulation

Activated charcoal
Alginate capsules

Alginate sheet

Baits
Clay
Evaporetardants
Ultraviolet
protectants

Gel-forming
polyacrylamides

Absorbent pad
Peat
Polyether-polyurethane
sponge

Vermiculite

Form of Application

Aqueous sprav oi 'nematode and charcoal I  I
Spreading capsulcs or capsules in 5.7

aqueous suspension
Aqueous sprav al ier dissolutron of thc t i
alginate

Spreading baits 5,6,27
Aqueous spra1, of nematodes and cla1, l0
Aqueous sprar, rc_n
Aqueous spray l  g

Aqueous spray of extracted nematodes g

Ref.

68
83
t 4

Baited traps
Aqueous spray of nematodes and peat
Aqueous spray of extracted nematodes

Aqueous spray of extracted nematodes g4
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TABLE 3. Application Methodology and Target Insects of
Steinernematid and Heterorhabditid Nematodes

5.6

Form of
Application Carrier

. , r l l ( ) n . '  l - h c  I t e  I I . r l r  r . l i
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. l cu r ce  t t l ' eong r11  t , ,  . \

e  nce  o f  a  con tpu l rh l r  . : :
h r  t i e c r e a s r n g  r  i a h r l r : ,
. h i f t s .  abso rb ing  \ L r l l l

ea l l r  she l t e r i nc  ( ) rS . r r . . :

Recen t l r ' .  Bed t l r n i

h i lmogenous nr i r turc  ,

\ematocles \\  r-rc p l . t-  r '
absorpt ion o t '  u  a tcr  1 : ,  '

t hen t  t o  w i t hs t i t n t i  r , r ' : '
commerc ia l  pror lur t  L : l
An aqueous ntn t l . l l t r . ic
sp raye rs ,  A l t houqh , , ' l : i

c lay  par t ic les .

C. Act ivated Ch;r
Nematodes har  i .  . r r . ,

as  act ivated ch; . i r r , , . r .
agen t . l l  S to rage  t r r l . i l
oxygen as i t  is  L l \c r l  h .

f o rmu la t i on  i r  p , ) r r 1 ; . ;

oxygen (aeratron r r r i  i l
sea lab le  conta incr  h . r .  I
la t ion.  A l thougl i  . rn  . :q
app l i ed  w i t h  co r t r  c : ' . : . , ,
probably due to thi,  . :r . .
and apply.

D. Gel-Fomrins t
Gel- formi t t ! .  g  1- , , . . .

used as condi l ione r ,  . * :
inh ib i ts  p lant  s rou rh
the i r  own  we rch t .  r n r f  : ,
delaying the on:c' t  i , l  l \ .

Target
Insects'

Application
Site Ref.

Capsules Alginateb

Capsules Alginate'

Liquid baits Sucrose

Pellet baits Brand

Spray Watef

Traps Padsd

Grasshoppers. black
cutworm

Western com rootworm

Red imported fire ant
German cockroach
Western yellow jacket

Lepidopterous larvae
Grasshoppers. black

cutworm
Black cutworm.

tawny mole cricket
Soil  insects

Foliar insects
Borer insects
House fly
German cockroach

Soil surface

In soil at
planting

Laboratory
Laboratory
Laboratory
Laboratory
Soil surface

Laboratory

Soil surf-ace,
injection

Leaves, trunks
Fruits, trunks
Laboratory
Laboratory

69

70
69
1 A
L A

) \  ) 5

5,6

27

1,14,28

1,14 ,28
1,14 ,28

68
69

b

d

e

Scientific names in text except for german cockroach, Blatella germanica, and
house fly Musca domeslica.
With or without bran.
With liquid bait.
With attractants.
With or without additives.

radicum), onion maggot (D. antiqua), or corn rootworrns (Diabroticd spp.).1
This approach was tested by placing a quantity of S. carpocapsae and a single
tomato seed into each alginate gel bead.7 Nematodes were released from the
beads during seed germination and were in position to protect seedlings from
insect attack. Successful bioassays with these gel bead formulations were
conducted in soil against larvae of the greater wax moth, Galleria mellonella.
Larvae were killed even when seeds were absent in the soil-applied capsules.
This indicated that some nematodes were able to escape on their own from the
capsules. However, the practical use of encapsulated nematodes as a slow-
release mechanism for prophylactic control of insects may be limited by the
rapid biodegradable nature of the capsules in the environment.

A new commercial product uses a sheet of calcium alginate as a substrate
to maintain nematode viability and to provide a convenient approach to appli-
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cation.s The nematodes are entrapped in a thin layer of the alginate spread on
a plastic mesh screen. Before application sodium citrate is used to dissolve the
cel matrix so that the nematodes can be applied as an aqueous suspension to
the target insect (Tables 2 and 3).

B. Clay
Clay compounds are common diluents in agrichemical formulations. Their

structural differences arise from anion-cation arrangement, composition, and
crystall ine structure. Montmoril lonite and attapulgite clays exhibit a grearer
degree of congruity with microbial organisms than kaolinite clays.e The pres-
ence of a compatible diluent with a biological insecticide wil l increase shelf l i fe
by decreasing viability during storage. Clay diluenrs function by buffering pH
shifts, absorbing suppressive metabolites (including antibiotics), and physi-
cally sheltering organisms against environmental stresses.

Recently, Bedding'0 reported a formulation fbr nematodes comprised of a
homogenous mixture of an aqueous cream of int'ective nematodes with clay.
Nematodes were placed in contact with an adsorbent clay resulting in gradual
absorption of water from the nematodes (i.e., partial desiccation) and enabling
them to withstand room temperatures better than unformulated nematodes. A
commercial product utilizing clay as a carrier is currently available (Table 2).
An aqueous nematode and clay suspension can be applied with conventional
sprayers, although some difficulty occurs if the nozzles become clogged by the
clay particles.

C. Activated Charcoal
Nematodes have also been formulated b1' mixing an adsorbent material such

as activated charcoal with a thick paste of nematodes and an antimicrobial
agent.rr  Storage condi t ions are in i t ia l ly  aerobic but wi l l  tend to have less
oxygen as it is used by the nematodes. Prolongecl storage of nematodes in this
formulation is possible because infective nematodes do not require much
oxygen (aeration) or high surface to volume ratios during cold storage. A
sealable container has been designed for storage and transport of this formu-
lation. Although an aqueous suspension of nematodes and charcoal can be
applied with conventional sprayers, this formulation is no longer available,
probably due to the development of better formulations that are easier to mix
and apply.

D. Gel-Forming Polyacrylamides
Gel-forming, cross-linked polyacrylamides, available commercially, are

used as conditioners where short-term moisture deficits or persistent drought
inhibits plant growth.r2 These commercial products absorb water many times
their own weight, improving the water retention properties of porous soils and
delaying the onset of permanent wilting by plants. Addition of such a polymer
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to an aqueous nematode suspension significantly enhanced the field persis-
tence of S. carpocapsae applied for control of the sugarcane root stalk borer
(Diaprepes abbrevialas) in citrus. I i

Steinernematids and heterorhabditidis are compatible with many gel-form-
ing polyacrylamides. Currently, one commercial product uti l izes a poly-
acrylamide gel as a carrier to ease mixing of suspensions and to maintain
nematode viabil ity.R Nematodes are placed on the gel and packed inside a mesh
bag from which they are easily extracted in water (Table 2).

E. Polyether-Polyurethane Sponge
For experimental usage and sales in small market segments, steinernematids

and heterorhabditids can be placed onto clean. polyether-polyurethane sponges
at rates of 500-1000 nematodes per cmr surface area. An aqueous suspension
is prepared by hand-squeezing the sponge in a small volume of water to extract
nematodes from the sponge. For large commercial applications using, for
example, a rate of 2.5 bil l ion nematodes per hectare, squeezing 50 sponges (50
mill ion nematodes per sponge) to extract the nematodes is t ime-consuming and
physically demanding, making sponge formulation impractical.

F. Vermiculite and Peat
Vermiculite and peat are used as moistencd carriers for transporting and

storing nematodes. The nematode-vermiculite or nematode-peat mixtures are
commonly applied as a mulch for insect control. The mixtures can only be
applied through a conventional sprayer if the sprayer nozzle is removed to
avoid clogging.

G. Evaporetardants and Ultraviolet Protectants
Environmental factors such as temperatures above 3OoC, relative humidities

below 907o, wind, and ultraviolet light were listed as reasons for the discour-
aging results of nematodes against foliar insects.ra Evaporetardantsrs r7 and ul-
traviolet protectantsr8 improved the survival of steinernematid nematodes but
not sufficiently to enable their use against foliage-feeding insects. Finding new,
effective protective additives along with genetic improvements may enable
nematodes to be used effectively in certain foliar environments as part of a pest
management system.re

H. Anhydrobiotic Nematodes
The term anhydrobiotic applies to organisms capable of surviving either

rapid or slow dehydration up to and beyond the point at which metabolism is
fully arrested.20 Significant progress has been made in inducing infective juve-
niles of S. carpocapsae into anhydrobiosis.2r Desiccated preparations could
form the basis for an improved product formulation because they would be
lightweight, stable, and easy to handle, store, and apply.

Desiccated nc lnu[ , , . .1r " r
factors as comparctl  , , , ,  l : : .  : .
t i ons  cou ld  be  u t i l i z c , . i  . : .  : : r
that  are present l \  r l r l r  r .  . .  :
todes.  Such appr t r i r .  i . r . .  . !

aga inst  a  wide spc! t ru : l
e x p e r i m e n t s ,  p a r t i u l l r , l r ,

s ide the insect 's  gut .  y r . ' ' " . . ' .
capabi l i ty  and technt r l l  i s , ,  i
at industr ial scale: h.t , , . . .  ' .

agr ichemica l  indu: r r \  r l . : r - .

todes.

I .  Bait
Bait formulation' !  u:. . .  :

gr i ts, wheat bran. iutt l  R*.:
ex t racts ,  g lucose.  l rn t l  : t , , ,  .
the on ly  feas ib le  fonnr . . . : : .
pract ica l .  Ba i ts  o f tcn ( , t l r . :

o f  ava i lab le  insect ic l t lc ,
tory condit ions in tcrt,  .  , :

mole crickets (Scrr7rrr , ,  . l
glycerine to nematr)de . r , ,  :
cond i t i ons ,  t he  ha i t  l r r r r . . .
suspens ion when appJr t . l
signif icant pest reclut 'rr tr :- .  .

III. APPLICATIO\
As  w i t h  chemica l  l r r , l . .

max imize f ie ld  e t f r_ .e  l l r ; , . "
efforts are now beinu ..irr...
close the efficacy gap f-u.....

A. Method of Appt i t
Nematodes can bc l1.pI , :

small  pressurized sprur c:.
and helicopters (?rblc -l I
cat ion pressures of l(Xr l i .
type sprayers  (e .g . .  " |1"  : .
diameter. Howevcr. r()ntt-,  1,,
amount  o f  heat ,  anr l  , .h , ,1 .  .1
32oC,  t he  nema todc r  . , , , , . .
occurs  and is  usual l r  t rnr , ,  . ,
l i t t le  water  is  ava i lah lc  . r .  . ,
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Desiccated nematodes have enhanced tolerance for extremes of abiotic
factors as compared with nondesiccated nematodes.r2 Therefore, such prepara-
tions could be utilized in the form of baits, capsules, or sprays to control insects
that are presently difficult or impractical to control with nondesiccated nema-
todes. Such approaches were tested utilizing partially desiccated nematodes
against a wide spectrum of insect pests with encouraging results.2r 25 In these
experiments, partially desiccated nematodes mixed with baits rehydrated in-
side the insect's gut, penetrated into the body cavity. and infected the host. The
capability and technology necessary to desiccate and rehydrate steinernematids
at industrial scales have been developed.rr but their shelf life falls short of
agrichemical industry standards due to unexplained degradation of the nema-
todes.

I. Bait
Bait formulations generally consist of a mixture of a carrier (e.g., corncob

grits, wheat bran, and peanut hulls), a feeding stimulant (e.g., sucrose, malt
extracts, glucose, and molasses), and a toxicant. In some situations, baits are
the only feasible formulation because inigation and soil incorporation are not
practical. Baits often offer the most cost ef'tective and ecologically sound use
of available insecticides.26 This concept was recently validated under labora-
tory conditions in tests conducted on black cutworrns (A. ipsilon) and tawny
mole crickets (Sc:apterisc'us vicinus)r' bv adding hydroxyethyl cellulose and
glycerine to nematodes to minimize their migration from the bait. Under field
conditions, the bait formulation did not outperform the aqueous nematode
suspension when applied against black cutworrns. although it produced a
significant pest reduction compared r.r'ith controls."

III. APPLICATION TECHNOLOGY
As with chemical pesticides, optimal application strategies are needed to

maximize field effectiveness of entomopathogenic nematodes. Substantial
efforts are now being directed toward developing new technologies that may
close the efficacy gap between nematodes and chemicals.

A. Method of Application
Nematodes can be applied with common agrichemical equipment including

small pressurized sprayers, mist blowers. electrostatic sprayers, fan sprayers,
and helicopters (Table 4). Entomopathogenic nematodes can withstand appli-
cation pressures of 300 lb/in.2 and can be delivered with all common nozzle
type sprayers (e.g., "07" nozzles) with openings as small as 50 microns in
diameter. However, some types of pumping equipment produce a considerable
amount of heat, and should the temperature in the sprayer plumbing rise above
32"C, the nematodes could be adversely af'fected.28 Fortunately, this rarely
occurs and is usually only a problem when the spray tank is almost empty and
little water is available as a heat sink.
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Other methods of delivering nematodes to the target are injection, baits, and
alginate capsules (Table 3). Practical implementation of these techniques will
require further investigation. It is expected that these application strategies

TABLE 4. Examples of Equipment Systems Used to
Apply Steinernematid and Heterorhabditid Nematodes

System Target Insectsu Crop Ref.

Conventional hand
or ground sprayers

Helicopter and aircraft

Overhead inigation

Microjet irrigation

Center pivot irr igation
Drip inigation

Electrostatic sprayer

Mist sprayer
Photoelectric

intermittent sprayer
Soil injecting sprayer

Various

Navel orangeworrn
Black vine weevi l
Cranberry girdler
Black vine weevi l
Cranberry girdler
Sugarcane root

stalk borer
Corn rootworms
Striped cucumber
beetle

Mole crickets
Black vine weevi l
Navel orangeworrn
Artichoke plume moth
Navel orangeworrn
Artichoke plume moth

Redheaded pasture
cockchafer

Com rootworm
White grubs

*ood-bor ing inset t \ .  i t i :
\ \ ,r inge, cotton sual-,  1.. ,
nematodes to n_vlon p.r.  r .
placed around tree lnrnl-
gypsy moth lan 'ae r  ! . ' . , , . .
pae (CydiQ p0nt( )n( ! . , ;
may be more ef lce t r \  i .  : :  : l

B. Timing of .{pptr
Abiotic factors e.lr-, :.i

Early morning ancl prclr. : .
is  recommended t r r  ;s . , , , . , .
o ther  hand,  low so i l  tc r : .n
ten t  r esu l t s  o f  Hc tu - , , , i . . ; . ,
generation of whitr- gr..h,
tr ials). Tests (n=36 ) i .rS.r. : .
26"C produced fitor-r' . r,r.,.

As wi th  chemica l  r r r , r . .
cat ion method mo\t ( l i lc::

have potent ia l  agarn. r  i t . r
weev i l ,  Hy lob ius uht t : ; ,  .
persistence was requirc. i  : ,
of the target insect rt ; .r tc
f lea beetle, Phyl lotr-t ,r , t  ,  ,

adequate nematode pcFr I *l
p la in  these resu l ts .  Thcrr l
and insect  host ,  app l r , . . r : r
stages are present in rhc r.

C. Inigation and Sp
Pre- and postappl iu.r t t , ,

are essential for nent;.rtorlt
ing to Simons and pt ' rn.rr
however, if they \.\ crc .u.i
survived for some perir,.1 h
t ion.  Field appl icatron. r , t
inigation followecl hr ( ' t,
resulted in Japanese br'rrlr.
standard insect ic ide. ' '  In : -
was observed. Simi lar l r .  : i
turf receiving frequenl rrn !
tests) in nonirrigated lurr
nematodes are less et'te .r:,,

Spray volume dept'rrt i.

Various

Almond
Cranberries
Cranberries
Cranberries
Cranberries
Citrus

Com
Cucumber

Turf
Strawberry
Almond
Artichoke
Almond
Art ichoke

Pasture

Corn
Turf

t 4

7 l
56,72,73

56,72
56,72,73

56,73
75

76
77

l8
1 ^
t +

56
79
80
79

4 l

69
42

" Scientific names in text except for cranberry girdler Cltrt'soteuchia topiaria, striped
cucumber beetle Ac'alymma vittatum, and redheaded pasture cockchafer, Adorypho-
rus couloni.

requires fewer nematodes or a lower spray volume for effective control be-
cause they will provide better protection for nematodes from environmental
extremes. Nematodes may also be applied by drip and sprinkler irrigation
systems (Table 4). Reasons for the increased interest in applying nematodes
through irrigation systems include minimal labor requirements, automatic
provision of sufficient moisture for the nematodes, availability of permanently
installed equipment, and flexibility in the timing of applicarions. Against
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\\ ood-boring insects, nematodes have been delivered into galleries with a
svringe, cotton swab plug, oil can, and backpack sprayer.ra Application of
nematodes to nylon pack cloth bands lined with Pellon fleece or terry cloth and
placed around tree trunks is a control tactic documented for control of late stage
gypsy moth larvae (Lymantrio dispar),2eor overwintering codling moth prepu-
pae (Cydia pomonella).30 These studies provided some degree of control but
may be more effective if nematodes are integrated with other control measures.

B. Timing of Application
Abiotic factors can influence the optimal time of nematode application.

Early morning and preferably early evening or night application of nematodes
is recommended to avoid solar radiationrr and high temperatures.s2 On the
other hand, low soil temperature ( l0- I 6'C ) has been attributed to the inconsis-
tent results of Heterorhabditis bacteriophora HP88 applied against the spring
generation of white grubs (Scarabaeidae) infesting turf during 1984-1988 (24

trials). Tests (n=36) against the fall generation at temperatures between l8 and
26"C produced more consistent results.t'

As with chemical insecticides, surface spraying of nematodes is the appli-
cation method most often used. In some situations nematodes were found to
have potential against the cabbage maggot, D. radicum, and the large pine
weevil, Hylobius abietis, when applied at planting time.3a'3s When nematode
persistence was required for four to six weeks in the soil before the appearance
of the target insect stage (i.e., corn rootworrns. Diabrotica spp.. and crucifer
flea beetle, Phyllotreta cruciferae), insect damage was not prevented.'r6"r7 In-
adequate nematode persistence and nonsusceptible early larval stages could ex-
plain these results. Therefore, to optimize the interaction between nematode
and insect host, applications should be conducted when susceptible target
stages are present in the environment.

C. Irrigation and Spray Volume
Pre- and postapplication irrigation and continuing moderate soil moisture

are essential for nematode movement. persistence. and pathogenicity. Accord-
ing to Simons and Poinar,38 most nematodes applied to dry soil perished;
however, if they were applied to damp soil which later became dry, many
survived for some period because of their ability to withstand gradual desicca-
tion. Field applications of nematodes to dry turf with 0.64 cm pretreatment
irrigation followed by 0.64 cm posttreatment inigation with normal rainfall
resulted in Japanese beetle grub (Popillia japonica) control comparable with a
standard insecticide.3e [n nonirrigated turf, less insect control by nematodes
was observed. Similarly, field trials with H. bac'teriophora HP88 (32 tests) in
turf receiving frequent irrigation yielded more consistent results than trials ( l6
tests) in nonirrigated turf.33 However, if the soil contains too much moisture,
nematodes are less effective.ao

Spray volume depends upon characteristics of the turfgrass or soil being
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treated. In order to penetrate deep thatch (thatch is a tightly bound layer of dead
and living roots and stems that accumulate between the soil surface and green
vegetation in turfgrass), a high spray volume may be needed for nematodes to
reach the depth occupied by the target insect. Under such conditions, 1400-
1870 l/ha (150-200 gaUacre) followed immediately with inigation is usually
acceptable. Recent attempts to inject the nematodes into soil appear to be an
efficient method for delivering the nematodes when water is limited,4r.42 but
more research is needed to determine the proper spray volume in relation to soil
type and insect activity.

Foliar application against insects such as the artichoke plume moth
(PlaQptilia carduidactyla) in artichokes requires adequare coverage and place-
ment of nematodes. This can only be achieved at volumes of ca. 2800 l/ha (300
gallacre)- In these situations, nematode application was less practical (expen-
sive) compared with registered insecticides which only required 935 l/ha (100
gaUacre)' Better formulations and delivery systems are needed to increase the
cost-effectiveness of nematodes.a3

D. Pest Population and Behavior
If one or a few individuals of a pest species are sufficient to cause tangible

economic damage, then the economic threshold of the crop is low. In this
situation, an insecticide with excellent persistence and effectiveness against all
larval stages is required to provide adequate protection. Lacking these features,
biological insecticides generally cannot provide adequate protection compared
with insecticides against pests infesting crops with a low economic threshold.
Thus, such crop-pest systems are not ones for which nematodes currently have
the highest potenrial.

Similarly, frequent applications or integration of the nematodes with other
control measures would be needed for pests that are characterized by the
presence of feeding stages throughout the year. such as mole crick ets (Scaprer-
iscus spp.) and artichoke plume moth (Table 5 ). In contrast, a narrow "window
of opportunity" exists for nematodes applied against insects with susceptible
stages occurring for only a few days in soil, such as the cabbage root maggor
and the western corn rootworm (Diabrotit'a t,irgifera v,irg(bra).

In some cases, successful control of an insect pest can be achieved with a
single application. For example, Japanese beetle populations were controlled
in such a fashion because of the susceptibility of the larval stage and the ability
of the nematode to recycle and persist in the field.ir

Little information is available on insect responses to nematode application,
although host behavior may greatly influence efficacy of the nematodes. The
strong tendency of red imported fire ant workers (Soienopsis invicta) to relo-
cate colonies to satellite mounds after treatment currently limits nematode
efficacy for fire ant control.aa Moreover, termites respond to nematodes by
walling off infected individuals or by withdrawing from the infested areas,
resulting in unsatisfactory control.as Some scarabaeid species may avoid

TABLE 5.  Succcsr f  u
(arpocapsae aittl l/,
Control  Stratesrcr

-farget 
Insectu

Red imported fire unr

Art ichoke plume nrorh

Black vine weevi l

Leaf miner \

Cutworm

Artichoke plume morh \

Black vine weevi l  l :

'

" Scientific names in tc r: ,-.i . ...

segutum.
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defecat ion ra te ,  and thcr r . th :
of the mouth.a6

E. Field Dosage an(l (
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usual ly  appl ied to  ensurc  r i r .
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cabbage maggots (1) t .ci t i .
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TABLE 5. Successful Attempts to Utilize Steinernema
(et'pocapsae and Heterorhabditis sp. with Other Insect
Control Stratesies

Target Insectu System Site

Red imported fire ant

Artichoke plume moth

Black vine weevi l

Leaf miner

Cutworm

Artichoke plume moth

Black vine weevil

S. c'arpocapsae and insecticrde
(carbaryl,  diazinon,
or acephate)

Insecticide treatment
(methidathion ). fbl lowed
by S. carpocapsutn

H eterorhabrliri.r sp. and
insecticide
(propoxur or methoml'l )

S. carpocapsac for lan'ac and
insecticide for adults

S. carpocapsac and insecticide
(oxamyl or DDVP)

S. carpoca1nrzc and
sex pheromone

lnsecticide (acephate,) for
adults and S. (ut'p()( ups0e
for larvae'

183

Ref.

Field mounds 6l

Artichoke field 8l

Greenhouse 62

Greenhouse 82

Field plots 60

Arrichoke f ield 8l

Cranberry field 56

' Scientific names in text except for leaf miner Liriontt':tt trifolii, and cutworm Agrotis
segutum.

b Two treatments of S. c:arpo(apsae.
' S. carpocapsae 3-4 weeks after insecticide treatmcnt.

nematode infection because of their low carbon dioxide output, sieve plates
that deny nematodes access to the spiracles. highly anaerobic hindgut and high
defecation rate, and their ability to sense and remove nematodes in the vicinity
of the mouth.ab

E. Field Dosage and Optimum Species
Field concentrations exceeding 2.5 billion nematodes/ha (1 billion/acre) are

usually applied to ensure that a sufficient nematode population will come in
contact with the target insects to provide control. A high concentration is
needed to overcome the negative impacts of the abiotic and biotic soil environ-
ment. High nematode concentrations are also needed against certain insects
which only remain in soil for a few days before tunneling into roots, such as
cabbage maggots (D. radic'um), and against insects which are not highly
susceptible to nematode infection because of their small size and active
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movement. For example, high nematode concentrations have been employed

against early immature stages of mole crickets (Scapteris('ils spp.). root mag-

gots (Delia spp.), and corn rootworms (.Diabrolrca spp')'

Large differences in field efficacy exist among the species and strains of

nematodes. Thus, heterorhabditids are highly effective against the Japanese

beetle and the bluegrass billbug (Sphenophorus parzulus), but provide unsat-

isfactory control against mole crickets. In contrast, steinernematids and, in

particular , S. scapterisci (Uruguay strain)a7 are ef-fective against mole crickets.

As Gauglel8 has pointed out, differences in field efficacy may, in part, be

related to the vertical distribution of the target insect in the soil. Steinernemat-

ids show a preference for soil near the surfaceto'5(' and, therefore, may be best

adapted to attack insects like mole crickets and cutworms which feed at the soil

litter interface or on the soil surface. Heterorhabditids have a greater tendency

to move downwardssr and have superior host-seeking abil it ies relative to

steinernematids,52'53 making them eff icacious against  Japanese beet les,

billbugs, and root weevils (Otiorhyncftas spp.). which are present at the root

zones of host Plants.

F. Crop Morphology and PhenologY
The feeding behavior and location of a particular insect pest may vary

according to the crop, cultivar, and age. These factors may directly affect the

effectiveness of nematodes against the insect host'

The ability of H. bacteriophora to find and infect wax moth larvae was not

impaired by the presence of sparse com roots (0.33 g dry weight). However,

at high root density (1.55 g dry weight), insect mortality was significantly

lower than in treatments with no roots.52 S. glaseri and S. carpocapsae are

known to orient toward plant roots,sa'ss which may impair their host-finding

ability, especially if the target insect occurs away from the roots.

Field trials against the navel orangeworm larvae, Amvelois transitella,

infesting Le Grande cultivar almonds were more encouraging than trials con-

ducted on other cultivars. Larvae tend to feed on the inner side of the hull

before feeding on the nut meat in the Le Grande variety. This behavior provides

sufficient time for nematodes to infect and kill the larvae before they damage

the nut.s6 Additionally, because the Le Grande variety has a relatively synchro-

nous hull split, one properly timed application of nematodes will be sufficient

to infect most larvae. As a result of limited field persistence in almond or-

chards,sT nematodes provide inconsistent protection for other cultivars with a

longer hull split Period.
The amount of chemical insecticide reaching whtte grubs infesting turfgrass

is frequently less than 57a of that applied to the surface. This is especially true

in turfgrass having 2 cm or greater thickness of thatch. This thatch may also act

as a barrier to nematode entry to the feeding site of the grubs and may explain

some unsuccessful field trials.33'58
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G. Integrating Nematodes with Other Control Strategies
Integrated pest management is a systematic approach to compatible use of

the available forms of pest control, including mechanical, biological, chemical,

and natural control methods.se Because more than 90o/o of insect species spend

at least part of their life cycle in soil, most can be considered candidates for

suppression by steinernematid and heterorhabditid nematodes.a6 Consequently,

these nematodes can fit into control programs for a broad spectrum of insects
(Table 5).

The potential of combining nematodes with other control strategies must be

assessed broadly in terms of whether their incorporation results in an additive

or synergistic effect on pest mortality or damage reduction. Additionally,

consideration must be given to whether the cost/benefit ratios are improved by

the use of nematodes. Increased costs may be incurred in the integrated use of

nematodes with other control tactics. However. the potential benefits of a

reduction in chemical insecticide use are great. These benefits include de-

creased probability of insecticide resistance in the target insect, less environ-
mental contamination by chemical pesticides. and less likelihood of secondary
pest outbreaks.

If these nematodes are to be incorporated in an integrated pest management
program in agriculture, they must be used with other tactics to control insects,
plant-parasitic nematodes, weeds, and plant pathogens. Entomopathogenic
nematodes are compatible with some chlorinated hydrocarbon, organo-
phosphate, and carbamate insecticides in water mixtures.ra Certain fungicides,
herbicides, miticides, and nematicides have little or no adverse effect on the
infective stage. However, more research is needed to ascertain the compatibil-
ity of nematodes with new agrichemical products i lt concentrations specific to

different agricultural practices. Pesticides should not be acutely toxic to
nematodes at field rates. It may be possible to reduce the pesticide rate to a
level compatible with the use of nematodes.6" or nematodes could be applied

before the pesticide or vice versa, the latter allowing time for the pesticide to
become absorbed or degraded to a nontoxic level to the nematode. To date,
several successful attempts have been made to further increase nematode
efficacy when employed in conjunction with chemical60 62 and microbial
agents.63-6-5

IV. STANDARDIZNIION AND QUALITY CONTROL
Infective-juvenile nematodes and their associated bacteria must possess a

high and stable level of virulence or pathogenicity throughout all stages of
product formulation and application. Maintaining high quality of the final
product is the most important reason behind the development of standards by
industry. Presently, the most useful method for nematode quality control is the
insect bioassay.66 The usual parameters measured are LCru, LDs., or LTrn (i.e..

the concentration, dose, or time needed to kill 50o/o of test insects). These tech-
niques confine numerous nematodes in a high pathogen to host ratio (e.g., 4:l -
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10:l). with more than one insect host in a small arena such as a petri dish.

Molyneux et a1.66 emphasized the importance of using one insect host per arena

for assay of nematodes. Recently, a reliable bioassay method was developed.6T

The method uti l izes a culture cell well (Falcon. NJ, U.S.) which confines one

infective Steinernema with one insect host (Galleria mellonella larva) and

results in ca. 50Vo infection within 4tl hr. Similar mortality curves have been

developed for some species of Heterorhabtlitis. Sealed cells are affected only

slightly by ambienr relative humidity of the holding chamber. Additionally,

errors in counting and diluting nematodes are avoided in this cell technique.

Finally, this technique assesses pathogenicity in a portion of the nematode

population which would normally go unassessed. the less pathogenic juveniles.

In multiple nematode bioassays, these individuals are lost in the larger popu-

lation effects of multiple nematode invasion into a host. Pathogenicity assess-

ment alone, however, will not provide meaningful results in the field. There-

fore, attention should be devoted to development of other performance indica-

tors such as biochemical or serological methods. In the meantime, bioassay

will remain the primary method for determining quality control of steinerne-

matid and heterorhabditid nematodes.

Although great potential exists for large-scale use of steinernematid and

heterorhabditid nematodes, the environmental factors affecting dispersal, sur-

vival, and infectivity must be elucidated so that their performance under field

conditions may be enhanced. In addition. artificial selection for, or natural

isolation of more virulent strains and development of stable, reliable formula-

tions must be performed. A reliable method for measuring the virulence of each

nematode species or strain against the insect host is also a necessity. Once this

method has been proven, standard preparations with designated potency can be

produced for each nematode considered for commercial use. Materials made

by government and industrial laboratories can then be compared against these

designated standards.

IV. CONCLUSIONS
Due to recent progress in mass production. steinernematid and heterorhab-

ditid nematodes are commercially available. Reliable and stable formulations

for storage, shipping, and application are the principal hurdles limiting the

market size for nematode-based products. Substantial improvement in formu-

lation stability has been obtained by immobilizing or paftially desiccating the

nematodes on specific carriers. Apparently, these carriers reduce nematode

metabolism, thus improving their tolerance to temperature extremes. The

storage period of such formulations is related to the oxygen and moisture

requirements of the nematodes. For example, to achieve 30 days storage at

room temperature and 6 months under refrigeration conditions, current prod-

ucts utilize approximately 10 million nematodes in 0.5 I containers. For large

scale applications where the recommended dose is high, refrigeration (1-3

months) is suggested for products that utilize one billion nematodes per 2.3 kg
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ner weight of gel-forming polyacrylamides. In spite of these limitations,

nematode products have been introduced successfully in markets where safety

and the use of restricted insecticides are an issue. Anhydrobiotic nematodes

nray ultimately be a solution to developing a stable formulation for maximum

nrarket distribution. The effective host range of nematodes in the field is

l imited to those insects found in soil and cryptic environments that display

ntoisture and temperature parameters conducive for these nematode species, or

to foliage-feeding insects in very humid environments. Unfortunately, attempts

to control insects in exposed environments have been discouraging due to rapid

nematode desiccation. In some situations the cost of employing nematodes is

excessive compared with agrichemicals. These diff iculties may be overcome

by uti l ization of desiccated or partially desiccated nematodes in bait, capsule,

or spray formulations that enhance their biological control potential. In the

presence of adequate moisture (soil, insect digestive system, etc.) partially

desiccated nematodes can rehydrate. penetrate into the insect, and cause infec-

tion. Currently, the shelf l i fe of desiccated nematodes falls short of industry's

standard of at least I year. Research is in progress to characterize and prevent

the degradation reactions in desiccated nematodes.
In recent years, efforts made to narrow' the "efficacy gap"l8between chemi-

cal pesticides and nematodes have been successful in various market segments.

Research efforts toward adopting a quality control procedure, selecting a

suitable target environment and target insects for nematodes, identifying an

effective strain and dosage, timing applications properly, and choosing means

of application or delivery that increase the probabil ity of successful contact

between insect and nematode, have been instrumental in commercializing
these entomopathogenic nematodes.
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10. Efficarl Against Soil-Inhabiting
Insect pests

:VIichael G. Ktein

I. INTRODUCTION
Although chemical insecticides have been the prirnary means of controlingsoil insects for many years, concerns about public saf-ety, environmenhl con_tamination' and reduced efficacy due to possible microbial degradation orinsect tolerance and resistance have cr.aied a need for alternative controlstrategies'r '2 The mi lky disease bacter ium ,  Baci l lus prpi l l ioe,  is  the mostwidely available alternative against Japanese beetre rarvae,3 but greater use ofB' popilliae and other milky d-isease organisms has been hampered by seriousdrawbacks such as a narrow host range. srow buird_up in the soir, and poorgrowth of in vitro cultures. Entomopathogenic nematodes in the familiesSteinernematidae and Heterorhabditidu. loik ttr.r. limitations and possessmany qualit ies that make them excellent biological control agents.i They havea broad host range'.can be easily mass proclu..d, possess the abil ity to seek outtheir host' ki lr their host rapijty, are environmentaily safe, and have beenexempted from registration by the u.S. Environmentar protection Agency(EPA)' This combination of atiributes has generated an intense inreresr in rhedevelopment of these nematodes for use ogoinr, ,; ir insect pests.The soil environment offers an excellent site for insect-nematode interac-tions; more than g\va-of insect pests spend part of their rif-e c1,cre in the soir,and soil is the natural reservoir of steinernematid and heterorhabditid nema-todes'r'a poinars'6 has presented a comprehensire- re'iew of the many ento_mopathogenic nematode species and has examined their relationships withinsect hosts' This chapter examines recent studies on the efficacy of entomopa-thogenic nematodes against a number of soir-inhabitrng pests.

II. WHITE GRUBS
white grubs, larvae of Scarabaeidae. are major pests of turfgrass, pastures,sugarcane, and forests throughout the worrd. ri.v ur. the most seriou, pesrsof turf in the northeastern u.s. and.are major p.rl throughout the Midwest.TLarvae of the Jun1n.39 beetle, popiria japoiri.o,uton" cause over $234 mirionin damage annually'8 B' popitlliaahas been the p.i.nury biological control agentfor suppression of the Japanese beetle and other ,.u.ui grubs.3 However, recentfield tests with nematodes in the genera steinernemo (-Neoaprectana) and.

:;:i::,'!::3ti';::lJ,HJ 
that thev can be errective biorogicar .on,,or ug.n,,
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TABLE 1. Field
Heterorhabditis

Insect host

Popillia japonica

Nematode species
(strain)

Turf

S. t:arpocapsae

S. glaseri

H. bacteriorthora

H. bacteriophora
(HP88)

S. carpocapsae

H. bacteriophora
(HP88)

S. feltiae
H. bacteriophora

(HP88)

Potted Yews

S. carpocapsae
S. glaseri
H. bacteriophora
Heterorhabditis sP.

S. carpocapsae

Control

55c/o 39 DATa

2-19o/o
I -50o/o 28 DAT

84-90Vo 80 DAT

07o 386 DAT

55%'
8-15Va reduction

I st yr, significant
reduction subsequent
yr

Colonization
unsuccessful

2 - 3 1 %  1 4  D A T

73c/c
64c/( 47 DAT

35'60c/c 29 DAT

81-96c/c 280 DAT

93-99Vc 386 DAT

100% 28 DAT and

93-91% of the next

generation
>l0c/(
<40c/c

>7}c/c

6-5% 28 DAT
41% 28 DAT

>50o/a
>907a
>957a
>95To
<207a

Efficacy of Steinernema sPP. and

spp. for Various Scarab Larvae

TABLE I  (corr t r r r
'Jnd Heter()rhdl't(lr

I nsec t  hos t

Popillia .ju1tt,rt ;, .,

White grubs"

Costely'tru
zealantlicu

AdorlTthoru.s
couloni

Alissonotunr
impressicol lc '

Ligyrus
subtropicus

Ref.

t 2
1 3
t 4
1 4
1 4
l 5
9 , 1 0

l l

1 3
t 2
2
t 4
t 4
t 4
t 4

l 5
1 5

l 5

l 6
t 6

Cycloc:ephala
horealis

Cyclocephala hirta

Popillia japonica

Rhizotrogus
majalis

a

b
DAT =  Dars  a l :1 . :

Whi te grub cr ' 'ml . :
t 7
t 7
t 7
t 7
t 7

Historically, P . 1,tp
entomopathogenic ncn:
Steinernema glo se r t lrtt
first effort to use hr-r'r).rl
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Efficacy of Steinernema spp.
Various Scarab Larvae

Insect host

Popillia japonica

White grubsb

Costelytra
zealandica

Nematode species
(strain)

Potted Yews (continued)

Control Ref.

S. glaseri
H. bacteriophora
Heterorhabditis sp.

pasture

S. carpocapsae (All)
S. carpocnltsae
(Breron)

S. glaseri
Heterorhabdiris sp.
S. carpocapsae
H. bacteriophora
S. glaseri

<707c
<55%
<65o/(

0Vo
40Vc

8O7o
60o/a
437o
697a
Infection established,
but no population
reduction

30c/c (range 0-56Vo) 2l
47% (range 0-92yc) Zl
Signif icant control 22
3s -52% 23

>80c/( reduction 24

<80q 24
No significant control 25

No significant control 25

P. fusc'a, and potyphyla comes.

t 7
l 7
l 7

l 8
l 8

l 8
1 9
t 9
t 9
20

Adoryphorus
couloni

Alissonotum
impressicolle

Ligyrus
subtropicus

H. bacteriopfutra
S. glaseri

Sugarcane

S. glaseri

Heterorhabclitis sp.
S. carpocapsae

S. glaseri

a

b
DAT = Days after treatment.
White grub complex _ phyllophaga anxia,

Historically, P'iaponica has played a significant role in the development ofentomopathogenic nematodes as biological insecticides.e-r The isolation ofsteinernema gloseri from Japanese beetle larvae in New Jersey resulted in thefirst effort to use nematodes to confrol this pest. Initial field experiments were



198 Entomopathogenic N ematodes in Biological Control

encouraging, and methods of mass production of the nematodes were devel-

oped. A large-scale colonization program was initiated in the 1930s in New

Jersey and Maryland, but it did not enjoy the success of previous colonization

efforts using the milky disease bacteria.rr A lack of understanding of the

complex biology of the nematode, particularly of its symbiotic relationship

with the bacterium in the genus Xenorhabrlls. hampered efforts to use S'

glaseri effectively against Japanese beetle populations.5 Although the work

was conducted more than 50 years ago, optimal conditions for nematode

establishment defined then - soil temperatures of >16"C, soil moisture of

>20Vo without flooding, the presence of turf or perrnanent cover, and dense

grub populationsrt - 1e114in valid today.

A. Effect of Nematode Species or Strain
Considerable effort has gone into screening nematode species and strains

for efficacy in killing white grubs. Table 2 shows some of the species and

strains tested in the laboratory against the Japanese beetle and the northern

masked chafer, Cyclocephala borealis. Overall. Heterorhabditis spp. have

been more effective than S. carpocapsoe,bul often not more effective than S.

glaseri. The superiority of the Heterorhobditis spp. is particularly apparent

*tt.n examining this nematode's activity against C. horealis larvae in the

laboratory. Pot tests in New York showed similar results when comparing the

susceptibility of Japanese beetle and European chafer, Rhi:otrogus majalis,

larvae.rT Field tests against scarab larvae in the U.S. have concentrated on

Heterorhabditis species and S. carpo(:apsae because of the problems in

maintaining S. glaseri culturesre and in producing sufficient material to test.

Similarly, although H. megidis was isolated from Japanese beetle larvae27 and

was highly infective in laboratory studies (Table 2). it has not been possible to

mass produce sufficient quantities for field tests'

Shetlar et al.r2 reported 737o control of Japanese beetle larvae with H.

bacteriophora (-lls\iothidis) NC strain in Ohio turt compared with 557o for S'

carpocapsae. H. bacteriophora NC and HP88 strains were also more effica-

cious than S. carpocapsae.ta Georgis and Poinad summarized the results of

field tests conducted between 1984 and 1981, reporting that the HP88 strain of

H. hacteriophora was more efficacious than the NC strain, and was equivalent

to registered insecticides, for suppression of Japanese beetle and European

chafer larvae. In addition, H.bacteriophora NC strain was superior to S.

carpocapsae. Heterorhabditis species are probably superior against scarabs

and other soil insects because they are active,28 move down in the soil profile,

and apparently can penetrate the soft intersegmental membrane of insects.r'a

Since lg8l,however, field tests with H. bac'teriophora HP88 strain in the U.S.

have been less successful. These negative results may reflect the influence of

particularly adverse environmental factors or may be caused by a loss of

virulence in the nematode-bacterial complex as a result of unfavorable mass

production or storage conditions.

TABLE 2. Nkrrl.r l
Northern Maskc'tl
Steinernematirl .p

Laborator) Tc-:t:

Nematode specie. t  r trair

S. carpocapsae(Asn,, l  .

S.  tarpocapsae(Asrr , , r , .
S. carpocapsac(Allr
S. t :arpoc apsae( Brct( 'r .

S. carpocap.tdc( Brrt( 1r.

x  DD- 136)
S. carpocapsae(llOP
S. t:arpocapsae( Ital i.rn
S. carpocapsar,( Mc r i. .,:
S. carpocapsar,( Pr c ,

S. carpocapsar,(Ohrr,
S. anomal
S. glaseri
H. bacteriopftorrr( HPr r

H. bacterioplrara(\(
H. bac:teriophora
H. megidis
H eterorhabdir is sp.r S('

I

b

d

Shet larrr  l -5()  r r r" '  . .

Shet larr '  .1-5( l  r t r . - '  . .

Kle in26 ;1(X) nr : : . , :

K le in26  4 (X)  n r ; : r . , :

The nematode trt . t,
reduction of scarah ..r:
reduce scarab larr uc r:. l
for  whi te grub et 'nr :  '

bacteriophorn ha' fr'.: :.
differences ma\ h\. ,.t..r
mental parameterr I r, i- :-.,
of  the insect specic ' .  ' :

various o€rn&t()dc'r
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TABLE 2. Mortality of Japanese Beerle (JB) and
\orthern Masked chafer (MC) Larvae by various
Steinernemarid spp. and Heterorhabditid spp. in
Laboratory Tests

Vo Mortality at indicated days after treatment

l 4b l0d

\ematode species (strain) JB

l0cI A

JB MC JBJB MC

.\ carpocapsae(Agriotos)

.\ carpocapsae(Agriotos)

.\ t'arpocapsae(All)
S t arpocapsae(Breton)

.5 . c a rpocapsce(Breton
x  DD-136 )

S. carpocapsae(HOp)
S . t' arpoc apsae(Italian)
S . r' arpocapsae(Mexican)
S. carpocapsae(pye)
S. carpocapsae(Ohio)
S. onomal
S. elaseri
H . hac:teriophora(Hpgg)
H. bacteriophora(NC)
H. bacteriophora
H. megidis
H e re rorhabdiris sp.(SC)

1 a-) -')
J-')

s0
s0
- ) J

a --) -)
84
-50

6 1

6 l
48
88
88

48
6 l
75

75

64

64
- 5 5 8 0 0 2 0 0
5 ?

70

82
76
55

) A
L A

5 5

24 90
24

90

r00
0

5 0 0
l 0  l 0

80
90

4 0 0

4 0 0
30 10
7 0 0

0

;
40

70

70
0

67

b

d

Shetlarr3 250 nematodes/vial.
Shetlarr3 450 nematodes/vial.
Klein26 400 nematodes/vial, 257r moisture.
Klein26 400 nematodes/vial, 40olr moisture.

The nematode of choice varies between countries. s. glaseri gave over gYvo
reduction of scarab larvae in sugarcane in china2a but did not significantlyreduce scarab larvae in Florida rugu..un. fields.2s s. glaserihas also been usedfor white grub control in Australian22.23 and Azorean,, pastures, but H.bacteriophora has been shown to be more effective in New zearand,.zt Thesedifferences may be due to the availability of different strains, the environ-mental parameters found in each country, application techniques, susceptibilityof the insect species, or the methodologi.s !,nptoy.o in rearing and storing thevarious nematodes.
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B. Effect of Temperature and Moisture
Low soil temperatures are a limiting factor in using milky disease organ-

isms3 and also restrict nematode activity. Georgis and Gauglerze analyzed field

trials with nematodes against white grubs and found that average efficacy was

nearly 807o when soil temperatures were 2l -30'C but was less than 407o when

temperatures were 12-16"C. These results are in agreement with the l6"C

threshold first noted in the early S. glaseri field trials. The nematodes and

milky disease bacteria are most effective over the same temperature range.rr
This temperature limitation almost precludes nematode application in the
northern U.S. during the spring when soil moisture is usually favorable for

nematode survival, but soil temperatures are too low for infection. Thus, many

applications are restricted to the fall when soil temperatures are above the
threshold, but soil moisture must be supplemented by inigation. Similar con-

ditions exist in New Zealand where there is only a I to 2 month window when

moisture and temperatures are adequate for application.30 However, the recent
isolation of a low temperature strain of S. feltiae (=bibionis)30 may allow for
a longer period of optimal temperature and moisture interactions for field ap-
plications. It has been used successfully against Ctclocephala lawae in Cali-
fornia,16 indicating that this strain, or other improved strains, may be useful

against soil pests.
Soil moisture is often the most critical factor in the survival and movement

of entomopathogenic nematodes. For example, there was ca. 507o reduction in

mortality of Japanese beetle larvae in vials when the soil moisture was reduced
from 40Vo to 257a (Table 2). Shetlar et al.12 demonstrated that steinernematid
and heterorhabditid nematodes required at least 0.64 cm of irrigation after
application to turf to ensure establishment. Similarly. Jackson et al.3r found that
nematodes applied during rain or prior to irrigation were more likely to
establish than those applied under dry conditions. The requirement for water-
ing nematodes into the soil will not be new for most turf managers, because all
registered turf insecticides require immediate irrigation or rain to wash them
below the soil surface. Jackson et al.3r also found that nematodes applied as a
drench or with a subsurface injector provided superior control compared with
those applied as a conventional spray. Because drenching requires unaccepta-
bly large quantities of water (10,000 l/ha), subsurface injection has the greater
potential for insect control. More recently, Berg et a1.23 demonstrated that a
commercially available pasture seeder could be modified to inject nematodes
into pastures in Australia for grub control. They found that subsurface injection
was as efficient as "watering-in" the nematodes while using 757o less water.
Injection would solve several problems in the establishment of nematodes in
turf. It would remove them from the exposed surface into the soil where they
are protected from desiccation and UV inactivation. Moreover, this approach
would place the nematodes beyond the barrier of thatch or organic matter and
in the zone of grub activity.

C. Nematode Persistenc
If nematodes are able to per

u.c'r.i in colonization progrant.
. lr.case bacteria rather than bein
rn.c-cticide (e.g., Bacil lus tltur t
,,i tluld enhance nematodes a\ r

Flemingrr reported that S. s,
\ c'i.rrS with a grub population trt
\ ei.rrs when the grub population
.rnd Georgisra found that the \(
'rsnificant mortality of Japancv
tions following applications (Ta
rng in the free-living stage irr rl-
nematodes reproduce in larvae u
are probably recycling in the u
oft'ering some degree of protr.cl
are persisting and dispersing hr
*hen larvae are not avai lahlr .
intected adults of the Japanerc
natural movement of .1. glust't.t
r)0o/o of adult Japanese beetles h,
.S . carpocapsae. Clearly, morc
rnsects in the persistence of cnr

III. WEEVILS
Many weevils (Coleoptera. (

agricultural and horticultural e rt
f icult to kil l  with chemical irr.
susceptible to entomopathogerr r.
been targeted as prime candiciar

A. Black Vine Weevil
Larvae of the black vine u cc-r

of nursery and greenhouse planr
have consistently controlled lar',
as acceptable alternatives fbr thc
Bedding and Miller36 demonsrr.
vided up to I00Vo control ol' la
grapes, and over 87o/o control in .
noted the importance of waterir
proved activity with the use of rrr
Netherlands, Simons33 also repor
to l0OVo control in greenhousc
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C. Nematode Persistence
If nematodes are able to persist in the soil for long periods, they could be

used in colonization programs similar to those for parasitoids and milky
disease bacteria rather than being used for their immediate effect as a biological
rnsecticide (e.9., Bacillus thuringiensis). In fact, some degree of persistence
* ould enhance nematodes as agents for short-term control.

Fleming" reported that S. glaseri could maintain itself in the field for l4
\ ears with a grub population of less than 54lm:. Furthermore, it survived 24
\ ears when the grub population was augmented periodically. Recently, Klein
and Georgisra found that the NC and HP88 strains of H. bacteriophori caused,
:ignificant mortality of Japanese beetle larvae in Ohio turf in the grub genera-
tions following applications (Table 3). The nematodes are probably not surviv-
ing in the free-living stage in the soil for such extended periods. Because the
nematodes reproduce in larvae under field conditions (Figure I ), the nematodes
are probably recycling in the white grubs or other hosts, or the cadavers are
offering some degree of protection to the nematodes. Possibly the nematodes
are persisting and dispersing by infection of adult beetles through the period
w'hen larvae are not available. Glaser and Farrellr0 noted thit nematode-
infected adults of the Japanese beetle \{'ere a factor in the persistence and
natural movement of S. glaseri. In addition. Hatsukade32 reported that over
90o/o of adult Japanese beetles became infected when held in soil infested with
S' c'arpocapsae. Clearly, more information is needed about the role of adult
insects in the persistence of entomopathogenic nematodes in the field.

III. WEEVILS
Many weevils (Coleoptera, Curculionidae) are pests of pastures, turf, and

agricultural and horticultural crops throughout rhe *,orld. They are often dif-
f icult to kil l  with chemical insecticides. bur as a -sroup tend to be highly
susceptible to entomopathogenic nematodes (Table -l). Accordingly, they have
been targeted as prime candidates for biological control by these nematodes.

A. Black Vine Weevil
Larvae of the black vine weev il, Otiorhtncltus sulcatus,are major root pests

of nursery and greenhouse plants worldu,ide.16 Entomopathogenic nematodes
have consistently controlled larvae in numerous tests (Table +; ana may serve
as acceptable alternatives for the persistent chemical pesticides used in the past.
Bedding and Miller36 demonstrated that an isolate of H. bacteriophora pro-
vided up to l}ova control of larvae in freshly potted yew, raspberries, and
grapes' and over 87Vo control in cyclamens and strawberries in Australia. They
noted the importance of watering the treated pots and the potential for im-
proved activity with the use of more cold-tolerant strains of nematodes. In The
Netherlands, Simons33 also reported that a Heterorhabditis species provided up
to 100%o control in greenhouse tests. Variation in the effect uguinrt larvae
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Figure 1. Reproduction of Heterorhabditis megidis in a field-collected infected larva of the
northern masked chafer, Cyclor:ephala borealis. Host cuticle parlially removed to expose nema-
todes.

infesting different species of plants indicated that soil moisture and structure
and type of the plants had an impact on results. More recently, Simons and van
der Schaafa reported isolates of Heterorhabditis infecting black vine weevil
larvae at 12"C. However, the process of infectrvity and mortality of the larvae
was retarded because tbe Xenorhabdus bacterium did not reproduce until tem-
peratures reached 20"C. A cold-adapted strain of nematode-bacterial complex
would be particularly useful in temperate regions where reduced soil tempera-
tures have hindered field efficiency. Other research in The Netherlands dem-
onstrated that Heterorhabditis sp. infected 70o/o of larvae feeding on roots of
Taxus plants in the field.3a This level of control may be sufficient to reduce the
larval damage but is probably not satisfactory for nurseries because their plants
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Next
28 DAT generation.

0
93

$
H
H

; ' : ' , , t  t tpSAe (Al l )

i.; :t ' t ' t()phora (NC)
^..; :t, riophora (HP88)

45
45 6 l

100
39
93

D.{T = Days after treatment.
i86 days after 4 September l9g6 treatment.
l.l8 days after 13 May l9B7 treatmenr.

-\. .r high value and a low economic threshold. Georgis and poinad summa-
:rzcd trials using Steinernema and Heterorhabditis species against black vine
* ccr il larvae in potted plants in the greenhouse and outdoors and plants in field
'"'rl This summary showed that moderate (50-80To) to high 1>-g0o/o) control.r.iurred when temperatures were above 16.C.

The black vine weevil and other root weevils are serious pests of cranberries
:r \ lassachusetts, Wisconsin, and Washington, U.S. Chemical insecticides are
:"tricted or have not provided adequate control against the larval stage. A
:unlber of field trials demonstrated that nematocles are etficacious and may
:cplace chemical insecticides as the prefened approach for suppression of these
ireevils. For example, the NC strain of H. bacteriopltoru applied to a wash_
:nston cranberry bog in April reduced larvae and pupae by >707o in the
.pring.s one year later contror was sti l l  >70%. Moreover, H. bac:teriophora
tlP88 strain and S. carpocapsoe All strain reduced weevil larvae and pupae by
I lnc/c and >7 5%o, respectively.

B. White-Fringed Beetles
white-fringed beetles, Graphognathus spp., are pests of field crops and

pastures in south America, the southeastern u.s., Australia, and New zeal_
and'17'48''55-s8 In these areas entomopathogenic nematodes have been the primary
biological control agents naturally associated with weevil larvae. eariy work
in the U.S. noted natural infections of up to24o/o by species of Steinerneme.55
but attempts to colonize S. glaseri into weevil populations were not fruitful.aT
However, as with the Japanese beetle p.og.u-, alack of understanding about
the nematode's biology and its symbiotic bacterial association resulted in an
unsuccessful colonization effort. Young et al.se concluded that nematodes were
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TABLE 4. Efftcacy of Steinernema spp. and
Heterorhabditis spp. against Various Weevil Larvae

Insect host Nematode species Control

Greenhouse and Pot Tests
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and
fl

lnsect host Nematode species Control Ref.
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?dn'ulus

Field Tests

S. carpocapsae

S. glaseri
H. bacteriophora

Heterorhabdiris sp.
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S. glaseri
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S. carpoc'apsae

S. carpocapsae

H. bacteriophora
(HP88)

Not effective
82-9 lVo
82-91Vo
Not effective
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89o/o
66o/c
Infection init iated

67q( 20 DAT 52

56-65ct I.1 DAT 53

72-79% 53

DAT = Days after treatment.

an important factor in regulation of beetle populations only in the coastal
flatlands of Mississippi where moisture. soil, and temperature conditions were
particularly favorable to the nematodes. Subsequentiy, Harlan et al.as found
that weevil populations could be reduced by 38-50Vo with application of S. car-
pocapsae' and that nematodes could be recovered 16 months after application.
However, because of inconsistencies in efficacy, problem, in -urr_rearing
nematodes, and the availability of persistent chemicil insecticides, nematodes
never became a tactic in white-fringed beetle control stratesies.
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Recent attempts to control beetle larvae in an isolated infestation in southern

California by field applications of H. bacteriophora, S. carpoclpsae, and S.

fettiae (=bibionis) did not significantly reduce larval populations.6O Fortu-

nately, there was high mortality of larvae due to natural populations of Srein-

ernema sp. and Heterorhabditis sp. A similar situation was noted in Australia.

A natural level of Heterorhabditis and Steinernema infection occurred, but ar-

tificial introduction of additional nematodes did not significantly increase

weevil mortality.6r Perhaps these natural isolates from weevil populations may

yet be useful in white-fringed beetle suppression programs. In spite of these

results, S. c-arpocapsae and H . bacteriophora are being applied by the Califor-

nia Department of Food and Agriculture in attempts to suppress white-fringed

weevil larvae. In addition, carbaryl is being used to suppress adult weevil

populations. This approach is not for eradication but for containment of the

weevil population within the infested area.

C. Citrus Weevils
ln laboratory,  greenhouse, and f ie ld tests on ci t rus in Flor ida,  S.

carpocapsae, S. glaseri, and H. bacteriophora provided significant control of

a root weevil, Diaprepes abbrevianls.3e';r0'16 Results have been encouraging

with up to 1007o mortality of the weevils in field plots treated with S. carpocap-

see.ao Nematodes can be added to inigation svstems, resulting in excellent

protection of young seedling trees and reducing the emergence of Diaprepes

adults by >907o. These findings have opened a potential major commercial

market for S. carpocapsae inFlorida and have encouraged research to increase

efficacy through isolation of new nematode species or strains. genetic selection

of nematodes, habitat management, and application techniques.62

D. Other Weevils
Entomopathogenic nematodes show potential for field control of several

other weevils. Strains of S. carpocapsae are effective against a number of root

weevils including Hylobiusae'so and the pecan weevil. Curculio caryae.s2 How-

ever, because of a lack of production and application methods at the time of

these tests, the nematodes were not adopted to control these insects.

Figueroaa' indicated that S. carpocapsae, S. glaseri, and S. feltiae (=bibi-

onis) provided excellent control of the banana root borer, Cosmopolites sor-

didus, in Puerto Rico. The tropical environment appears to be a logical situ-

ation for successfully using these nematodes. Thus, Jansson et a1.63 demon-

strated that several entomopathogenic nematode species offer excellent poten-

tial for biological control of the sweetpotato weevil, Cylas formicarius elegan-

tulus, in Florida and Puerto Rico. S. carpocapsae (Gl3) and H. bacteriophora
(HP88) were efficacious in simulated field conditions. H. bacteriophora
(HP88) was superior to S. carpocapsae (All) and chemical insecticides in

protecting roots of the sweetpotato in the field.

Field tests in Ohio indicated that nematodes are equivalent to chemical
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:n.r'cticides for the control of the bluegrass billbug, Sphenophorus parvulus.5i
(icrrrgis and Poinaf summarized field trials against bil lbugs from 1984 to l9tt7
"rn,.l found that H. bac'teriophora (HP88) averaged 17o/o control, whereas .S.
-;rpttl 'Qpsae (All) averaged 57Vo andthe chemical insecticides averagedS4a/c.
The.e results indicated that nematodes can be considered an alternative to
;hcnrical insecticides for bil lbug control.

I\" TERMITES
L'sing entomopathogenic nematodes for control of termites in buildings has

--r*c'Il i] controversial topic. Poinar and Georgisil stated that pest control opera-
:{\r\ using S. carpocapsae against termites (Rettt'ulitermes spp.) achieved a
ruuce SS rate of 80-87Vo. They emphasized the importance of high doses and
-iJequate moisture but noted a lack of quantitative data on control that would
ellori an accurate evaluation of the prospects of using nematodes for property
pr()tection. Skepticism is needed because nematodes did not control termites in
.r . imulation of soil treatments under concrete slabs or in logs.6s Moreover,
Eprkv and Capinera66 showed that large numbers of nematodes were required
to kil l  termites (LDrn = 1.5 x 10a nematodes/termite). Further, termites avoided
rreas with large numbers of nematodes and exploited gaps in coverage ro
reintest a food source. On the other hand. success has been reported in protect-
rns tea plants from termites in Sri Lanka.n- Large numbers of nematodes were
required, but once the termites were inf-ected, a chain of infection led to the
annihilation of a colony. However, Fuji in^ fbund that healthy Formosan subter-
rsnean termites (Coptotermes fornrosanu.t) walled off inf'ected inclividuals.
thus breaking any chain of inf-ection.

Although it may be feasible to protect trees or crops from termites with
nematodes, a different set of circumstances exists for protection of homes and
buildings' The low economic threshold for ternrite danrage to homes, the large
colonies, the immense numbers of nematodes required to kil l  termites, the
presence of secondary reproductives. ancj the behavior of healthy termites
rfinding gaps in nematode barriers or wall ing off nematode-infected individu-
als) preclude nematodes as a viable alternative for termite control.

V. MOLE CRICKETS
Mole crickets, Scapteriscas spp.. are major pests of turf in the southeastern

U.S. Bunowing through the top layers of soil. they uproot plants and leave
ridges throughout the turf.6e Georgis and Poinad summarized, field tests be-
tween 1984 and 1987 and reported that mole crickets, unlike white grubs, are
more susceptible to infection by s. r.arpocapsae (average 62va) than H .
hacteriophora (average 8Vo). This difference in susceptibility probably relates
to the behavior of the nematodes. Infective juvenile s of Steinernema remain
closer to the soil surface where they are more likely to encounter the mole
crickets.r'a cobb and Georgis6e found that two strains of s. c.arpocapsae gave
57-707o reduction of damage in the field compared with 53Vo for the srandard



208 Entomopathogenic Nematodes in Biological Control

chemical insecticide treatment. In addition, S. carpocapsae was superior to S.

feltiae (=bibionis) and H. bacteriophora.
Nematodes are important natural biological control agents of mole crickets

in South America. FowlerT0 collected l8 isolates of S. carpocapsae and 13
isolates of Heterorhabditis species which gave at least 507o mortality of mole

crickets in the laboratory. Extensive investigations being conducted in Florida
wtth Steinernema scapterisci from Uruguay show that 50-947o rnfectton can be
obtained under laboratory conditions. Moreover, adult mole crickets are more
susceptible to infection than nymphs and serve as agents for nematode disper-
sal.7r In field tests, nematodes were still recovered 36 months after release.
From all appearances, nematodes are promising alternatives to standard insec-
ticide treatments for mole cricket control.

VI. OTHER INSECTS
Entomopathogenic nematodes have shown their potential as biological

control agents for many soil-inhabiting insect pests or even those that only
come in contact with the soil during a brief period of their life cycle. Reviewing
efforts to utilize nematodes against the red imported fire ant, Poinar and
Georgisa reported that S. carpocopsae and H . bat'teriophora infected this insect
in the laboratory and field. QuattlebaumT2 obtained up to l00%o mortality in the
field with S. carpocapsae, whereas H. bacteriophora gave 897o mortality. If
nematodes are to be used as biological control agents against fire ants, proper

timing of application, the size of the ant mound. and climatic conditions are
important factors to consider. Unfortunately, the low infection rate of workers
and the formation of satellite mounds have discouraged their use as control
agents.

Larvae of several fruit fly species are susceptible to entomopathogenic
nematodes. S. carpocapsae caused mortality to larvae of the Mediterranean
fruit fly, Ceratitis capitata, the melon fly, Dacus cucurbitae, and the oriental
fruit fly, D. dorsalis at rates of 92,85, and 86%, respectively.T3 Field tests
showed that>85Vo mortality could be achieved with as few as 500 nematodes/
cm2 of soil.Ta Mass production of more efficacious strains coupled with per-
sistence of the nematodes in the soil for I week or more may make nematodes
viable tools for fruit fly eradication programs.Ts

S. carpocapsae, S, glaseri, and H. bacteriophora were effective in labora-
tory and field studies against the Colorado potato beetle, Leptinotarsa decem-
lineata.l6't7 However, these nematodes may not be used for this insect because
of the recent commercial development of Bacillus thuringiensis var. san diego.

Chrysomelid larvae are among the most serious pests of corn, vegetables,
and specialty crops. Rootworms (Diabrotic'a spp.) appeared to be a major
potential market for entomopathogenic nematodes, but early tests (1968-1969)
showed no benefit from applying S. carpocapsae DD-l36 strain in corn field
plots in Nebraska.Ts However, Poinar et al.7e indicated that the Breton strain of
S. carpocapsae was significantly better than an insecticide treatment for root-
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rornt larvae in corn. Recently, in the laboratory, larvae of the western corn
nr)($ orm, Diabrotica virgifera virgifera, were shown to be most susceptible
tr". the \{exican strain of S. carpocapsae and least susceptible to the All strain.80
l et .S. corpocapsae All strain applied through center pivot irrigation in a corn
t-ield reduced rootworm larval numbers as much as the standard application of
r resistered chemical insecticide.8r The reasons for the differences in response
to.\. ('at?ocapsae All strain in the field and laboratory are unknown. Perhaps
rhr' quality of nematodes in the field tests was superior to that of the nematodes
rn the laboratory tests, or perhaps if the Mexican strain had been used, the
eftrcacy would have been even better than the All strain.

Increasing di f f icul t ies in suppressing the banded cucumber beet le,
Dtahrotica balteata, has also focused attention on the possible use of nema-
rr.rjc':. Although S. carpocapsae (DD-136) caused high mortality (76-947o) of
tht. insect in the field, the nematodes did not adequately protect sweet potatoes
.igainst the total insect pest complex present in the soil.8r Subsequent tests with
II bucteriophora (-heliothidis, SC strain) showed that this nematode was
nrore efficacious against D. balteata (>95c/c control) and was more persistent
rn the soil than S. carpocapsae.s3 These results suggest that this nematode, in
;ontbination with insect resistant cultivars of sw'eet potatoes, may reduce insect
.lamage to acceptable levels.sa

S. carpocapsae or H. bacteriophoru {SC) applied through a trickle irrigation
r\ rt€Irl was used to control the striped cucumber beetle, a close relative of
Diubrotica.8s Control of this vegetable pest with nematodes may be advanced
br combining the best nematodes with new and innovative application tech-
n lques .

In addition to the rootworms and their relatives. flea beetles are important
chrl 'somelid pests of agricultural crops. Although S. r 'orpot'upsue (All) had no
observable effect on the crucifer f lea beetle. Pht' l lotreto ('t ' i( ' i ferae, H.
bucteriophora, and S. carpocapsae (All) gave 919t and 6J c/c control of the mint
tlea beetle, Longitarsus waterhousei.*' Because no chemical insecticides are
registered for mint flea beetle larvae, and other members of the soil insect
complex attacking mint can also be controlled with nematodes, it appears that
rapid adoption of entomopathogenic nemarodes will occur for this crop.

Kaya and Hara88 examined the susceptibility of numerous lepidopterous
pupae to entomogenous nematodes. Whereas almost all species were infected
to some degree, those that pupated above ground were most susceptible.
However, in nature, only those pupating in the litter or soil would be in a habitat
suitable for nematode survival, movement. and subsequent infection. Of more
practical interest, they found that prepupae of the beet arrnyworrn, Spodoprera
e.tigua, and the arrnyworrn, Pseudaletia unipun('ta, rn the soil were highly
susceptible to infection by S. c:arpocapsae.se Furthermore, S. carpocapsae
coufd infect >907o of S. exigua prepupae in soil at concentrations as low as 5
nematodes/cm2 of soil surface.eo In field trials, S. fettiae (=bibionis), applied to
soil significantly reduced larval populations of the turnip moth, Agrotis seg-
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etum, compared with the control.er Some control was attained even under
adverse conditions, defined as lack of rainfall, rise in air temperature, and
increased solar radiation.

Adult beet armyworrns were also susceptible to nematode infections during
emergence from the soil.eo More recently, Timper et al.e2 demonstrated that
beet armyworrn adults infected with S. corpocapsae dispersed up to l1 m from
the site of infection, thus suggesting that infected adult insects may account, in
part, for the wide distribution of entomopathogenic nematodes.

VII. CONCLUSIONS
The soil environment is the ideal location to take advantage of the interac-

tions between entomopathogenic nematodes and some of the over 90o/a of
insects which spend part of their life cycles in contact with the soil. Because
soil is the natural reservoir for these nematodes, their potential for use as
biological insecticides is great. In fact, commercial firms are selling entomopa-
thogenic nematodes for control of black vine weevil larvae in nurseries
throughout the world and in cranberry bogs in the U.S., and for citrus weevil
control in Florida. Additionally, a number of turf pests are potential new
markets for nematodes. In most cases, poor control by conventional chemical
insecticides or the absence of available chemical controls has spurred the
commercialization of nematodes. Heterorhobditis spp. or S. glaseri have often
given superior efficacy when compared with S. (orpocopsae strains for many
pests, particularly the white grubs. Production and storage capabilities of the
most efficacious nematode species and strains need to be developed so that
consistent field results can be obtained. As new species and more motile and
cold active strains are discovered through exploration and developed through
genetic manipulation, they can be combined with advances in application
techniques to provide reliable pest control to a broad range of consumers. As
we move forward, a better understanding of the complex interactions in the soil
ecosystem will enable us to maximize use of entomopathogenic nematodes for
biological control.
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lr. Efficacy Against Insects
in Habitats Other than Soil

Joe' W. Begley

I. I\TRODUCTION
Entomopathogenic nematodes in the families Steinernematidae and Heter-

shabditidae offer an alternative to chemical insecticides for a number of insect
pe rt:. They have been used against diverse pests. incl.uding those found in the
rrrl. in cryptic habitats, on foliage, in manure, and in aquatic habitats. Greater
successes have been recorded against insects in the flrst two habitats than the
lettc'r three. For most insects, init ial susceptibil i ty tests have been conducted in
pttn dishes where high levels of mortality are typically recorded. This high
mortality occurs because conditions are favorable for nematode survival and
rntectivity, and ecological barriers to nematode infection are absent. When
t.rlen to the field, however, nematode applications have often yietded incon-
'lr leot results. Although several reasons have been cited to explain these
rnconsistencies, placement of nematodes in a foreign environment, soil being
their natural habitat, has frequently had a deleterious eff-ect on their abil itv to
produce adequate control.

Because a number of reviews have been published in recent years,r t espe-
ctal l t 'against  soi l  insects,r-a I  wi l l  examine the recent ef f icacy,data.  supple-
niented with some of the older l i terature. on the use of entomopathogenic
nematodes against insects occurring on or in foliar. crlptic. rnanure, and
.rquatic habitats.

II. FOLIAR HABITAI
Field trials using nematodes as biological insecticides against foliage-feed-

ing insects, including the nonfeeding prepupal ancl pupal stages, have primarily
in'olved steinernema carpo('apsae and, to a limited extent, s. feitiae (=s.
hibionis) and Heterorhabditis bacterioplt{)t'u (=l-!. hetiothidis). With a few
notable exceptions, many problems have been encountered in using nematodes
on foliage. Nematodes require adequate moisrure fbr infectivity;o that high
ambient humidity (>907a) and free water on the leaves are important prerequi-
sites for infection; however, the foliar environment often exposes the nema-
todes to unfavorable moisture conditions that result in their rapid desiccation
and death.8-ro Moreover, high temperaturesr0 and sunlightrrare fatal to nema-
todes exposed on the leaf surface. Accordingly, nematodes applied to fbliage
must be protected from these detrimental environmental effects. The tropics,
regions with monsoon seasons, and glasshouses (i.e., areas or situations with
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high humidities and moderate temperatures) are preferred environments for
foliar application of nematodes. In addition, evening applications, the incorpo-
ration of antidesiccants into aqueous nematode suspensions, oil formulations,
or anhydrobiotic nematodes, offer possibilities for increasing efficacy against
foliar insects.

A. Lepidoptera
In a few cases, entomopathogenic nematodes have successfully reduced

foliar insect populations to an acceptable level. For example, application of S.
carpocapsae (Mexican strain) on cherry trees effectively controlled third-
instar fall webworm, Hyphantria ('unea.r2 In three field trials, nematodes
applied at 3000 nematodes/milliliter under conditions of high humidity and
moderate or low temperatures persisted on the foliage between l l and 40 hr
and caused 43 to 1007o mortality. Because fall webworm larvae are gregarious
and form silken webs at the feeding site, the webs may provide some protection
to the nematodes by slowing the rate of nematode desiccation and reducing
exposure to solar radiation. In other examples with S. ('orpo(-(rpsae, wet foliage
for 24 hr in the field was a key to infectin g >807c of the arrnyworrn , Mythimna
separata, and high humidity for the 15 hr following evening applications and
the addition of a "viscous material" enhanced mortality of the imported
cabbagew orrn, P ieri s rapae.t3

Successful application of S. carpocapsae against the beet arrnyworrn,
Spodoptera exigua, has been attained in a commercial nursery producing
chrysanthemum stock in Florida. The susceptibility of the beet armyworm to
entomopathogenic nematodes has been well documented.ra-r7 Although target-
ing the prepupal or pupal stage in the soil eliminates nematode desiccation
problems and increases success of infection, this tactic does not prevent larval
feeding damage to the leaves. Thus, an approach designed to control the larval
stage on foliage was initiated. Under optimal laboratory conditions, arrnyworrn
larvae were exposed to S. carpocapsae for different lengths of time to deter-
mine the interval required to obtain high armyworrn mortality. These expo-
sures, conducted in petri dishes with high humidity and free water, showed that
I hr resulted in 52Vo mortality at I day and 80Vo mortality 4 days after
treatment.rT Four hours exposure resulted ingJo/c mortality after 4 days.

Grown under shade-cloth covered fields, chrysanthemum stock plants at a
Florida nursery are often wet each morning from dewfall. Along with the dense
canopy, this moist situation creates favorable conditions for nematode survival
and infectivity. Thus, application at dawn resulted in 52-84Vo survival of the
infective juveniles after 3 hr (Table l).r7 More significantly, field trials showed
that a tolerable rate of damaged chrysanthemum cuttings could be obtained
with a single application of nematodes applied as a foliar spray. Nematode-
killed beet armyworrn larvae were recovered from foliage in large numbers 72
hr posttreatment. Although the nematode-treated plots had 8Vo damage to the
cuttings compared with 30o/a in the control plots at l0 days posttreatment, no
live larvae were found in the treated plots.
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The:e efficacious results, which were equal to chemical insecticides.r8 led
b the development of a beet arrnyworrn control program with S. carpocapsoe
rrj eliminated the use of three conventional chemical insecticides. The crit ical
prrnrr in the program were as follows. (1) Applications were timed to ensure
I mrnimum of 4 hr contact between insect and nematode. Both the time of day
lrJ u ind had to be considered because of their affect on humidity and thus
rmetode survival. (2) The volume of water in applications was adjusted to
prr-'r ide good coverage and avoid significant runoff loss of nematodes. (3) The
rmatode application rate was calibrated to maintain an effective dose after the
erp'ected 50Vo nematode mortality during a 3 hr drying time.re The incorpora-
uon of an evaporetardant that enhances nematode survival and efficacy is an
a-onomic consideration that may allow use of a lower nematode concentration.

Field efficacy of nematodes against the beet arrnyworrn can be affected by
certain insecticides used on chrysanthemums for other pests. Therefore, the
rmpact on S. carpocapsae by chemical insecticide residues on foliage was
j:resSsd (Table 2).'7 Abamectin residues one day posttreatment adversely
.rftected nematode survival, whereas, endosulfan and chlorpyrifos appeared to
har e minimal effect, especially during the first two days posttreatment.
Clearly, nematodes can be used in conjunction with a conventional insecticide
program, but information about the impact of insecticide residues on the plants
* ill be needed for timing their application. For the interim, nematodes can
probably be best integrated into a control program with systemic and short
re : idual insecticides.

TABLE 1. Survival of Infective Juvenile
(orpocapsae Applied to Foliage at Three

Steinernema
Dosages' 'b

Percent nematode survival at

Time on
foliage (hr)

I
2
--)
4
5

5.0 x lOe/ha

86.  la
62.0a
83.8a
40.4b
16.2c

2.5 x l0e/ha

66.-5a
-53.-1a
.18.-5ab

37.0b
1 0 . 3 c

L.25 x l0e/ha

74.2a
51.2a
52.0a
30.3a
I  l . 9b

' Application time was 0600 hours (EST).
b Based on average recovery of live nematodes per chryanthemum cutting at 0.-5 hr

after application. Data transformed to arcsine before analysis. Means in a column
followed by the same letter are not significantly different (P=0.05) according to
Newman-Keuls multiple range test.
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TABLE 2. Effect of Foliar Residues of Pesticides on
Survival of Infective Juventle Steinernema carpocopsae"'b

Percent nematode survival

Days between insecticide
and nematode applications

Pesticide
treatment

Chlorpyrifos 11.2b
Endosulfan 23.8a
Abamectin 4.3c

Control 16.1b
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0.05) according to Duncan's new multiple range test.
Application rate of 2500 million nematodes/hectare.

In most cases, foliar applications of nematodes have not reduced insect
populations to an economically acceptable level. A few examples are docu-
mented here to illustrate reasons for the failures. When treated with S. car-
pocapsae, corn plants infested with the European corn borer, Ostrinia nubila-
/is, had a lower damage index compared with untreated plots.2O However, in
another study, damage to the whorl of the corn plant was not decreased by the
nematode treatment.2r The nematodes settled in water accumulated at the
bottom of the whorl, which essentially removed them from the larval feeding
area. In this case, the presence of free water was detrimental in obtaining
efficacious results.

The DD-136 strain of S. carpocapsae was tested against five different
foliage-feeding pests of apple in the laboratory and field.22 This nematode
caused high mortality in the laboratory, but field application of the nematode
against a dense population of the winter moth, Operophtera brumata, did not
result in larval suppression. The discrepancy between laboratory and field
performance was attributed to rapid nematode desiccation and to the applica-
tion method. A contributing factor may have been the low nematode concen-
tration. Because 5 x 103 infective juveniles/milliliter provided 957o larval
mortality in the laboratory, nematodes were applied at the rate of 2.5 x 103
infective juveniles/milliliter in the field, a concentration that was probably too
low for effective control.

Laboratory studies indicated that S. carpocapsae (All)23 and
Heterorhabditis bacteriophora (NC)2a caused high mortality against the west-
ern spruce budworm, Choristoneura occidentalis, and the spruce budworm, C.
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;:tn:rrt'rene, respectively. with western spruce budworm field tests, despite
rarer of up to 8000 infective juveniles/ml and the addition of 2Vo Volck oil to
thc aqueous nematode suspension as an antidesiccant, nematodes did not
:'educe larval populations.23 The addition of oils and antidesiccants did increase
'un ival of the nematodes on pine foliage.2s The reasons for the failure of S.
"rrpocopsae were not clear, although the low remperature (15.c) the night
efrer application, the poor nematode persistence (16 hr or less), and rain'*r:hing nematodes from the foliage after the application probably played
.rgnificant roles.23

S. carpocapsae and S. fettiae (=bihionis) caused >90Vo mortality of the
g) ps)' moth, Lymantria dispar, in the laboratorl,.ro To take advantage of the
mrsratory behavior of the older instars of this insect. which seek resting places
under bark flaps and crevices during the day. nylon pack cloth bands l ined with
Pellon fleece or terrycloth were placed on tree boies and treated with nema-
todes' Larvae migrated under the bands and were inf-ected. Especially high
niortality was obset'ved for those larvae that moved under the bands shortly
riter treatment. Increasing nematode survival r. l, i thin the bands should enhance
rnfection among the gypsy moth larvae. Because a small proportion of the
lar'al population occur under the bands at anv given time, thi, upp.oach may
be f-easible only in conjunction with other control tactics.

B. Hymenoptera
Many sawfly species are serious fbrest defbliators and are susceptible to

nematode infection under laboratory conclit ions.rT rx In fielcj tests. the larch
:awfly, Pristiphora eric'hsonii, was not suppressed bv apprications 9f s. car.-
po('opsae (DD-136) to young larvae on foliage or f lfth insrar larvae entering
sphagnum on the ground to form cocoons.r' .s. r,r,,.yrr,r,rp.\(t(, (uK) appried to
control the web-spinning larch sawfly'. Cepltulciu ltu' it. ipltrlu. caused ia.29o/o
infection of larvae on the trees and 6l% inf-ection of prepupae entering the
soil '2e The nematodes persisted in the soil and \\ 'ere recovered from prepupae
I year later. In Czechoslovakia. S. (r'rrl.r.rt,i is an inrportant natural mortality
agent of Cephalcia sawfly prepupae and pupae in soil and may be useful for
biological control of other sawfly species.r,,

C. Coleoptera
Entomopathogenic nematodes do not appear to be feasible biological con-

trol agents for coleopterous foliage-feeding insects such as the elm leaf beetle,
Pyrrhalta luteola,23 and Colorado potato beetle, Leptinotor"sa 4ecemlineata.t.32
Although the addition of antidesiccants to the nematode suspension increased
mortality of Colorado potato beetle larvae f'eeding on foliage to 30-60vo as
compared with I}vo without antidesiccants, the increased mortality was not
sufficient to provide economic control.rr S. c:arpocapsae applied to the soil to
suppress the fourth-stage larvae produced 5g-7 rTa mortality.33 These data
suggest that an integrated approach employing a chemical or biological insec-
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ticide (i.e., Bacillus thuringiensis var. sandiego) for the foliar-feeding stages

and nematodes for the soil-inhabiting stages (i.e., fourth-stage larva and pupa)

may offer successful population reduction'

D. Other Insects
Controlling grasshoppers with S. carpo('apsae has been attempted in the

field. Deployment of alginate or alfalfa-wheat pellets containing nematodes

resulted in 4l and 337o mortality, respectively, 3 days posttreatment.3a This

level of suppression is unsatisfactory in most situations.

The squash bug, Anasa tristis, is primarily diurnal in habit, hiding around

the base of squash plants or the upper leaves or vines. Field application of S'

c.arpocapsae aga\nst this insect caused 24-1lolc infection.rs Although the re-

sults appeared encouraging, Wu35 concluded that the low infection rate pre-

cludes the use of this nematode in Fresno, California, an area characterized by

hot, dry summers. Generally, the same limitations which inhibit the nematodes

againsi other foliage-feeding insects prevail. Interestingly, this is one of the

few reports of nematodes infecting insects with sucking mouthparts'

III. CRYPTIC HABITATS
Although sensitivity to low moisture, high temperatures, and ultraviolet

radiation has limited nematode use against foliage-feeding insects, cryptic

habitats are generally charact erizedby conditions more favorable for nematode

survival and infectivity. In fact, the most consistent, efficacious results with

nematodes have been obtained in cryptic habitats. especially against insects

that bore into Plants.

A. Lepidoptera
A number of insect pests spend a portion of their life cycle within a host

plant, in particular lepidopterous insects in the families Cossidae (carpenter-

worms) and Sesiidae (clearwing moths). In addition to being in a favorable

habitat, most species have large gallery openings which are useful sites for

nematode entry. These large gallery openings occur because the borers fre-

quently clear their galleries of frass. A decrease in frass activity can actually

be used as an index of successful control. Extensive studies with cossids and

sesiids have shown that they can be effectively controlled by S. carpoc:apsae

or S. fettiae (--bibionis).zo'+o In China, S. carpor'opsae has been effective in

controlling the bore r, Holcocercus insularis, which has interconnecting galler-

ies containing several hundred individuals.as When infected, many borers leave

the galleries and die outside the tree. Those remaining in the galleries die and

p.odu.. infective juveniles which can infect the borers that escaped earlier

infection.
A major problem in controlling borers has been finding an economically

feasible method of nematode application. Locating the gallery openings of
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rlr:€ insects in trees can be time consuming and expensive. Ofien, the galleries

rrg \cattered throughout the tree, and for large trees. special equipment may be

rreded to treat the upper bole and branches. Other factors affecting efficacy

rn-lude the small gallery openings of the early instars.rE the dry galleries of

\onre species that only bore into the bark,aa and gums and resins whrch cover

end restrict the size of the gallery opening. In addition. treatment is often

rnrriared only on the larger insects, after the damage has been done. because the

rtruog instars go undetected.
Besides cossids and sesiids, entomopathogenic nematodes have been effec-

rr\ e in controll ing other lepidopterous species. The larvae of the navel

trraflg€worrrr, Amyelois transitella, a serious pest on almonds, enter through

.plits in the husk and destroy the nut meat. The protected environment within

rhe almond nut interior is ideal for both the development of the navel orange-

$orrn larvae and the survival of entomopathogenic nematodes.aT Field trials

u rth S. carpocapsae have demonstrated that the level of suppression is rate

,1ependent.48 At levels of ca. 500 infective juveniles per nut, the mortality rate

uas l\OVo. However, depending on almond variety. hull split occurs over a

penod of a few days to several weeks. thus necessitating frequent nematode

epplications to attain effective control. Presently. the high nematode rates

needed to obtain economic control l imit their use as an acceptable control agent

for this insect.
Codling moth, Cydia pomonella. is one of the most importartt pests of

rpples. They pupate and overwinter as prepupae under the bark of their host

rrees. When corrugated cardboard bands were placed around the trunks of

apple trees as an artif icial bark substrate. prepupae moved into them.*" Subse-

quent applications of S. c'arpocapsae (All) resulted in 23-l3ct intection. with

rhe best mortality occurring in the winter. Although producing insufficient

control on their own, nematodes could be used as one element of an integrated

management program for codling moth.
Field tests with the artichoke plume moth. Plutt'ptilitt t'urduidac:tyla,have

:hown effective control of third and fourth instars l5 da1's after treatment with

S. t'arpocapsae.5o The residual effect of nematode treatment was greater than

rhat of the standard chemical pesticide. This insect bores into the leaf stalk and

tlower bud of artichokes, which occur in a cool, foggy climate of coastal

California. Both the cryptic habitat and the humid climate make plume moth

a prime candidate for control with entomopathogenic nematodes. The nema-

todes are used against the plume moth larvae when plants are young because

relatively few nematodes are needed to maintain the insect population below

the economic threshold of 57o infestation. On large, older plants, the numbers

of nematodes needed for economic control is not feasible.

B. Coleoptera
Many pestiferous beetles, especially scolytids and cerambycids, occur in

ealleries in trunks or branches of trees. It is not surprising, therefore, that
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attempts have been made to control these insects with entomopathogenic
nematodes. Bark beet les are suscept ib le to steinernematidssr-ss and
heterorhabditids.55 Applications of S. r'arytt'opsae to logs infested with bark
beetles demonstrated that the nematodes can enter the galleries and infect
beetle larvae and adults.5r'53''54 However. entomopathogenic nematodes do not
appear promising as biological insecticides for bark beetles. These insects
usually infest dead or dying forest trees which have low or no economic value.
When high value trees are attacked, the trees are probably already under stress,
and mass attack by bark beetles requires a control agent that can act quickly to
ward off tree death. Even with fast and eff-ective beetle control, the trees may
not be saved.

A research area which may prove fruitful is the initiation of epizootics in
trees infested with bark beetles. Finney and Walkersr noted that control logs
which were not sprayed with nematodes contained beetles infected with S.
carpocapsae. This observation implied that adult beetles served as carriers
from treated to untreated logs. Epizootics may reduce beetle populations below
outbreak levels. One caveat is that bark beetle galleries contain nematophagous
mites,s6and probably other organisms, that may shorten or prevent an epizootic
of nematode disease.

S. carpocapsae is a promising control  agent for  the cerambycid,
Monoc'hamus alternatLts, a vector of the pine wilt nematode in Japan.57 Appli-
cations made by spraying the pine logs with nematodes or injecting them into
galleries under field conditions provided 50-80% mortality of larvae and
adults. In comparison, S. glaseri, S. feltiae (=bibionis), and H. bac'teriophora
(-heliothidis) resulted only in 46, 46, and JC/c mortality, respectively.sT S.
kushidai was ineffective aeainst this insect.sE

C. Other Insects
The leafminers, Liriomyza spp., are major pests of ornamentals and vege-

table crops in the tropics, subtropics, and greenhouses. The larval stages of
these insects actively feed within the leaf tissue (i.e.. mines) where they are
protected from most insecticides. Laboratoryse and greenhouse studies60 with
S. carpocapsae againstL. trifolii suggest that this nematode may be an effec-
tive control agent. In the greenhouse, infective juveniles applied in an aqueous
suspension located and infected the maggots within the mines. Apparently, the
nematodes enter the mines through small tears on the epidermal leaf surface or
ovipositional punctures made by the adult leafminer. The nematode treatment
was as effective as abamectin, the only efficacious insecticide registered for
use on ornamentals against leafminers.

Biological control of cockroaches is appealing because these nocturnal
insects are major pests of human habitations where use of chemical insecticides
is restricted. Cockroaches are susceptible to entomopathogenic nematodes. For
example, the German cockroach, Blatella germanico, rs susceptible to S.
carpocapsae, and traps containing an attractant and nematodes are being tested
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r$ r means of control.6r This approach appears f-easible. although much more
Gl'trrrllstion is needed on nematode persistence and cockroach behavior in the
pFrr'nCB of the nematodes. In another study. Heterorhahctitis :ealuncliga
rT-rl- ) \\'as more effective in killing the first three instars (>44c/( mortality) of
6c .\mencan cockroach, Periplaneta americana, than the fourth instar or
;r1uitr r<l5Vo mortality).62Triatomid bugs have also been shown to be suscep-
ltiir' to entomopathogenic nematodes.63

I\' MANURE HABITAT
Filth-breeding insects would appear to be good candidates for control with

enl()mopathogenic nematodes. Many abiotic factors such as moisture, tempera-
rurr' ( \\ here insect activity occurs), and low ultraviolet radiation would seem ro
flr t'rr nematode survival. Moreover, many of these insects have become resis-
3nt to chemical insecticides and, as very few alternatives are available, the
nt'nratodes are considered potential control agents.

.\. Diptera
In general, laboratory petri dish tests indicate that filth-breeding fly larvae

tre susceptible to steinernematids and heterorhabditids.6a 67 However, the
.rddition of manure or fly medium into the tests reduces the efficacy of the
nematodes.s-67

Field tests of the ability of S. r'arpocapsae and H. bac'teriophora to control
ma-sgots in poul t ry houses have produced mixed resul ts.  Mul lens et  a l .6s
tJenronstrated no larval or adult reduction in four fly species when S. r'ar1tot'u1t-
rr/( '&fld H. bacteriophora were applied. In contrast. Belton et al.6e showed a
.ignificant reduction of house fly (Must'a domestica) adults in a poultry house
treated with H. bacteriophora as compared with the control, In the former
rtud!, manure moisture was considered tavorable for f ' l1' clevelopment and,
presumably, favorable for nematode survival. Failure $,as attributed to the poor
:urvival of the nematodes in manure. probablv because of the ammonia and
:alts which were toxic to the nematodes6* or to predatory mites.7o Moreover, the
upper range of ambient temperatures (-18 Ct of rhe manure was within the
nematodes' thermal inactivati<on zone. In the latter study, success was attrib-
uted to favorable differences in the manure environment, especially tempera-
ture and moisture. The manure temperature varied from 11to l9'C and the
manure was moist. Moisture was not quantified. but laboratory observations
showed that the nematodes survived best in moist, not wet, manure. Although
both groups of investigators used H. bacteriophora (NC), the poultry houses
in the Mullens et a1.68 tests were open, whereas those in the Belton et al.6e tests
were closed. The results obtained by Betton et al.6e are encouraging, but
nematodes seem unlikely candidates for controlling filth fly larvae in poultry
houses because of the hostile manure habitat.

Control of adult flies in nematode-baited traps shows more promise.
Offering S. carpocapsae oncotton balls with 57o Sucrose to house flies resulted
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in 63-677o fly mortality.66 Another baiting system for the house fly consisted
of a sex pheromone, fly medium, and nematodes.65 Using this bait, S. car-
pocapsae killed 1007o and H. bacteriophora krlled 94Vo of the flies. A trap
containing a bait that prevents nematode desiccation for a long period of time
(l-3 months) would seem to be essential for making this system commercially
viable.

Grown on pasteurized compost in cool, moist, dark houses, mushrooms are
produced under conditions favorable for nematode survival and development.
Major pests in mushroom cultivation include larvae of phorid, sciarid, and
cecidomyiid flies, all of which can be infected by steinernematids and heter-
orhabditids.Tr'72 In field trials with the sciarid Lycoriella auripila, S. feltiae
(=bibionis) was the most effective and gave larval reduction comparable to the
standard chemical, diflubenzuron;72 S. carpocapsae and H. bacteriophora were
less effective. An attractive feature of the nematodes is their ability to recycle.
Thus, S. feltiae (=bibionis) and H. bacteriophora persisted in the compost and
showed a marked population increase at 3 to 4 weeks posttreatment when a new
generation of nematodes was released from the sciarid maggots.

B. Coleoptera
The lesser mealworm, Alphitobius diaperinas, lives in the litter of poultry

houses, where the beetles breed in spilled feed and manure. Laboratory trials
indicate that S. carpocapsae is superior to H . bacteriophora and S. glaseri for
control of late instar lesser mealworm.T3 Field trials with S. carpocapsae
showed that beetle populations initially increased more slowly in treated than
untreated houses.Ta By the end of l0- l3 weeks, however, the adult populations
were about equal in treated and untreated houses. Although S. carpocapsae
persisted in the soil (which contained manure and feed) for up to 15 weeks,
bioassay of soil showed a marked decline 7 weeks after treatment. Geden et
al.7a speculated that the reason for the temporary control was the relatively
short period when high populations of insects coincided with high nematode
populations. They also noted that the time interval of greatest nematode loss (5
to 9 weeks posttreatment) occurred when outdoor temperatures exceeded 36'C
for I week.

V. AQUATIC HABITAT
The aquatic habitat offers an excellent environment for nematode survival.

A seemingly logical extension would be to use these nematodes for control of
pestiferous insects in this habitat. However, steinernematids and heterorhabdi-
tids are soil organisms and are not adapted for directed motility in the aquatic
environment.

A. Diptera
Mosquitoes and black flies would appear to be prime candidates for control
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r rth nematodes because they readily ingest nematodes. However, a number of
frtors reduce efficacy, including damage to the nematode during ingestion,75.76
htr.t immune response,TT-te and spatial separation of host and nematode.TT 80 In
thc case of black flies, Gaugler and MolloyT6 demonstrated that the nematodes
uere physically excluded during feeding of the first through third insrars.
rendering the host resistant to infection. Older instars (fourth through seventh)
uere susceptible to infection, with the oldest instar being the most susceptible.
ln the fourth through sixth instars, the principal factor regulating susceptibility
\Aas nematode injury caused by the larval mouthparts during ingestion. In
mosquitoes, DaddTs also observed that larval size excluded nematode ingestion
hr early instars and that some nematode injury occurred during ingestion. In
rc)trl€ cases, nematodes that were ingested appeared viable but were rapidly
degraded in the gut.

Nematodes that do reach the hemocoel of mosquito larvae can be encapsu-
lated.77 7e If one or only a few infective juveniles enter the hemocoel, the
mosquito may survive by virtue of its immune response. However, such larvae
ma1' take longer to develop and often die at pupation or adult emergence.TT

Mosquito feeding behavior and spatial separation of the nematodes also
aft-ect efficacy.TT '80 The substrate type influences the uptake of nematodes by
mosquito larvae. Nematodes settle quickly to the bottom. Mosquitoes will
easily remove them from a smooth surface, but when debris is added, the
nematodes are less available to the mosquitoes.

using S. carpocapsae and H. bacteriophora,Molta and Hominicksr found
that larval mortality of Aedes ae$)ptiwas a positive l inear function of nema-
tode dosage and exposure time. Inundation of the system with nematodes was
necessary to promote larval mortality. They speculated that the nematodes
might increase the fitness of a mosquito population because the larvae readily
consumed the nematodes, thereby gainin-u nutrit ion. whereas only a small
proportion of the larvae were killed.

In field trials, 50Vo mortality of late instar black fly larvae, Simulium spp.,
was observed in a New York stream treated with S. (,orpocapsae.82 Further
trials with the same nematode species against Sintuliunt vectors of onchoceria-
sis in Mexico produced no significant mortality.sr Gaugler and MolloyT6 had
demonstrated that a postgenal length of >481 pm is needed for ingestion of S.
corpocapsae rnfective juveniles without consistently injuring the nematodes
with the larval mouthparts. The postgenal length of the oldest instar of the
Mexican black flies was <481 pm. Probably, the nematodes were not ingested
or were damaged by the larval mouthparts.

B. Coleoptera
Larvae of the rice water weevil, Lissorhoptrus oryzophilus,feed on the roots

of flooded rice during the critical early vegetative period. In laboratory rests,
l00%a of the adult beetles confined in a tube with moist filter paper were killed
by S. carpocopsae,but<6Vo of the adults in an open environment were infected

1 . .

:
t

I

l .
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* lien sprayed with nematodes.sa Although flooded soil would seem adverse to
rrcrnatode movement and host-finding, preliminary trials using Steinernema
.ppr. to control rice water weevil larvae appear encouraging.85

VI. CONCLUSIONS
Entomopathogenic nematodes have been highly successful against a num-

hcr of insect species in cryptic habitats, particularly plant borers. Less encour-
.rging results have been obtained for control efforts on pests in foliar, aquatic,
.rnd manure habitats. The success with plant borers is attributed to favorable
.onditions in the galleries, the nematodes' abil ity to seek a host, and the high
.urceptibility of the target pests. In the foliar habitat. many species are also
hichlv susceptible to nematode infection, but the narrow window of opportu-
nrrr tor treatment often restricts application to the evening or to times when
.rtiequate moisture is available. Attempts to extend nematode survival with the
.rtidition of evaporetardants to aqueous suspensions of nematodes have been
purtially successful, and the quest for the ideal evaporetardant is an ongoing
endcavor.

The manure habitat appears to be too hostile for nematode survival. More-
()\cr. the insects in this habitat are generally less susceptible to the nematode,
c.pecially in the presence of manure. As an exception, adult house flies may
r.\- controllable with nematode baits, but there is a need to close the gap
i'.-tueen expected and observed mortality.

The aquatic habitat is poorly suited to nematode-based management strate-
src's. The rice water weevil, which occurs in flooded soil, might be susceptible
r() nematode treatment, although much more data are needed to ascertain the
nr'rratodes' biological control potential for this insect.

Innovative approaches are needed to provide the impetus to use nematodes
:n r arious habitats. Some, such as baits or attractants for grasshoppers, house
:lr adults. and cockroaches, have been tried with encouraging results. Fine
runing of these approaches may provide a breakthrough in insect control.
\.iaptation of new methodologies and technologies from other fields to re-
.C.irch on entomopathogenic nematodes is needed. We also must develop
:nnor ative approaches which will be useful for nematodes and other biological
.  r  rntrol  agents.

Perhaps too much emphasis is being placed here on using nematodes as the
.,rlg jsslf for insect control. In fact, nematodes may be only one component
,'l' r pest management strategy. The life cycle of the target pest must be
.rr.rnrined. its most vulnerable stage determined in relation to its environment
.rnJ to nematode infection, the most virulent and persistent nematode species
.'r .rrains identified, the economics of nematode usage ascertained, and the
nt.rnasement strategy defined.
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12. Logistics and strategies for Introducing
Entomopathogenic Nematode Technology
Into Developing Countries

Robin Bedding

I. INTRODUCTION
Entomopathogenic nematodes have great potential for the biological control

'ri many important insect pests. They are already being used for the control of
lhc' black vine weev rl, Otiorhync'hus sulcatu.E, in Australia and Europe,r currant
brrrer moth, Synanthedon tipulifor"mis, in Australia.r and a tree-boiing cossid,
11,,16111'r,'rus insularis, and the peach borer moth. Carposina nippoiensis, in
China.r Environmentally safe and tikely to induce minimal probtems of insect
rc'ristonCe, these nematodes are sometimes more effective than insecticides.
Thel'are also ideally suited economically to developing countries. Whereas the
ct.rst of imported chemical insecticides is high, nematode-based control is
relatively inexpensive and production can be adapted as a local cottage indus-
trr '  Furtherrnore' developing countries usually have the tropical. hunJ,l condi-
ttons conducive to control using entomopathogenic nematodes. and their f 'arm-
er: often have a close relationship with their carefully ancl intensiyely tencled
Iand.

This chapter is based largely on experience gained from a comprehensive
collaborative program between CSIRo. Australia. and tw,r-r Chinese institutes.
$ith some insights derived from several small programs w,ith various other
countries. Many of the logistics and stratecies suggeited hai,e been developed
and used in the above programs; others are being introduced with the benefit
of hindsight. Some of the strategies involved are also applicable to the transfer
of entomopathogenic nematode technologl' w,ithin industrialized countries.

II. INITIATION
Obviously for any comprehensive progranr. the industrialized country,s

organization must itself have a substantial commitment to entomopathogenic
nematode research and a broad background in nematode technology. Furt
cooperation between the developing and industrialized countri.r' oiluniza-
tions wil l be best achieved if both clearly realize the potential mutual advan-
tages. The developing country may benefit from: (l) a source of diverse
nematode isolates, (2) access to sufficient nematodes for large field trials at an
early stage, (3) financial and material assistance from the industrialized coun-
try, (4) training and research opportunities for their personnel in the industri-
alized country, and (5) research collaboration with an industrializedcountry.
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The advantages to the organization of the industrialized country may in-
clude: (l) grants for mutually beneficial research within the industrialized
country, (2) expanded research opportunities, such as extensive laboratory and
field trials against a variety of insects made possible by a large inexpensive
labor force, (3) research collaboration with scientists from the developing
country, and (4) access to new isolates of entomopathogenic nematodes from
the developing country.

III. PRELIMINARY ASSISTANCE
Before substantial technological assistance can be offered to groups in a

developing country, a source of outside funding is likely to be required.
However, early assistance should include helping to determine the appropriate-
ness of using entomopathogenic nematodes in the developing country and
providing the background necessary to obtain outside funding for more com-
prehensive programs. This stage, likely to require 2 to 3 years, should not be
overly expensive for either the industrialized or developing country's organi-
zation. The following steps are suggested:

l. Identify pest problems likely to be amenable to nematode-based control.
2. Visit to developing country by an expert to further assess prospects for

success.
3. Prepare a circular containing a general summary and an overview of

entomopathogenic nematodes and technology.
4. Provide relevant literature. This packet should contain l0 to 20 key

publications on entomopathogenic nematodes including reviews, impor-
tant technique and strategy papers, and articles relevant to controlling
insect pests of specific importance to the developing country.

5. Establish the credentials of the industrialized country's organization by
sending relevant nematode publications written by personnel.

6. Supply a full publication list (about 750 references) which encompasses
the scope of work in the discipline.

1. Assist in providing information to the developing country's quarantine
authorities to facilitate import permits.

8. Supply full instructions on extracting nematodes from storage medium,
maintaining them in suspension, counting them, and performing infectiv-
ity testing.

9. Make available at least eight species of entomopathogenic nematodes for
importation.

IV. SUBSTANTIAL ASSISTANCE
Having established a sound basis from which to proceed, both the industri-

alized and developing country's organizations will now need to procure sub-
stantial funding either from within the developing country or from appropriate
organizations within the industrialized country. This funding is l ikely to be

:orthcoming only if a strong proh
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:''nhcoming only if a strong probability of success can be demonstrated. There-
Itlrc' ot the end of the preliminary phase, a detailed report should be prepared
;{ro!€rning the overall progress made, the f 'easibit ity of controll ing various
ifl'ect pests important to the developing country, and the financial anJenviron-
mcntal advantages of using entomopathogenic nematodes instead of insecti-
.:Jc':. A detailed budget should be included. Funding success wil l be enhanced
rr lhc' project has direct relevance to both countries and if each will be commit-
:rnt rignificant resources. [n the case of the developing country, the number of
;r--r\onnel devoted to the project will be of particular relevance.

Entomopathogenic nematology is becoming increasingly commerci alized
end rherefore competit ive (e.g., in the u.s., u.K., Europe, and Australia).
\\'here the industialized country's organization is involved or likely to be
:nr oll'ed with a commercial company, there may be concern over the confiden-
ir.rlitY of proprietary interests and the possibility of competition from the
Jcr eloping country in international markets (a problem generally recognized
:n the transfer of biotechnology3). This may result in a reluctance or even in
lc'gal barriers to transferring up to date technology which has often been
Jc'r eloped at considerable expense. These issues can be addressed by drafting
end signing the appropriate documents.

where it appears worthwhile to enter into a major project. funding over a
i -r ear period will be required for the following:

l. Short-term visits (about 2 weeks) by personnel f iom the developing
country to the industrialized country.

l '  At least one person from the developing country to come to the indus-
trialized country's entomopathogenic nematode laboratory for 6 to 12
months to learn general techniques and work on one or more collabora-
tive research projects. Other visit ing personnel could specialize in bac-
teriology, mass rearing, ecology. apprication methods. or taxonomy for
approximately 3 month periods.

' r '  Development of  mutual ly relevant projects in the industr ia l ized
country's organizatron. These projects may involve the appointment of
research scientists and technical assistants (one of the major benefits to
the industrialized country's organization).

+. Annual or biannual visits of I to 2 weeks to the developing country by
one or more scientists from the industrialized country. The scientist(s)
will give seminars and workshops on entomopathogenic nematode tech-
nology to local scientists, end users. and government officials, and
provide advice on the establishment of laboratory facilities.

-5' Purchase of equipment and supplies unavailable in the developing coun-
try.

6' Provision of sufficient quantities of appropriate nematode species for
field trials while local producrion technology is being developed.

7 ' Provision of monoxenic cultures of uppropiiute nematodes and healthy
phase one cultures of their symbiotic bacteria.
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8. Provision of a full library of reprints and books on entomopathogenic
nematodes and a library computer search system with comprehensive
key wording.

9. Supply of slides and videos of important processes.
10. Compilation and publication of a comprehensive manual which de-

scribes all techniques in considerable detail.

V. THE TECHNOLOGY
The technology associated with entomopathogenic nematodes ranges from

simple to advanced. In general the simple technology should be introduced
during the phase of preliminary assistance, whereas introduction of the more
complex technology should coincide with the substantial assistance phase.

A. Simple Technology
The results of preliminary laboratory and field testing against insect pests

must provide reliable evidence for either proceeding with or terminating the
project. Thus, the industnahzed country's organization must ensure that
healthy infective juveniles were applied at recommended dosages against the
target pests and that the results can be compared with similar trials in the
industrialized country (i.e., they have been obtained using the same methodol-
ogy). Consequently, instructions must be very explicit and more detailed than
those included in a scientif ic publication. Specifically, these instructions
should include information on the followins activit ies:

L Extracting nematodes from consignments and storing them in water.
2. Counting nematodes. Principles and procedures for nematode quantifica-

tion are important because it is involved in most aspects of entomopatho-
genic nematode research from mass rearing. storage, infectivity testing,
and ecology to large-scale field testing.

3. Standardizing infectivity tests or quality control. Methodologies em-
ployed must be similar in both countries so that comparisons can be made
and personnel can readily estimate the feasibility of controlling for
particular insects by particular nematodes.

4. Screening of insect pests in laboratory tests.
5. Rearing of the greater wax moth, Galleria ntellonella, where this insect

is permitted by quarantine authorities.
6. Culturing nematodes in Galleria larvae, or if this is not permitted by

quarantine regulations, in another insect.
l. Using Galleria larvae or other suitable insect larvae as bait for indige-

nous nematodes.
8. Conducting small-scale field trials.
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B. Advanced Technology
once the simple technology has been introduced. the more advanced tech-

lrl1r$-\ ' training can commence. A major constraint is adequate instruction in
e'cptic techniques. Training in advanced technology should inclucle several
I ( . |ptC \ :

l '  General steri le techniques with special arrenrion to the handling of large
cultures.

l. Culture of symbiotic bacteria. In particular. the maintenance of phase
one cultures and use of freeze-dried symbiotic bacteria should be cov-
ered.

-r. Subculture of monoxenic entomopathogenic nematodes on polyether_
polyurethane foam in tubes and flasks. Some of the n...rrury steps are
isolation of bacterial symbionts, surface steri l ization of infective juve-
niles, and establishment of monoxenic cultures.

J- Large-scale production methods (once flask culture has been
mastered). These methods comprise rarge-scale curture and
and processing techniques.

thoroughly
harvesting

6 .

t .
9 .

Storage techniques, including large-scale nematode storage protocols.
and liquid nitrogen storage of nematode and bacterial isolates.
Entomopathogenic nematode taxonomy. Teach morphologr and cross_
breeding for steinernematids, and morphology and eiectrophoretic tech-
niques for heterorhabditids.
Assessment of bacterial presence in infective juvenires.
Basic bacterial taxonomy.
Experimental design. This training is best implementecl cluring long_term
v is i ts  o f  the  deve lop ing  count ry 's  personner  ro  the  indus t r ia r ized
country's organization. This training should be supplemented by detailed
discussions of the research plans durin-s,",isits to the cle'eloping country,
by an exchange of written research plans. and b' frequent telephone
contacts.
Modification of methodology to suit local conditions. Collaborative
research may be necessary to develop appropriate improvements.

VI. LARGE-SCALE DEVELOPMENT
When field tests and grower trials establish that one or more important

insect pests can be economically controlled with nematodes, provision must be
made for introducing this means of control into normal agricultural practices.
Importing nematodes on a large scale from industrialized country,, .o-..r_
cial concerns wil l be far too expensive. Thus. nematodes must beproduced in
the developing country. Establishment of facil i t ies can be undertaken bv

1 0 .
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government or local commercial concerns. but may best be achieved in joint

venture with an established commercial entomopathogenic nematode company

from the industrialized country.

VII. PROVISION OF ENTOMOPATHOGENIC
NE,MATODES

No one species of entomopathogenic nematode is the best control agent for

all or even most insect species.a For example. there can be a several hundred-

fold difference in LD.ns between two species. Steinernema corpocapsae, the

most commonly available species, is not usually the best for any particular

insect. Consequently, unless interest is in only one insect pest already known

to be susceptible to a given nematode species. a minimum of eight nematode

species must be sent initially. It is preferable to examine different species rather

than various strains of one or more species because species usually exhibit

greater differences in infectivity. I

Unfortunately, predicting the most pathogenic nematode species for an

untested insect is difficult. Known efficacy against related pests may be a loose

guide to potentially effective species. Most entomopathogenic nematodes have

a low LDro for Lepidoptera; however, Steinernema glaseri. Steinernema (513

strain), S. anomali, S. kushidai, and various Heterorhahditis species are more

pathogenic against scarabs.r Some Steinernema species (e.9., S. r:arpoc'apsae

and S. feltiae [=hibionis]) may never reach the LDr,, for scarabs even when

dosages exceed 100,000 per insect.r 'a Even for closely related insects, relative

efficacy can vary. Whereas Heterorhabditis zealandicu (T310, T327) and H.

bacteriophora (Cl) are excellent for controll ing larvae of the weevil,

Otiorhynchus sulcatus, in potted plants,r's they are poor for controlling another

weevil, Phlyctinus callosus, in the same environment. The reverse is true for

S. fettiae (-bibionis).t H. bacteriophora and S. glaseri are best, although not

good, against larvae of another weevil Grapthognathus leucoloma.r Lastly, S.

carpocapsae is best against  larvae6 but not the adul tsT of  the weevi l ,

Cosmopolites sordidas, in banana corrns.
The environmental conditions under which control will be attempted should

also be considered when determining the best entomopathogenic nematodes to

send. For example, to test S. kraussei, which is active at 2"C, but cannot

function at temperatures above 26"C8 in the tropics, or Heterorhabditis sp.

(Q380), which has a minimum temperature of activity at l6'C8 in cool climates,

is obviously inappropriate. Where application against foliage-feeding insects

will be attempted, S. carpocapsae would be the main species sent because of

its superior capability to withstand a certain degree of desiccation.r

The availability of various species of entomopathogenic nematodes will

obviously be a factor in determining which one to supply to a developing

country. However, attention is drawn to the database developed by Dr. R. J.

Akhurst (CSIRO. Canberra, Australia) which contains information on the

lvai labi l i ty  and locat ion , '1
\pecies of entomopathour-rt r.
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'l\rrlabil i ty and location of some 250 isolates. These isolates rcpresent 30
-tt 'e ies of entomopathogenic nematodes held by 20 laboratorics.

\.III. COLLECTION OF INDIGENOUS ISOLATES
Col lect ion of  indigenous nematodes has several  meri ts.  A relat ivelv s imple

lr(tedure, it may provide isolates more suitable fbr inundative release against
irlal pest insects because of adaptation to local clrmate ancl population regu-
irlor: ' Collection provides information on indigenous fauna prior to possible
rntroductions of exotic species. Lastly, new isolates are potentially beneficial
rrr collaborators from the industrialized country.

The Galleria trap methode is recommended for general collection. If isolates
3rr' required for a particular insect, this host .un b. used to bait soil samples.
\l l  isolates should be stored in l iquid nitrogenr" to ensure preservation and
'()n\erye genetic diversity. Details of all isolates shoulcl be sent to the interna-
rronal entomopathogenic nematode database compired by Dr. R. J. Akhurst.

IX. SCREENING OF INSECT PESTS
It may be tempting for the developing country's organization to plunge

Jrrectly into field tests. However. an efficient screening procedure should
climinate many unsuitable nematode species. Moreover, many insects which
;lnnot feasibly be controlled with nematodes because of natural resistance or
t 'n\ ironmental constraints wil l be eliminated. This procedure wil l save time
*hile minimizing the possibirity of erroneous rejection.

Standardized techniques are used to determine the relative inf-ectivit ies of..jiff'erent species and batches of nematodes. Petri dish/filter paper assays are
not recommended because this approach is f'ar removed from the natural
' l tuation. Such assays are l ikely to favor those nematodes nrore able to nictate,r
'rnd there are l ikely to be problems with establishment of an aclequate attractiongradient'a Using more than one insect per container is misleading because of
Individual variation in attractiveness and susceptibil i t l , bet*een individual
lnsects of the same species anrd stage.r For many sorl-inhabiting insects, expos-
rng individual insects in a standard sand type and moisture content to flve
Ioganthmic  dosages (e .g . ,  2 t  to  25  or  10r .1015.10r .10r5 ,103)  o f  nematodes l  i s
perhaps the most satisfactory means of obtaining consistent LD.ros.

with insects that bore into plant t issues (often ornong the most promising for
control with entomopathogenic nematodes), use of a sand assay is not so
appropriate as sawdust or fine vermiculite. whereas a high LD-r,, should pre_
clude consideration of a particular nematocle species against u giu.n borer, aIow LDro may be relatively meaningless. othei factors may affect the access
of infective juveniles to the target pest. For exampre, with many cerambycid
beetles, the frass is so tightly packed in the galleiies that infeciive juveniles
cannot penetrate it.rwith other borers, nematode entry may be blocked by
callus tissue, and unless it is feasible to artif icially insert nematodes into the
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plant interior, prospects for control may be poor. For these reasons, those
borer-nematode combinations that show a low LDr,, in laboratory assays should
be further tested in situ on excised portions of the plant maintained at l00o/o
humidity. The nematodes should be denied access to the cut surfaces, and, if
this is not possible, small-scale tests should be conducted in the field.

Recommended procedure for soil-inhabiting insects is to test one very high
dosage (i.e., 1000 infective juveniles per insect) against each of 20 individual
insects. If less than l0 of these are killed, reject this nematode species for
further testing. However, if at least 10 insects are killed, then the LDru should
be determined. Each stage of the insect that is likely to be present in the soil
for a significant time should be tested. The two or three nematode species with
low LDrns should be selected for pot trials using soil types and host plants
similar to those found in the field. If one or more species are better than others,
test various strains of the best species.

Small-scale field trials can be conducted if pot trials have produced satisfac-
tory results. Where natural insect populations are sparse, insects from other
areas can be supplemented, provided they are undamaged and can be intro-
duced without unduly disturbing the plots. However, effective nematode dos-
age appears to be proportional to host density,rr so this aspect should be
considered during evaluation. When small scale-field trials prove encouraging,
plan and conduct larger trials after consultation with a statistician.

After a range of successful field tests in diverse situations, five to ten
commercial growers in different localities should be encouraged to adopt the
nematode as a control measure on part of their crop. This stage should only be
attempted when all concerned are confident that nematodes are an effective
means of control. The commercial growers must be well-trained in nematode
handling and application.

Evaluation of stem-boring insects may be attempted in the same general
manner as described for soil-inhabiting insects. However, in many cases,
experiments in the field should begin at an earlier stage. Field trials avoid the
difficulty of extracting insects from the plant tissue and take advantage of the
ease with which many borers can be evaluated by the presence or absence of
fresh frass outside the plant.

X. MASS REARING AND PROCESSING
For rearing small numbers (a few million) of nematodes, use of Galleria

larvae and White trapsr2 is adequate. When the stage requiring substantial
assistance is reached, the developing country's organization should begin the
adoption of methods for large-scale rearing. This rearing can be achieved
aseptically by l iquid or solid culture. Solid culture, which has been used
successfully to produce hundreds of billions of infective juveniles of a variety
of nematode species,' may be the most cost effective method for developing
countries.
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medium in 500 ml flasks, followed in later stages in larger containers. forms

r proven process of mass rearing for all species of entomopathogcnic nema-

rodes.rr-rs The developing country 's workers must be wel l  t ra ined in th is

process because maintaining monoxenicity during subculture requires e xperi-

ence. Ensuring the quality of the bacterial symbiont and nematode inoculum is

also of great importance. Flask culture should readily provide sufficient

nematodes for small-scale field trials. For larger scale trials and for commercial

development, a system using self-aerating trays has been developed.r'Such a

rvstern allows for almost unlimited nematode production in solid culture.

Finally, for long-terrn storage of large quantit ies of nentatodes, milled, calcined

attapulgite clay combined with a nematode creanrr" has proven effective.

Storing anhydrobiotic nematodes in superabsorbent gelsr6 also appears to be

promising.

XI. A CASE STUDY - CHINA
A comprehensive collaborative program benveen the Division of Entomol-

ogy, CSIRO, Australia, and the Guangdong Entomological Institute (GEI) in

Guangzhou and the Biological Control Laboratory' (BCL), Chinese Academy

of Sciences in Beij ing was supported fronr 198-5 unti l the present by the

Australian Centre for International Agricultural Research (ACIAR).

The collaboration commenced in 1979 w'ith visits to the CSIRO entomopa-

thogenic nematode laboratory in Hobart. Tasmania. by scientists from GEI.

Over the next few years, l i terature. advice. and nematode and bacterial symbi-

ont cultures were sent from CSIRO to GEI. Scientists at GEI and then at BCL

commenced evaluations against important insect pests. In collaboration with

the Pomology Institu te, Zhengzhou. fie l d e v al uat ions again st C u r p o.s i rttt rt i p p tt'

nensis (Lepidoptera, Carposinidae), the most serious pest of apples. were

init iated.
At the start of the funded phase of thc proJect. a rigorous training program

for the collaborating Chinese scientists w'as implemented. There can be no

doubt that funding of short- and long-term visits by Chinese scientists to

Australia was of considerable benefit. Each of the long-term (l year) visitors

is now a scientific leader of his/her group. and each is doing and directing

excellent research in several fields of nematode research, as well as helping to

organize the work of other institutes.
Dr. R. J. Akhurst, Dr. J. Curran, and I visited laboratories and field trial

areas and gave seminars and laboratory workshops at various stages of the

project. Moreover, extensive written and telephone communication occurred

throughout the project.
Both GEI and BCL have established satisfactory small-scale mass rearing

facilities. Full use is now being made of self-aerating trays which, unlike
previous techniques, make possible the rearing of large quantities of nema-

todes. Mass rearing media comprising only dry ingredients readily and cheaply

obtainable in China and Australia have been developed for both Steinernemu
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and Heterorhabditis species. Procedures for extracting, cleaning, mass stor-
age, and transport have been implemented. Although these procedures need to
be improved further, they are adequate at this stage for the production and
processing of hundreds of kilograms of nematodes per year.

Substantial research effort has been made during the project to identify and
test those economically important pest insects which are amenable to control
by nematodes. Progress has been made on many fronts, and preliminary results
have led to the targeting of a number of pest species for special attention. The
research has been conducted in three phases: ( I ) laboratory trials on suscepti-
bility of the target insect to a range of nematode species, (2) laboratory
experiments and small-scale trials to determine efficacy under field conditions,
and (3) extensive field trials and evaluations leading to utilization of nematodes
as biological control agents.

The entomopathogenic nematode surveys made by both BCL and GEI
scientists have yielded many unique isolates and greatly increased the arrnory
of potentially useful agents. New and interesting bacterial symbionts have been
found associated with the nematode isolates obtained from China. Important
advances in l iquid nitrogen storagero have helped to conserve this genetic
diversity by enabling indefinite, low maintenance storage of hundreds of
isolates.

A noteworthy development has been the degree of collaboration between
BCL and GEI; both groups are continually in touch with each other, hold joint
meetings, and exchange information and cultures. This cooperation extends to
many other groups working in China, and ranges from supplying others with
BCL and GEI nematode cultures to conducting a major training seminar in
1988. The seminar was attended by 34 scientists from l2 provinces. This
cooperation has established the administrative and technical infrastructure
needed within China to support the extensive research projects currently
underway.

The most important result of this collaboration has been the world's first
wide-scale use of nematodes for pest control becoming a reality in China,
which is an effective method for the control of the fruit borer, C. nipponensis.
This insect is the major pest threatening l07a of the large and rapidly expand-
ing Chinese apple industry (l million hectares producing 4 million metric tons
of apples per year).r7'r8 With further collaboration, it is hoped that inundative
applications of entomopathogenic nematodes will soon become the common
agricultural practice for controlling C. nipponensis. The cost is expected to be
comparable or lower than that of chemical insecticides. To put the scale of
potential nematode use into perspective, some 360 metric tons of infective
juveniles will be needed each year to control Carposina alone. Unfortunately,
the situation is complicated because all of these nematodes will be required
during one month of the year.

Having a wealth of expertise on C. nipponensis has been a great advanrage.
Chinese scientists had earlier determined the precise biology of the insect.
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They were using pheromone trapping and damage indices t() a\\e\s population
ler els, and economic injury and threshold levels \\ 'ere established. Devekrp-
nlent of an entomopathogenic nematode control svstem fbr general use requires
\uch extensive information about the pest insect.

Research has identif ied the appropriate applicarion time (monitored with
\orl temperature and moisture data), determined dosage rates (1.2-2.4 x l0e/
ha). and compared different application methocls and spray equipment.rT.rs
Field trials in the autumn achieved >90c/c lan al mortaliry and <3% fruit
damage (considered an acceptable level of control) over a 3-year period.
However, treatments are now applied in the latc spring because peak emer-
gence of the larvae from overwintering hibernacula occurs at a temperature of
l9'C and a soil moisture content of l\c/c. conditions found to be ideally suited
to the nematodes. Furthermore, the orchard soils are weed free and well
ri atered, and farm labor is not involved ri ith other operations at this time of
\ear. Nematodes are applied directly to the soil surface. which is protected by
the tree canopy, and are concentrated around the base of the tree. In large
orchards nematodes are applied with a spra\ nctt tle t'itted to a bamboo pole; in
small orchards they are applied by skil l fullr casting a nemarode suspension
from a seed sowing bowl. Large-scale 13.3-16.6 ha) areas har,e been treated
with nematodes. Field trials have been complerecl b1' each of seven institutes
over periods of several years. All these trials have -siven excellent results,
achieving consistently better control of fruit clamage by, Curpo.rirla than the
chemical insecticide treatments (Table I l.

TABLE 1. Example of Nemarode vs. Chemical control of
Clrpotilo lyponenesis in Apple Orcharcls,,

Year
% Lar ta l  % Fru i t

Treatmentb mortal i ty damaged

1983

r984

l  985

l 986

Nematode
Phoxim
Nematode
Phoxim
Nematode
Phoxim
Nematode
Parathion
Diazinon

9-1
1 1

I 0 0
89
99
96
92
u6
78

1 . 9
2 .7
2 .3
2.4
0 . 1
0.2
2 .8
2 .6
3 .5

Data from field trials undertaken by Dr.
tute.
Nematodes = I -2 billion/hal Insecticides
kg/ha.

Lee Yan, Zhengzhou Pomology Insti-

(phoxim, parathion, and diazinon) = 7.-5
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In China, S. carpocapsae is presently being used commercially for the
control of the tree-boring cossid moth, Holcocercus insularis. Larvae of this
moth are responsible for killing tens of thousands of shade trees in China's
northern cities every year and constitute a serious pest in gingko, maple, and
flowering crab apple plantations. To indicate the scale of this problem, Beijing
has 14 million and Tianjin 2 million shade trees with up to 5o/o of the trees
infested with larvae of this cossid moth. In Tianjin, authorities have been
battling unsuccessfully against this insect for l5 years, losing 10,000 mature
trees annually. Previous control has relied on chemical pesticides within the
city (30 metric tons in 1986). The use of chemical fumigants for shade trees in
the streets has posed health hazards to citizens. During 1988, 14,000 shade
trees were treated with S. carpocapsae rn Tianjin and Shi Jrazhang, and it is
expected that another 100,000 trees will have been treated in five cities in
northern China by the end of 1989.t1

The adult cossid moth lays its eggs on the tree bark, the eggs hatch, and the
larvae rapidly crawl under the bark and bore into the wood of the tree. They
form extensive, interconnecting galleries containing 50-1000 larvae. The gal-
leries seriously weaken the tree and eventually lead to its death. Because larvae
are only exposed on the tree surface for a brief period, surface spraying of
chemical insecticides or the use of contact biological control agents such as the
insect pathogenic fungus Beauveria are ineffective. Larvae deep in the wood
have been killed with a chemical fumigant (i.e., DDVP; O,O-dimethyl-O-2,2-
dichlorovinylphosphate); however, to be effective the numerous entry and exit
holes of the larvae have to be blocked, an extremely time consuming and
expensive procedure. There is a high probabil ity that missed holes wil l allow
escape of the noxious fumigant into the city streets. The ability of entomopa-
thogenic nematodes to seek their target insect by dispersing through the galler-
iesre'20 means that injecting nematodes into the top-most gallery opening on the
tree will be effective and plugging of other openings is unnecessary. lndeed,
injection of S. carpocapsae Agnotos strain into the infested tree trunk is
followed within days by a mass exodus of hundreds of dying larvae, their
behavior modified by parasitization with the nematode.rT These insects fall to
the ground and ring the tree with infested cadavers. Moreover, larvae dying
within the tree are a source of hundreds of thousands of new infective nema-
todes which can attack uninfected insects. Thus, nearly 1007o of the insects are
eventually kil led.

Field control of the lychee bark borer, Inoarbela dea, using S. carpocapsae
recently commenced, with 2300 trees from three orchards being treated, and
pest mortality ranging from 9l to 987o.r8 Investigations into the possibilty of
controlling several other insect pests in China are at various stages of develop-
ment.

To fully exploit the potential for nematode control of insects in China,
certain areas require further development and consolidation. These include
bringing nematode-based control of Carposina and Holcocercr.rs into standard

practice, continuing resr- i .rrr h

control procedures, and eslrrhl

t ion p lants .  Because of  the hr r

ulrr control,  perhaps the nto. l

age.
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. r. ;  i ()ntrol.  perhaps the most important research area is long-term mass stor-
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\ I I .  CONCLUSIONS
Seieral cr i t ical considerations for potential col laboration have been identi-

: :c. i .  These include the selection of competent at id enthusiastic partners. clear

end irequent communication, reciprocal visi ts to nrarimiz-e the mutual benefi t

r . i '  the cooperation, and the evaluation of a r anetl '  of entomopathogenic

r..ntatode species against target pests. The der elopment of programs of col-

lrhrrat ion on entomopathogenic nematodes bet ' ,reen developing and industr i-

-r lrzed countr ies wil l  do much to advance the ci isciplrne and hopeful ly help to

ftrr ler good relat ions between the countr ies concerned. I t  benefi ts both coun-

:rrc. by providing addit ional funds and st inrulus lbr the development of an

lntportant alternative to chemical control ntL-i l \ure\.
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13. Caenorhabditis elegans as a Model for
the Study of Entomopathogenic
Nematodes

, ,ndrds Fodor, Gabriella Vec'seri, and Tibor Farkas

I. INTRODUCTION
Nematodes have been model organisms for cler elopmental biologists for a

century. The nematode Caenorhabditis elequn.r (Rhabditidae) occupies a

unique place in developmental genetics because it is the only animal for which

the complete cell l ineage is known. from thc single cell of the zygote to the

thousand or so differentiated cells of the adult. Largelv as a result of the work

of Sydney Brennerr and his foliowers.r' C. r ' lequtr.; has become the most

completely understood metazoan in terms of ntolecular and classical genetics,

development, behavior, and anatomy.rr Mort-oler. C'. el{gurts is one of the

most well-known model organisms for molecular. der elttpntental. and neuro-

genetic studies on eukaryotic animals.r The methods developecl for and the

information obtained from this nematode should be ri ide lr applrcable to heter-

orhabditid and steinernematid nematodes. The familit-s Rhabdrtrdae. Heter-

orhabditidae, and Steinernematidae are included in the Superfanrrlr Rhabditoi-

dea; the species within these families are closely related'"

Brenner chose C. elegans as his experimental aninial uith thc ob.lcctive of

understanding the genetic program of development ancl the ttr. 'anizitt ion of a

complex organism. C. elegans possesses a l imited nuntber of cells. a good

reproductive capacity, rapid development. and surtabilrt i for gcnetic analysis

and gene manipulations.r'3'6 The first articles br Brennerr n and Sulston and

Brenner2 pioneered this program, and about 60 laboratones throughout the

world are currently conducting research on C. t'le.qurts.

The unique feature of Brenner's concepts in C. elegarts research is that

almost all complex phenomena (e.g., t iming of cell l ineages, dauer formation

and recovery, aging, behavior, and drug resistance) have been described in

genetic and molecular terms. More thanT 5c/c ol-the nematode genome has been

physically mapped and is kept in DNA libraries: the whole cell l ineage chart

has been reconstructed and described at phenological and genetic levels.l

We do not intend to review recent C. elegans research. Our aim is rather to

discuss this research from the aspect of its potential for studying entomopatho-

genic nematodes. We have focused on some selected features of C. elegcrns

genetics and developmental biology (with special emphasis on dauer formation

and recovery), and on a few aspects of the molecular biology and gene

manipulations which, we believe, might be adopted for use in research on

entomopathogenic nematodes. When comparing the genetics of C. elegltns.
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Steinernemd spp., and Heterorhabditis spp., we must realize how much is
known about C. elegans and how little about entomopathogenic nematodes.

II. COMPARISON OF THE
DEVELOPMENTAL BIOLOGY OF FREE-LIVING
AND ENTOMOPMHOGENIC RHABDITIDA
A. Alternative Life Cvcles
I. Embryonic and Posteibryonic Development

The life cycles of the Rhabditida (includin g Caenorhabditis, Heterorhahdi-
/is, and Steinernema genera) are similar. Embryonic development lasts about
I hr and can be separated into a cell proliferation and a morphogenetic (cell
migrating) stage. Hatching is followed by various juvenile stages (J,-Jo) pre-
ceding the adult stage. Each developmental stage is followed by a short
quiescent state (called lethargus) and molt. The lengths of the different devel-
opmental stages are temperature dependent. In C. eleguns, at25"C,the average
lengths of the different developmental stages are as follows: J,, l l .5 hr; J,,7
hr; J.,, I .5 hr, and Jo, I 1.5 hr. At25"c, a hermaphrodite produces about 320 setf-
fertilized eggs over 4 days. However, if permanently mated by males, the
hermaphrodite may produce over a thousand cross-fertilized eggs during 5-6
days.7 The life span extends up to 3 weeks . C. elegans growth and reproduction
occurs between l5 and 25"C, whereas C. briggsae and C. remanei grow and
reproduce between 15 and 27.5'C. The optimal temperature for entomopatho-
genic nematodes, just like their average life span at different temperatures, is
not definitely known.

The duration of each juvenile stage at different temperatures can easily be
determined for entomopathogenic species by applying the "pumping curve"
method of Swanson and Riddle.s A well-synchronized population is essential,
therefore eggs should be obtained from gravid females or hermaphrodite
nematodes by using hypochlorite.e Eggs surviving the treatment are incubated
in sterile M9 bufferr'3 for 24hr, during which time the J, hatch, but do not grow
and develop until receiving food. Both BIOSYS, Inc. (Palo Alto, California)
and we have used this technique for entomopathogenic nematodes. A J, popu-
lation obtained from hypochlorite-treated eggs of S. carpor:aps4e grows highly
synchronously either in an artificial liquid medium or in hemolymph.r0

Caenorhabditid development can be monitored by scoring the rate of pha-
ryngeal pumping of individual animals on an agar (NGM)r'3 plate using a
stereomicroscope. Pumping continues until the premolt lethargus starts and
resumes after molting. Fifty to 100 nematodes should be scored at each time
point, and the cultures held in an incubator controlled at +0.5'C. The observa-
tion period should not exceed 5 min at ambient temperature.

A typical pharyngeal pumping curve of C. briggsae (G16 strain) is shown
in Figure l.'r Development was initiated by placing the synchronized J, on
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lu  i  (q.r r rc (G l6)  synchronized
br.r  q g. i r r r ,  . juven i les.
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ftrr the respective molt.

). . l l ternative Developmental Patlm'uy ; Duut,t '  Frtrmutrort

.j Pht'siological Aspects of the Duuer Stute
Under certain conditions, the third developmental stace of \()nlc species of

Rhabditoidea, including all known Caenorhabclit is. Stcirtr,r 'nt,ri lc/. i i l td I leter-
' , r l tubdi t is  spp.,  is  facul tat ively replaced by a unique. nrorpholocical l r  d ist inct .
nonaging, nonfeeding, alternative developmental variant callc-d a dauerr II rr Is

ru r  en i le .
The dauer juvenile of entomopathogenic nematodes is capable of tolerating

rtte SSeS fatal to other developmental forms. and ot' intecting ne\\ hosts. and is
therefore also cal led an infect ive juveni le or infect i r  e th i rd-stage juveni le.
Embryogenesis, stages J,-Jo of postembry'onic der elopntent. and the adult stage
trf entoffiopathogenic nematodes occur u ithin the insect host. The infective
luvenile is free-living, leaving the host to int'ect a new host.5

The dauer juveniles of caenorhabditids and the inf'ective juveniles of stein-
ernematids and heterorhabditids are capable of active movement, display an
altered energy metabolism, and are arrested in development and aging.r2'r3 The
C. elegans dauer can survive four to eight t intes longer than the 3 week life
:pan of the nematode that has by-passed the dauer stage.tars Caenorhabditis
dauers cannot survive long periods at 5 C. whereas Steinernemo infective
juveniles can survive for months or years at -5 C. The consumption of stored
energy may be a major factor l imiting l ife expectancy.

Environmental factors influencing the development of the caenorhabditid
dauers include a pheromone, food supply, and temperature.rr'rs'16.re The dauer-
inducing pheromone results in an altered developmental path at the second
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molt. The proportion of a population that can be induced to form dauers rn
response to the pheromone depends upon the presence of food.rs Temperature-
shift and pheromone-shift experiments on synchronous cultures of C. elegans
proved that discrimination between dauer formation and continued growth
begins no later than the first molt.11 C. eleguns acquires the full complement
of morphological, physiological, and behavioral properties characteristic of
dauers at the end of the second postembryonic stage. a morphogenetic process
that takes about 12hr at 25"C.'8 Dauer formation can be reversed by changing
one or more of the three environmental parameters prior to the second molt.re

Some arrested developmental forms of numerous plant and animal parasitic
nematodes exist as obligatory stages in their l i f-e cycle (Figures 28, C).r5'20 In
contrast, the dauer juvenile form of many Rhabditoidea is an example of a
facultative stage (Figure 2A).'t
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Figure 2. Dauer formation. The dauer stage ( ) of many Rhabditoidea occurs facultatively after the
second molt instead of the normal third developmental stage. in response to unfavorable environ-
mental conditions (i.e., crowding, absence of food), mediated by a genus-specific pheromone.

The infective juvenile of entomopathogenic nematodes and the dauer juve-
nile of caenorhabditids are comparable in many respects. Both exhibit behavior
not observed in other developmental stages. Both dauer and infective juveniles
tend to crawl up objects that project from the substrate, stand on their tails, and
wave their heads back and forth (nictation).2r In the soil environment, this
behavior by steinernematids may perrnit attachment to passing insects.

DAUER (J3)
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\torphologically, both the caenorhabditid and entomopathogenic dauers are
trrn lnd dense as a consequence of radial shrinkage of the bodl' at the dauer-
rFcerfic molt.12 The body wall cuticle is thick and. when vieried in transverse
icL't lon. contains a radially striated inner layer not found in other stages.rr The
t' <'ltqans dauer cuticle also contains a dauer-specific collagen.r'r '

\ i ter I hr of radial shrinkage, the caenorhabditid dauer acquires resistance
trr nonionic detergent treatment,12 presumably as a result of cuticle modifica-
trtrf l trd sealing of the buccal cavity by a cuticular block. r5 ri r5 Both caenorhab-
Jrtrd and entomopathogenic dauers are resistant to l% sodium dodecyl sulf-ate
SDS t.r: Unlike entomopathogenic rhabditoid s. C uenot'habditis dauers are

crtremely sensi t ive to 0.5Va of  Hyamine 2389 (SERVAl.16 Electron micros-
;rrp\ reve&ls that the intestinal lumen of the nonfeedin-u dauer is shrunken, and
:he microvil l i  are small and indistinct.rs rr The r entricular portion of the intes-
:rnc' of the steinernematid infective juvenile rs specifically modified for storage
.rf the symbiotic bacteria.28'2e Symbiotic bacteria are located in the isthmus of
rhc pharynx and in the ventricular portion of the rntestine in rnf'ective stage H.
\t('t('riophora.3o

L'nl ike other developmental  forms.rr  C. elL, ,gt t r ts dauers do not respond
prompt ly to chemical  st imulusrT apart  f rom crcl ic AlV{P. ' r  ) ,Jo systemat ic
;hemotaxis studies have been made on the different developntental stages of
cntomopathogenic nematodes. Orientation" and host-t ' inding behai,iorra of S.
. dt'pocopsae infectle juveniles have been demonstrated. Detectable genetic
r ariabil ity among steinernematid strainsr* may make it possible to study the
hehavior of entomopathogenic infective stages by genetic means. Enhanced
host-finding, for instance, proved a selectable trait fbr S. ( 'ut' l)()( ttp.\Lt(.1'

Sunlight and ultraviolet irradiation adverselv afl 'ect enrc)mopathogenic
nematodes.36 C. elegans dauers are less sensi t ive to ul t rar  io let  than other
developmental forms, but a relatively small dose of radiatron. u hich is not tatal
for other postembryonic developmental forms. is sufficient to inhibit their
recovery (i.e., molting to the fourth-stage juvenile). Irradiated dauers can
\urvive for many days without recovery in the presence of food.37 X-ray
rrradiation doses used in C. elegans research (up to 7-500 R;+t +: do not signifi-
cantly influence the recovery of S. carpot'uTrsac intective stages.ar

The developmental pathway leading to the dauer stage in C. elegans is
induced by the Dauer Recovery Inhibit ing Factor (DRIF) pheromone discov-
ered by Golden and Riddle.rT're DRIF is secreted by the nematodes throughout
their life, including the dauer stage,rs even though the dauer excretory gland is
inactive.a2 The pheromone is thought to mediate unfavorable external condi-
tions (e.g., starvation and crowding) to a receptive developmental variant (late
first postembryonic stage). Some alterations in the second postembryonic
developmental stage result in predauerrs and dauer fbrmation. We presume that
the mechanism of infective juvenile formation of entomopathogenic nema-
todes follows a comparable pathway, using a pheromone chemically different
from that of caenorhabditids. Maintaining single caenorhabditid or steinerne-
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matid J,s in complete or partial starvation does not result in dauer induction.a3
Dauers always occur in crowded conditions, sometimes in the presence of the
food,rr indicating that starvation itself does not induce dauer formation, but
crowding is an essential environmental precondition.

As for the specificity of DRIF, Fodor et al.rr extracted DRIF from both C.
elegans and two strains of C. briggsae and found cross-reactivity, indicating
that DRIF was genus-specific. Extracts from other free-living rhabditids were
inactive in caenorhabdids.rr Ohba and Ishibashi16 showed that DRIF isolated
from C. elegans was inactive in S. c'arpocapsae. Subsequently, Fodor et al.a3
extracted a chemical fraction from in yila and in vitro cultures of S. c'arpocap-
sae which induced infective stage formation. This extract proved genus- and
species-specific.ar The chemical nature and the purification conditions of the
Caenorhabditis and Steinernema pheromones are obviously different.as The
most reproducible bioassay of each pheromone is based upon its capability to
induce dauer formation in the presence of a limited amount of competitive
"food signal". The "food signal" for caenorhabditids is an unknown component
of the yeast extract.rT-re We suppose that insect hemolymph contains a compo-
nent acting as a "food signal" for steinernematids and heterorhabditids.

The dauer stage may be terminated in response to conditions that are more
favorable for growth and reproduction. In caenorhabditids, recovery from the
dauer stage occurs within I hr after the animal is placed in a fresh environ-
mentr5 at an extremely low level of the pheromone, and in the presence of food
or "food signal".rr After 2-3 hr the dauer juvenile begins to feed, resumes
development irreversibly, loses its resistance to nonionic detergents, and after
an additional 8-10 hr molts to the fourth stage. There is a slight difference
between Caenorhabditis and entomopathogenic rhabditidid species in this
respect. The C. elegans dauer and to some extent the heterorhabditid infective
juvenile, recover in an empty pheromone-free agar plate, even in the absence
of food. S. carpocapsae infective juveniles, however, never recover in an
empty plate.a3

b. Developmental Genetics oJ'Dauer Formation and Recovery
The interactions of epistatic genes involved in the developmental pathway

of C. elegans dauers have been discovered by Riddle and co-workers.rs'r8.4'+
There are wild type genes for determining function in dauer formation and
recovery. Mutations of these genes result in disturbances of dauer formation
and recovery.

One class of recessive mutants shows a dauer-defective (daf-defl pheno-
type. This means that animals homozygous for a daf-def mutation are unable
to form dauers. There is another class of recessive. thermosensitive mutations
of dauer-constitutive (daf-consl) phenotypes. This means that nematodes
homozygous for a daJ-consl mutant develop to the dauer at a nonpermissive
temperature (above 24"C) either in the presence or absence of the pheromone
and/or the food. All developmental aspects of these mutants have been de-
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. : :r ' . \--d in detai l .r4-rtr '4 '1 while constructing double del ldef. t ,r t t t .stf . .r t .r /  mutant
{:-3ln\ '  Riddle and co-workers14'r-5're'aa found several epistat ic rclat ions between
rlrnt '  on the basis of which they reconstructecl the genetical l i ,  cletermined
,Jcrcl.pmental pathway (Figure 3). Mutant phenotypes susgesr that the path_
Lr)  cor responds to  neura l  process ing of  env i ronmenta l  s t imul i . r -  I f  the const l -
rul l \e mutants were simply blocked in entry to the thircl  postembryonic clevel-
opn' lc-ntal stage, while the defective ones were blockecj in o , .poru,. sequence
'- ' i  the dauer, the consti tut ive-defective double mutants could not continue
iurther development. Instead, the data show that the def 'ect ive mutants were
bltr 'ked in a pathway to the dauer stage, whrle the clauer-consti tut ives gener-
atcd a false signal '  causing the mutants to fbrm dauers even in the absence of
rh<' environmental cues. I f  the pathway rs blockecl after the talse signal, a
Jt ' 'uble mutant wi l l  be dauer-defective. I f  the f.alse signal is generated after the
i . i txk .  a  double  mutant  wi l t  be dauer_const i tu t ive. r5
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F:- lure 3 '  Riddle 's scheme on the genet ical l 'detennrncd de'c lopnrental  pathrrar  ot ' t lauer f i l rma-: ' 'n  and recovery of  C'  e leganr;  based upon the anal 's is  ot 'd i f t 'erenr i laucr r letcct i 'e /daucr-
- , ,n\ t r tutrve double mutants.  daf lgene playing a ro lc in dauer devel t )pntcnt .  L/ t t l_) ,  t l t t f_f i ,  t tu. f_ l l ,.;t '- lJ. and daf-4 are "dauer constitutive., (tluf_cort.sI qenc\: if an-r ttt.tht-,nt clr not l.unctron. thc:cnlatodes grow to dauers spontaneously even in thc ahsence of  thc DRIF phcnrnr.ne at  h igh: ' n rpe ra tu re (25"c ) '  da f -22 ,da f - t0 , t t a l ' l 8 .du . r  t 7 .d t t / -6 .L r t t r - /h . t r t t r - )u . t r t t l - . i . 1 rs l l -1 ,and t tu t ' - t 2
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' " ' / r  senes play a ro le in the morphogenesis of  dauer l i rmrarr .n (c.uncsr . t  D.  L.  Riddler .

The number of entomopathogenic inf'ective juveniles fbrmed in nature isdependent on the number of nematodes present in the rnsect cadaver (i.e., onthe pheromone concentration present).| In the first generation, the progeny ofthose init iating the host infection are relativeli '  f-ew in number; consequently,
there is a low concentration of the pheromone and f'ew infective juveniles areproduced' In the second and particularly in the third generation, the majority
of the progeny develop to infective juveniles. By using a different size ofinoculum (5-500), we can produce an increasing number of infective juveniles
in the second or even the first generation.r5 suglesting that a pheromone mustplay a determining rore in infective juvenire fbrmation.

A maternal-effect dauer constitutive mutation (such as several alleles of theduf-l gene in C. elegan5)r2'ra'r'5'aa in an entomopathogenic nematode species
might permit the synchronous production of infective stages on a large scale.
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B. Genetics
L lr,lematode Genetics in General

Conventional and molecular genetics have great potential for improving

entomopathogenic nematode/bacterial symbiont complexes to yield powerful

biological pest control agents.

a. Genetic Systems and Sex Determination

The genetic consequences of the various sex determination mechanisms

differ, and the strategy for any kind of genetic analysis depends upon the mode

of reproduction of the organism. The success of C. elegans research is partly

due to the concepts and strategies of analysis of single gene mutants, and to the

sex determination of C. elegans. In the latter case, use was made of the

automictic (self-fertilizing) reproduction of the hermaphrodite and amphimic-

tic crosses between males and hermaphrodites.

The formal or classical genetics of C. elegans is based upon the mutagenesis

of a self-fertilizing hermaphrodite of XX+5AA karyotype. The mutagenized

nematode produces progeny by selfing. A certain fraction of these F, progenY

are heterozygous for some mutant allele for which a Mendelian fraction of their

F, self-progeny become homozygous. Through a series of selfing, the "noises"

of the genetic background can be eliminated and an isogenized pure Mendelian

line carrying only a single mutation in homozygous form is obtained. For

furt|er genetic studies (e.g., transferring genes, studying gene and/or allelic

interactions, mapping, constructing multiple mutant strains, testing comple-

mentation, etc.), the homozygote mutant hermaphrodite is usually crossed out

with a wild type (or some heterozygous) X0 male.

There is great variation in the reproductive modes shown in the Phylum

Nematoda.a6 Current studies based upon genetic analysis of interacting hypo-

morph (loss-of-function) and neomorph (gain-of-new function) mutant alleles

of genes playing key roles in sex determination and/or dosage compensation in

C. elegansaT could promote an understanding of this reproductive variation.

b. Dfficutties in Genetics of Entomopathogenic' Nematodes

Steinernematids and heterorhabditids have different and more complex

types of sex determination than C. elegans. These differences limit the options

for genetic study in these nematodes.
Most nematodes, including steinernematids, are gonochoristic,aT meaning

that they have morphologically different male and female sexes, and reproduc-

tion occurs exclusively by conventional sexual (amphimictic) cross-fertrliza-

tion. In genetic studies on a Steinernema species, we may benefit from the

information and experience which have accumulated during the 70-year his-

tory of Drosophila genetic investigations. Moreover, C. remanei is a nematode

species with a male/female sex system and may be a model organism for the

study of steinernematids.
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{utotokous (uniparental) reproduction has arisen independentll '  rn diff 'erent

*' 'rcs throughout the Nematoda. Autotoky may take the forrn of self-ferti l i-
/r l l t)o of a hermaphrodite or parthenogenesis.a" The two mechanisms are
j'.rnrpletely different from the aspect of genetics. Classical genetic studies on
rn c'\clusively parthenogenic (or pseudogamic) organisnt are irnpossible.
nhereas the self-ferti l ization system, especially if combined w,ith occasional
mele,hermaphrodite crosses, is a paradise for a geneticist.

If the genetic determination of Heterorhabditis spp. were the same as rhat
,,tt (' . e'l€gons, Heterorhabditis genetic research r.r,ould be easy. As it is. there
erc problems. Heterorhabditid nematodes exhibrt a generation dimorphism:
rnfective juveniles infecting the hosts give rise to large automictic hermaphro-
Jrtes.  where as their  progeny consist  of  smal ler  ntales and females.a6 In
eddition, Heterorhabditis species are heterosamic (i.e.. alteration of amphim-
rcttc and autotokous generations). The hermaphrodites are automictic and also
dcuterotokic (producing male and female progen\,). producing sperm in the
t''r otestis. Heterorhabditis bac'teriophorn shclw's protandrous development,
u rth accumulated sperrn in the gonoduct of the hermaphrodite.a* The female
r ulr a serves mainly for insemination and. rarelr '. for oviposition.rs

There are several Heterorhabtlit is strains of outstanding practical impor-
lance (e.9. ,HP88, HL8l ,  HW79)which have not been ident i f ieci  taxonomical ly
(rr cvtogenetically. A systematic analysis including both cy'tolog\/. cross-ferti l-
ttr. and sex determination of these isolates is an essentral precondition fbr any
.erious genetic program.

The frequency and role of heterorhabdrtid males in the second and thircl
generations are unclear. It remains to be clarif ied whether a rc-al arnphimlctic
cross or merely pseudogamic mating is going on in these sencrarions. One
feature of this problem is whether the large hermaphrodites front the first
seneration are different from the second and third -ceneratiolt t-emales in
biological terms (i.e., whether the second generation females produce sperm).
.{ detailed comparative anatomy of the dimorphic females and a cell lineage
rtudy of vulval development, and of Z and P cell l inea-ees" 5" in general, would
probably resolve this question. Moreover, the exact frequency of the males in
the dimorphic generation must be clarified. and their karyotype should be
determined. If they turn out to be real X0 males. the mechanism of their origin
needs to be determined.

2. How to Benefit from the Results rf C. elegans Genetics
u. Genetic Analysis in a MalelHermaphroclite Se-r-Determination System

The free-living C. elegans and C. briggsae have hermaphrodite and male
sexes, but no wild type female sex. Males are rarely found in natural or
laboratory populations. For example, in our laboratory stock of C. hriggsae
(G16), the first male was found more than2 years after the strain was isolatecl
from soil. The spontaneous males are invariable X0 and must arise during
meiosis.5r Males are capable of cross-ferti l izing hermaphrodites to yield equal



258 Entomopathogenic Nematodes in Biological Control

numbers of male and hermaphrodite cross-progeny. The higher growth rate of
the hermaphrodite population results in the frequency of males in most popu-
lations remaining close to the rate of X-chromosome loss (less than 0.5%o).aj
Whether the situation is comparable in Heterorhabditis grown under in vitro
conditions remains to be determined.

The chromosomes of C. elegans can be seen best by using fluorescent
microscopy. Fluorescent dyes such as Hoechst 3358 have been used for view-
ing both meiotic38 and mitotic-52'sr chromosomes. Albertsonsa'ss has developed
methods for localizing genes in the chromosomes by in situ hybridization of
cloned probes to mitotic chromosomes.

The chromosomes of oocytes at diakinesis are highly condensed, and the six
bivalents present in wild type diploid hermaphrodites are generally indistin-
guishable cytologically. Mitotic chromosomes are best seen in early (less than
50 cells) embryos,s2 when they appear as stiff rods r -2 ltm in length.

Following publication of Nigon's data,s6.s7 Madl and Hermanss used heat
shock to establish tetraploid stocks of C. elegans (Bristol). Terraploids might
be useful tools in Heterorhabditis genetics in order to ( I ) overcome fertility
problems between strains, (2) construct stable and productive tetraploid strains,
and (3) determine the ploidity levels of existing isolates. TrisomicssT's8 with a
higher resistance to stress might also be isolated.

The question of whether Heterorhabditis spp. are tetraploid is still open. If
they are, a strategy for the genetic analysis of tetraploid nematodes as elabo-
rated by Herman5n'5e on C. elegans should be adopted. with regard to "ploidity-
level polymorphism" of some nematode genera, such as Meloidogyne,60 the
pfoidity levels of the different Heterorhabditis species and strains should be
determined as well.

C. elegans chromosomes, and probably those of entomopathogenic nema-
todes, have diffuse kinetochores. The metaphase chromosomes lack any visible
constriction, which commonly marks the position of the centromere or kineto-
chore of a monocentric chromosome. Albertson and Thomsons2 have made
reconstructions of C. elegans kinetochores using electron micrographs of
dividing nuclei in serially sectioned embryos. The classically localized cen-
tromere serves two meiotic functions: ( I ) it provides sites for the attachment
of spindle fibers, and (2) it plays a role in the orderly dysjunction of the meiotic
chromatids of bivalents by keeping sister chromatids joined during meiosis I
and splitting in meiosis II. Although the spindle fibers can attach throughout
the length of a diffuse kinetochore, and crossovers can also occur at variable
positions along the chromosome's length, it is extremely difficult to observe
how the sister chromatids remain attached throughout their lengths during
meiosis I. As the chromosomes of C. elegans become very small and con-
densed during late diakinesis, their bivalent structure cannot easily be inter-
preted. Whether the first meiotic division of the nematode is equational or
reductional is unknown. A diffuse kinetochore has been reported for another
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ncn'rltode species,6r but nothing has been published about heterorhabditids or
.t c' I I'l e ITle filatidS.

Brennerr f irst induced C. elegans mutants with ethyl methanesulfonate
F-\lS I and used different mutant hunt protocols to search for nonessential

icoc:. He applied a series of recessive EMS-induced mutants of visible phe-
ntrt) Pe S as markers to map chromosomes. His total estimate, based upon EMS-
:nduced lethals on the X chromosome, which is regarded as r/c of the genome,
'* r. ltJ00 essential genes per genome. When considering steri les, 3000 genes
u rth rndispensable functions were estimated.s8 There is no reason to suppose
r .ignificantly higher number of genes in the genome of Heterorhahditis and
\!t'nt(,ft\€tnra species, but the question remains of how to perform genetic
.tudies on these organisms. A detailed genetic (l inkage) map analogous to that
tf C . elegansr'62 will be the first important step in the genetics of entomopatho-
lc'nic nematodes. Isolation of entomopathogenic nematodes homozygous for a
norphological mutation expressed in the infective juvenile state is not easy.
There are few visible mutants of C. elegans which can be recognized in the
Jauer state. Drug-resistant63'i l  and behavioral-rr.65-68 mutants, however, woulcl
t{--. extremely useful tools for elucidating the genetics of entomopathogenic
nematode species. Another useful mutant would be a maternal-effect dauer-
.onst i tut ive.

n .volecular Approaches to some Problents in Nematode Genetics
It may be speculated that some conserved genes of C. elegans must be very

homologous to those in entomopathogenic nematodes, allowing prosress in the
ntolecular genetics of entomopathogenic nematodes before their tbnnal genet-
tc: has been elaborated. Many of these genes have been ictentif iecl by direct
ntolecular analysis rather than mutation. There are recessive actin mlltants of
* i ld type phenotypeT'  and dominant ones ot-uncoordinatcd phenotvpe.- l

In 235 kb cloned DNA surrounding the five X-linke-cl i ' i tellogenin genes,
Heine and Blumenthal6e ident i f ied l2 t ranscr ipt ional lv acr ive genes. I f  th is
.pacing of 20 kb per gene were typical of the entire genome, C . elegans would
have a total of about 4000 genes (essential and nonessential).5e Many genes of
rndispensable function are present in multiple copies in the genome. Further,
:e ver&l indispensable functions are codecl bv more than one gene. Actin, major
\perrn protein, acetylcholinesterase, vitellogenins. collagen, and IRNA are the
best examples.

The Bristol and Bergerac strains of C. elegrrrs exhibit numerous restriction
iragment length differences.e Such DNA polymorphisms, which may be found
either in Heterorhabditis or Steinernema strains. have been treated as standard
phenotypic markers in two- and three-factor crossesTz-7a to localize cloned
senes on the genetic map.

C. elegans is the only eukaryotic organism in which suppressor mutant
genes are known. The existence of the sup-7 amber suppressorTs and the
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possibility of its integrated transformationT6 in C. elegans, allow the isolation
of amber (UAG) mutant alleles of different genes. Whether sup-7 can be
expressed in entomopathogenic nematodes is unknown, but if it can, it would
be an excellent molecular genetic tool.

The Carnegie group of C. elegans researchers in cooperation with the
Cambridge and St. Louis groups have developed an excellent transformation
system for sup-7 and for several other important genes.76 They have made both
the cloned genes and the detailed protocol available.

The recently discovered allele-specific sng class of suppressorsTT seem to
affect mRNA processes and might be an excellent tool for isolating mutants
defective in the noncoding terminator sequences of important genes.

c:. Chromosome Mechanics as a Tool of Nematode Genetics
We have recently started X-ray mutagenesis in entomopathogenic nema-

todes to help elaborate their formal genetics. In C. elegans, sets of overlapping
deficiencies (i.e., deletions) at different breakpoints can be isolated and used to
localize subsegments at a given region of the linkage map.''ot If a recessive
homozygote lethal allele fails to complement at least two closely linked genes,
it is assumed to be a deletion.

The most efficient method of selecting deficiencies makes use of dominant
or semidominant mutants with a visible phenotype. Inactivation of such a
mutant by deficiency formation can lead to an altered phenotype.Tr other
means of obtaining deletions in different segments of the genome have recently
been reviewed by Herman.se

The balancer chromosomes are the most important tools in the genetics of
essential genes whose mutations cannot be kept in homozygous strains. The
balancers suppress recombination in a given segment of the genome. Translo-
cations in the heterozygous state are routinely used as balancers in Dros ophila
genetics. ln C. elegans genetics, Herman et aI.38 isolated an (X;V) translocation
and used it to keep X-linked lethals in heterozygote strains.5e The same translo-
cation was used to balance lethals on linkage groups (LGV).76

The general scheme for isolating a balancer chromosome is to look for the
absence of recombinant progeny of an ab+/++c heterozygote hermaphrodite
first generation progeny of an inadiated parent(s). In order to isolate an X-
linked balancer we irradiated unc-8, +, unc3lunc-8, + unc-3 hermaphrodites,
crossed them out with +,lon-, +/0 males, lransferred single dpj--8,+, unc-31
+, lon-2, + hermaphrodite progeny and looked for the absence of dpy and unc
recombinants of their self-progeny, but without success. However, when dpy-
8, + , unc-31+ , lon-2 hermaphrodites were irradiated, we isolated an excellent
balancer szTl.78 The most frequently used balancers are mnTl(II;X),3e eT1,7e,80
szTl,78 sTl ([II;X), and sT2 (IV;V).5e'8r For LGII, mnCl, an inversion bal-
ancer3e'ao is the most useful.

Translocations have been used to mark particular linkage groups cytologi-
cally.sa The isolation and analysis of translocations during meiosis may help to
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ciue rdate meiotic chromosome pairing and segregation in nematodes such as
trttttrttrhahditis. Free duplications permit the construction ol' segmental
nploids for the study of gene dose effects and the generation of mosaics in
rrmatodes.38

; Gertetic Analysis in the C. elegans System
The best examples of genetic analysis in the C. elegans system relate to sex

Jctermination and dose compensation,aT muscle organization,sz the dauer path-
'*r). ' '  and the embryonic and postembryonic cell l ineage.ae.sO

The E stem cell (Figure 4) lineage of steinernematid nematodes may be of
rnterest. for the bursa intestinalis, where the symbionts are located in the
rnt'ective juvenile, is probably comprised of E cell progeny. The differences
hctri een the E cell lineages of different entomopathogenic nematodes might
.hed light on the genetic and cellular basis of the species-specific symbiosis
hctrreen nematodes and Xenorhabdr.rs spp. bacteria. Although the genetics of
r'ott)flop&thogenic nematodes is far from that level, the most unique features
trl' the methods of genetic analysis rn C. elegans are worth emphasizing. The
trrst step is to identify those genes which are involved and occupy a key role
rn the genetic pathway. The hypomorphic and O-alleles (loss-of-function al-
lcles). either themselves, or in heterozygotic combination with a deletion, or
u ith another allele of the same gene, give information on the consequences of
the partial or total loss of the gene concerned. The overproducing or neomorph
'cain-of-new-function) alleles. either alone or in combination with another
ellele or deletion, provide information about the consequences of the loss of
regulation of the gene in question.

hypodermisl

zygorc

R

P,

*

ffisor
neurons

Figure 4. Sulston's scheme showing the fate of the progeny of AB, p,, MS, E, p., c, p,. D. ancl
P. embryonic stem cells of C. elegans (courtesy of J. F. Sulston).
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M
W

neurons
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Epistatic relations between different alleles of different genes participating
in a physiological or developmental function (as da/genes do)rs form a cascade
of genes that yield information about the pathway concerned.

Partial triploids can be produced by using free duplications.se.se The free
duplications are inclining to be lost during mitosis, producing triploid/diploid
genetic mosaics for the chromosome region covered by the duplication. In
order to determine the function of a gene in some cells or in a special tissue,
partial triploids are produced by crossing a hermaphodite homozygous (-/-) for
a hypomorph recessive (-) allele of the given gene to a male carrying the wild
type allele (+) of the same gene on a free duplication. The progeny will be of
Dp(+)l-l- genotype. Those cells and their mitotic progeny from which Dp(+)
were lost, wil l also lack the gene function. This so-called mosaic analysis is
used to determine the cells and developmental stages within which a special
gene is active. with the help of the transposon-tagging method,S2 8a the gene
can readily be located, cloned, and analyzed in molecular terms.

There is hardly any other genetic system in which such a repertoire of
sophisticated classical and molecular genetic and cellular biological methods
can be used in combination to solve complex biologicat problems in situ at the
cellular level.

e. Transposons in Nematode Genetics
The transposable elements found in the C. elegans genome or in other

nematode species have recently been discussed in detail.sa
In hybrids of two strains of C. briggsae, we found an elevated rate of

spontaneous mutations, which might be caused by a new transposable ele-
ment.85 Tc1 has not been found in this species,s6 and we are searching for the
presumed C. briggsae transposon.

It would be useful to cross different strains of entomopathogenic nematodes
reciprocally, looking for hybrid dysgenesis (i.e., an elevated rate of mutations
or steri l i ty in one of the reciprocal crosses). Hybrid dysgenesis is usually
caused by mobile genetic elements (transposons). Transposons might be ex-
tremely powerful tools in the genetics of entomopathogenic nematodes.

The most straightforward way to isolate a gene of interest is to take advan-
tage of a transposon-induced allele. ln C . elegal?s genetics, genes can be tagged
by transposons in a mutator strain (containing a transposon of one strain and
cytoplasm from the other). Most spontaneous mutants of these strains are due
to a mobile genetic element in the gene concerned. A suitable selection or
screen is required to isolate a transposon-induced mutant allele of the gene of
interest. The newly inserted element, and some sequences of the DNA segment
linked to it, can be visualizedby Southern blot hybridization.

III. FIRST APPROACHES TO THE GENETICS OF
ENTOMOPATHOGENIC NEMATODES

Perhaps the most exciting problem in entomopathogenic nematology which
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.rn be approached by genetic methods is the specificity of the symbiotic
rclation between the bacterial symbiont and the nematode. A senetic analysis
t t the svmbiotic relations between Leguminosae and nitrogen-fixing bacteria
prrxluced spectacular results of both scientif ic and commercial value.

I n entomopathogenic nematodes, host-finding behavior,rs thermoadaptation
rn.l its membrane-biochemical conditions),87 resistance to partial desiccation,

.necialized host-preference behavior, and osmotic avoidance behavior are
tr.lt: w'hich might be approached by single-step mutations with a realistic hope
.rl :ucceSS. The first convincing results on entomopathogenic nematode genet-
1.. u i l l  probably relate to the establishment of mutant strains with monogeni-
.ellr determined resistance to different chemical pesticides.

Genetic transformation techniques might be adopted for entomopathogenic
nc'nlatodes. Transferring and expressing useful mutant genes such as some daf-
i . '  sup-7,75'76 or smg77 alleles from C. elegans to entomopathogenous nema-
itxJes is challenging. Genetic transformation, however, involves more than
nricroinjecting DNA into the nematodes. A systematic analysis of the genome
\)i entomopathogenic nematodes (like that carried out by Sulston and Brenner2
.rnrl Coulson and Sulston)EE must come first.

.\. EMS and X-Ray Mutagenesis
In EMS mutagenesis, C. elegans hermaphrodites are washed tiom the agar

,\GM) plates where they had been growing and are mutagenized in a small
r olume (4 ml) of buffer (M9) containing the chemical mutagen (usually 20 pl
E\1S). The F, generation can be scored lor mutants within a week among the
.rdults. The nematodes are kept in transparent agar plates and can be examined
easily with a stereomicroscope.

EMS also works well with entomopathogenic nematodes when the young
\\nchronous adult population in a host larva is niutagenized.t" The infected
insect should be placed onto a damp fi lter paper and transferred to a desiccator
containing air saturated with the vapor of 5 pl EMS/ml M9 buffer solution for
It hr. Both in C. elegons and entomopathogenic nematodes the effectiveness of
the mutagenesis can be tested by transt-erring the F, generation into a lVa
:olution of nicotine or 5 x l0a M levamizole. Under such conditions. nema-
todes heterozygous for mutations of sonie genes exhibit a "twitcher" pheno-
tvpe, whereas the others soon become paralyzed. Irradiation with X-ray of dose
7500 R proved at least as effective as EMS. Young Jo juveniles or adults of
entomopathogenic nematodes can be irradiated either within an insect or in an
agar plate.8e UV-mutagenesis also has potential fbr isolating mutant nema-
todes.eo

Steinernema spp.are males and females. and so lack the genetic advantages
of working with a hermaphrodite/male system. Steinernematid embryos pro-
duced by fertilization of oocytes before mutagenesis are laid by the females.
Twelve to 24 hr after mutagenesis, gravid females are collected and embryos
are obtained by Emmons's et al.q technique. A significant proportion of these
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embryos putatively caffy mutations. Eggr are hatched in M9 buffer and juve-
niles are grown in vitro. Young males should be crossed individually in
microtiter vials (containing a liquid culture of artificial medium or hemo-
lymph) with one to three young untreated virgin females obtained as late J.s
from insect larvae infected 24 hr earlier. Progeny should be scored for mutant
phenotypes (see below).

B. Mutant Phenotypes
Mutants resistant to different antihelminthics can be isolated by "brute

force" selection. Mutagenized nematodes are reproduced either in an in vitro
culture or in vivo for three generations. When a significant proportion of the
population become infective juveniles, they are washed in 0.57o Hyamine and
placed on one edge of an agar plate containing the antihelminthic in selective
concentration (e.g., 5 x l0-a M levamrzole, I Fg/ml avermectin). Sensitive
nematodes become paralyzed or die (depending upon the drug and its concen-
tration) and cannot move far from the starting point. Resistant juveniles move
away. After a few hours the agar plates are cut in half, and those nematodes
from the half furthest from the placement spot of the drug are collected.

If the mutagenesis has been successful, one can always find several resistant
nematodes. They are probably of different genotypes, carrying murant alleles
of different genes. If the researcher's aim is to have a resistant population,
resistant nematodes are transferred into an in vitro medium containing the drug
for mass rearing. If the aim is to identify gene loci which have been muragen-
ized for resistance, then single pair crosseser are needed and not a homozygous
stock (any sensitive offspring should be segregated by individual selection
from outcross progeny). Briefly, one resistant infective-stage juvenile together
with one from a control population are injected into an insect larva. The
infective juveniles emerging from the third generation of the pair crosses
should be tested and progeny-tested again in drug-containing agar plates. This
test means a number of pair crosses between the most motile nematodes.
Crosses producing l00Vo uniformly resistant infective juveniles are considered
to be founders of a homozygous resistant stock. Since the infective juveniles
do not show sexual dimorphism, well below 50c/a of the pair crosses are
successful. The crosses can also be performed in liquid culture in microtiter
vials. An advantage of using in vitro cultures is that the F, generations can be
scored directly, but it is more difficult to get an appropriate number of infective
juveniles from in vitro drop cultures. Using the above methods, we have so far
isolated and outcrossed seven levamizole-resistant and one avermectin-resis-
tant mutant of S. carpocapsae (Mexican). Complementation tests will clarify
whether they carry mutations, the same gene, or different loci. We will need
morphological mutants for genetic mapping of the chromosomes.r

ry. CONCLUSIONS
A precondition for further biological improvement of entomopathogenic
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: lcnratodes as effect ive biological pest control agents is elaboration of their
icnctics. The spectacular results achieved in C. elegalts genetics over the past
It t r ears suggest that enormous benefit can be attained from this scientific
rnfornration. We l ist below a few guidel ines which may be tbl lowed:

It is essential to elaborate the classical genetics of steinernematids anc
heterorhabditids through the strategy used by Brenner.r Certain types of
mutants (e.g., dauer-constitutive, drug-resistant, chemotactic, thermotac-
tic, and osmotactic) comparable to those of c. elegans might also be
isolated in entomopathogenic nematode species and provide a basis for
further genetic studies. Furthermore, understanding of the genetics of the
nematodes and their symbionts would make it possible to study the
genetics of the symbiosis.
A systematic investigation of the cytogenetics and taxonomy of Heter-
orhabditis species and strains should be performed in order to learn what
genetic studies are possible. The methods of Herman,se AlbertSon,54'ss
and Goldstein6r promise to be readily adoptable. overcoming some of
the cross-fertility problems between strains would allow us to benefit
from the advantages of different strains through classical breeding, by
heterosis, or the obtaining of new genetic variants by hybrid dysgenesis.
Systematic work on the DNA of the most frequently used strains would
assist their gene manipulation. This might be started by isolating con-
served genes (known rn C. elegans) by molecular biological tools.
A detailed cell l ineage analysis of vulval, gonadal, germ line. and E-line
development would lead to a better understanding of the reprocluction of
heterorhabditids and the symbiotic relations of bacteria and nematodes.
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l-1. Physiology and Biochemisrry of
Xenorhabdus

Kt'nneth H. Nealson, Thomas M. Schrniclt,
und Bruce Bleaklev

I INTRODUCTION
The entomopathogenic nematode/bactenal sr stent has attracted much re-

. r 'n t  in terest  w i th  regard to  i ts  use in  the cont ro l  o f  insect  pests . r r  As wi th  any
;r)mplex system, the abi l i ty to put i t  to eftect ire use wil l  be enhanced by an
understanding of both the nematode and bacterial components as well  as how
ther interact. This is no small  task. how'ever. as.Yt,rtorl tubtlus is a diverse and
unurual bacterial group,a 6 whose varrou: specie: produce many unusual prod-
uct : .  inc lud ing b io luminescence ( fbr  X.  lunt in t . r (  { , / / . r ) . -  r "  ant ib io t ics . ' ,  ' ,  p ig-
ments . l5r6  ext race l lu lar  enzymes, r r  and in t racc l lu lar  prote in  crvs ta ls . rs- l r  To
iurther complicate matters, all Xenorhahtlu.t species are apparentll, capable of
iorn]1nt spontaneous colony form variants (phases ) lr  hich are commonly
eltc'red in one or more of the products discussed abor,e.r r, '

. {s information has accumulated. i t  has become increasin_ulr apparent that
the ecophysiology of Xenorhahdus is ven' conrpler. Unfortunatelr .  onlv a f-ew
laboratories have been involved with basic research of Xenrtr l tub/11.e. and the
questions generated have frequently outnumberecl the ans\\crs obtained. Here.
!\  c '  SUlTl lr l i l r ize the present status of knowledge on thc phr srolocr and biochern-
r ' tr)  of Xenorhabdas, focusing on grow'th and seconclarr nrctabol i te produc-
trr)n of this unique bacterial group.

II. ISOLATION, GROWTH, AND MAINTENANCE OF
.YENORHABDUS

Xenorhabdzs isolates can be obtained in the field using methods in which
highly susceptible "trap" insects are exposed to the soil.rT Insects dying from
entomopathogenic nematode infections are then used as sources for the isola-
tion of Xenorhobdus, either from the hemocoel of the infected insect, or from
rnfective-juvenile nematodes.r6'27'2ti For X. luntinest'ens, the bacteria are easily
recognized by their abil ity to emit l ighl'r rrt for the nonluminous species and
\trains, other properties may be used for preliminary identification. These
include: ( I ) colony color on NBTA agar plates (the colonies should be blue due
to the uptake of bromothymol blue, with an area of clearing around them),r, (2)
the production of antibacterial activity (nearly all isolates produce antibiot-
ics),rr r5 (3) the production of pigments ranging from buff to brown 161sd,s.r5.rr,
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and (4) the presence of intracellular protein crystals, which can be visualized
as refractile bodies upon examination by phase microscopy.r8-2r

Of the five known Xenorhabdus species, growth rates on complex media
have been reported for only X. luminescens and X. nematophilus.ln these very
rich undefined media containing a source of amino acids or protein, vitamins
(yeast extract), and carbon, at temperatures ranging from 24-30'C, the cells
grow with generation times of 1.0-2.0 hr (Table 1).7'r0.23.28.2e

Physiological studies in defined media have been even less common, al-
though Grimont et al.s reported that all strains of Xenorhabdus tested grew on
a basal salts medium supplemented with nicotinic acid, para-aminobenzoic
acid, serine, tyrosine, proline, and any of several carbon sources. Bleakley and
Nealson23 developed a proline minimal medium based upon the components
commonly found in insect hemolymph; for X. luminescens strain Hm, they
found amino acid requirements similar to those reported by Grimont et al.5 fbr
growth in their defined media, and reported the growth and production of
secondary metabolites in several defined media. In the defined media, the
production of secondary metabolites was deficient in the phase two variants
although they grew substantially faster than phase one; generation times varied
from 4.6-9.2 hr for phase one, and 3.0-4.9 hr for phase two.2r For any given
defined medium, phase two always grew faster than phase one (Table 1). Table
2 shows data for growth and secondary metabolite production in several
defined media. Optimum production of secondary metabolites was favored by
conditions of high proline, low NaCl, and low phosphate.

TABLE 1. Growth Rates of Xenorhabdus Species under
Various Culture Conditions

TABLE 2. Growth antl
luminescens (Hrn) irr t-

Components added"
(mil l imolar)

Genera l i o

N a C l  P O o t - P r o l i n e  t i m e  r h r ,

4.3  3 .5
4.3 3.5
4.3 3s.0
4.3 35.0
4 .3  3s .0

43.0 3.s
43.0 3.5
43.0 35.0
43.0 35.0
43.0 35.0

8.7 .i 5
0.87 e l
8.7 -1 6
0.87 .5..r
8 .7*  ( r . ( )
8.7 .1. i
0.87 -+ s
8.7 -+ o
0.87 - t . r
t l .7** 8 I

All media contain basal sal l .
6.3 1t"M FeCl. . 6H,O; 0. 1 -i r:r t
added as 0.35 M potassiunr pi:
as malic acid (30 mM). or r,  i
Luminescence is scored as r i , .

Growth media
Bacterial
species"

Temp Generation
('C) t ime (hr) Ref.

Growth has also been docLrr.
rates here can be estimated ro t
in the complex media but lur
media of Bleakley and Nealr, '

In several cases the efl-icit.n
but the reason for this has nor
be involved,2a including osnr,
sensitivity, and visible and L \
ferent strains of bacteria.

III. PROPERTIES A\t
METABOLITES PROI

We will focus here on \e\ cr
including bioluminescence. anl
intracellular crystall ine incl u. r,
during growth of phase onc .\,
phase two.8'22-26 With the ertcl
easy and sensitive assay. it rr rir

Complex Media
Lipid Broth
Grace's Medium
Luria Broth
Luria Broth
Medium X

Insect Hemolymph

Defined Mediab
ProlineMinimal
ProlineMinimal

Xn- l
Xn- l
x l - 1
xt- l
x l - l

Xn-l
x l - l

x l -1
xt-2

25
25
24
30
30

25
24

0.8-  l  .2
0.9- l  .3

1 . 5
1 . 5
0.9

2.5-3.0
2 .5-3 .0

4.6-9.2
3.0-4.9

28
28
7

1 0
29

29
-

23
Z J

30
30

Xn =X. nematophihzs; Xl =X. luminescens; I - phase one;2 = phase two.
Several different minimal media were reported. For a given medium, the phase two
variant always grew faster and reached a higher yield of cells than did the phase one.
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TABLE 2. Growth
lunrinescens (Hm)

( 'omponents added"
r  mi l l imolar )

Generation
\aCl POo2- Prol ine t ime (hr)

and Activity of Xenorhabdus
in Defined Media

Final Final
ODrro pH Pigment

Anti- Lumines-
biotic cenceb

. : :
-: -l

. -
, a

. . ; ,
: 1 . 0

-:-r.0
- : -1.0

- l - r .0

f +

+
f

-1-

+

-r

-r

+
T

2400
r 360
3200
l 300
124
800
400
400
160
63

All media contain basal salts: l . l  mM MgSo.: 94 mM NH.CI, 0.18 mM CaCl..2H.or
6.3  1 tM FeCl ,  .  6H,O;  0 .15 mM MnCl .  .  4H.O;  and 0.12 mM Na.MoO 2H.O.  pO. ,

added as 0.35 Mpotassium phosphate buf-fer. pH = 7.0. Carbon for growth supplied
as mal ic  ac id  (30 mM),  or  o-g lucose at  e i ther  l1  mM (* )  or  22 mM (+"1.
Luminescence is scored as relat ive l ight units as previouslv describecj.r '

Growth has also been documented in the insect hemoll,rnph.-:" The growth
rates here can be estimated to be 2.-5-3.0 hr for the doublins rime. slower than
in the complex media but faster than that achic-r'ed in the define<J minimal
media of Bleakley and Nealson.:l

In several cases the efficiency of plating of Xcnorhubtlus isolates is low,2e
but the reason for this has not been elucidated. A variety of factors appear to
be involved,2a including osmotic sensitivit l ' .  nutrient requirements, oxygen
sensitivity, and visible and UV light sensitivitr,.r ' .roi These may vary with dif-
t-erent strains of bacteria.

III. PROPERTIES AND ROLES OF SECONDARY
METABOLITES PRODUCED BY XEIVORHABDUS

We will focus here on several different secondary metabolites or activities,
including bioluminescence, antibiotics. pigments, extracellular enzymes, and
intracellular crystalline inclusions. These properties or activities are produced
during growth of phase one Xenorhabdus spp., but are often not produced by
phase 1v,1s.8'22'26 With the exception of bioluminescence, for which there is an
easy and sensitive assay, it is difficult to quantitate most of the other activities:

3 .5  8 .7
3 .5  0 .87

3-5.0 8.7
35.0 0.87
35.0  8 .7*
3 .5  8 .1
3 .5  0 .87

35.0  8 .7
3s.0 0.87
35.0 8.7**

5 .5
9 .2
4.6
5 . 3
6.0
+.-')

4.8
4.0
^ 1
+. - )

8.3

3 .7  9 .5
| . 4  9 . 0
2 .9  9 .3
1 . 6  9 . 0
0 . 2  5 . 3
2 .8  9 .3
l . - 5  9 .4
2 .n  9 .2
1 . 6  9 . 1
0 .1  4 .9
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much of the information is thus qualitative. In general, these metabolites or ac-
tivities appear during mid- to late-logarithmic stage of growth.

There has been much speculation as to the function of the various
metabolites in the infective process and/or nematode life cycle. While most of
the hypotheses, some of which are discussed below, are quite reasonable, none
are compelling considering the data available to support them.

A. Bioluminescence
The bioluminescence of X. luminescens is catalyzedby an enzyme similar

in substrate requirementsT-e and subunit sizer0 to other bacterial luciferases.
When X. luminescens luciferase was purified by methods used for other bac-
terial luciferases, and its alpha and beta subunits separated by urea chromatog-
raphy, the subunits formed active enzyme hybrids with subunits from the
marine luminous bacterium Vibrio harveyi,t0 suggesting that the luciferases
from these ecologically widely separated groups are functionally and structur-
ally closely related. Further evidence for this relationship is now available from
hybridization analysis of the cloned luminescence (/ax) genes.rr

While the structural genes for luminescence from X. luminescens appear to
be similar to those of its marine relatives, the regulation may be different.
Marine luminous bacteria are subject to regulation by a variety of factors,
including autoinduction, catabolite repression, iron concentration, osmolarity,
and oxygen concentration (Table 3).32 With the possible exception of autoin-
duction,s r0 no indication of regulation by any of these factors has been seen for
X. luminescens.33 Only a few strains have been studied so far, and even among
these there is considerable variation (e.g., Hk was constitutive for lumines-
cence at a high level, while others exhibited various levels of inhibition of
synthesis of the /ax system during early stages of growth).t* Any generaliza-
tions regarding the physiology or regulation of luminescence for the group
should be put aside until more results are available.

Light emission of most strains is suboptimal during growth,e'r0 and addition
of an exogenous long-chain aldehyde, one of the substrates involved in the
luminescent reaction, stimulates light emission in vivo (Figure I ). The expla-
nation for this apparent inability to synthesize sufficient quantities of aldehyde
is unknown, but it was not observed when the cloned X.luminescens /ax genes
were expressed in E. coli.3l

Phase two X. luminescens exhibit greatly reduced light emission (Figure
1),8'23 although the reasons forthis decrease are unknown. In some strains the
amount of luciferase synthesized is not noticeably different between phases,
and the difference in luminous activity is due to differences in cellular expres-
sion of luciferase.3a In others, there are major differences in the amounts of
luciferase present,8'34 suggesting that the difference in observed light emission
resides in either the synthesis or degradation of luciferase. In Figure l, the
luminescence in vivo with and without added aldehyde and the extractable
luciferase activities are shown for strain Hm. For phase two of this strain both
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the amount of luciferase and its expression in vivo are diminished in compari-
son with phase one.

Finally, of the five characterized Xenorhabdus species, X. luminescens is
the only bioluminescent group, so luminescence is clearly not a requirement for
the success of this genus. Furthermore, Akhurst and Boemare35 have recently
reported a strain of X. luminescens that is nonluminous. Since cloned /ax genes
are now available,3r it should be possible to identify by hybridization those
strains that have /zr genes, whether functional or not. Such analyses may lead
to new appreciation for the distribution and role of bioluminescence in this
genus.

Speculation on the role of bioluminescence is that it is involved with the
attraction of other organisms to the infected insect cadaver - either organisms
that might aid in distribution of the nematodes, or orher potential host organ-
isms. This hypothesis has not been rigorously tested, but this could presumably
be done using dark mutants of X. luminescens in competition with wild type
strains.

B. Antibiotic Production
With few exceptions,r2 phase one Xenorhabdus produce antibiotics capable

of inhibiting the growth of many different bacteria and fungi.rr-r5 Little is
known of the production rates of these antibiotics, or their role in infection or
insect toxicity, but several structures have been purified and chemically char-
acterized (Figure 2).rr'r3 rs The hydroxystilbene structure has been identified
from two different organisms,13'15 while the others are known from only single
organisms. The structures of other inhibitors have not been determined, but
since there is a wide range in the activity spectrum of these antibiotic activi-
ties,rr'r2 it may well be that more antibiotic types are yet to be found.

Antibiotic production appears to be an essential feature of the Xenorhabdus
infective process. Almost all strains produce antibiotic activity of one type or
another, and the phase two variants, which usually lack this activity are
susceptible to overgrowth by other bacteria. This leads to putrefaction of the
insect cadaver and low nematode yields. This hypothesis is reasonable, and as
with bioluminescence, it should be testable using point mutants blocked in
antibiotic production.

C. Pigment Production
Xenorhabdas species display an array of pigmentation ranging from buff to

brown to red.5'6 For one strain of X. tuminescens a red pigment was isolated and
identified as an anthraquinone derivative (Figure 3).rs This compound is in the
general class known as polyketides, chemicals that are common in Streptomy-
ces species but relatively rare in eubacteria. Grimont et al.5 have used pigment
presence and color as a taxonomic character. However, the color of the pigment
shown in Figure 3 is sensitive to pH, so that at pH values of 9.0 or above it is
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red, but at pH values of 8.0 or below it is yellow to colorless.rs Thus, if
pigmentation is to be used as a taxonomic tool, the colonies should be adjusted
to the same pH. We have found that spraying colonies with a dilute solution of
NaOH enhances the red color of the pigment from strain Hm.rs

The genes for pigment production have been isolated from X. lumines(:ens
(Hb), and cloned into and expressed in E. r 'oli.3t Using these cloned genes it
should be possible to examine the distribution of similar genes in other Xen-
orhahdus species, and to compare the system with similar biosynthetic path-
ways in other bacterial groups.

Pigment production is characteristic of many, but not all, specie s of Xen-
orhabdus, so, like bioluminescence, it is clearly not required for the infective
process. Since the infected insects are usually easily identified by changes in
color due to the bacterial pigment, the pigment may play a role similar to that
proposed for bioluminescence - attraction of organisms that aid nematode
dispersal or are potential hosts. As with bioluminescence, however, it is not
obvious how a visual signal would be used for soil insects.

D. Extracellular Enzymes
l. Protease

Xenorhabdus species are notoriously proteolytic, a property to be expected
from organisms growing in a protein-rich environment such as insect hemo-
lymph. For X. luminescens (Hm), a protease was purified and partially charac-
terized,rT and shown to be an alkaline metalloprotease of molecular weight
61,000, which was not produced by the phase two variant.r3 only a single
protease activity was identified for strain Hm. In contrast, Boemare and
Akhurst reported multiple protease activities, some of which were absent in
phase two, and others which were present in differentXenorhabdus species and
strains.2a It may be valuable for understanding the role of the protease in
bacterial virulence to identify the specific proteases in these pairs of strains,
and document their association with phase one and phase two variants. Genetic
approaches may prove particularly valuable for understanding the distribution
and role of proteases in Xenorhahdus.3l

Proteases could play a role both in inactivation of the insects' defense
systems and in the digestion of the insect, and both roles have been suggested.rT
The situation with proteases is complex, however, with some strains producing
several different types of activities. As with other functions, point mutants
altered in single protease activities may be useful for defining the components
required or important for successful infection.

2. Lipase

Lipase activity is commonly determined by the observation of hydrolysis of
Tween 80 on agar plates, and while phase one Xenor"habdus isolates tend to be
very lipolytic there are no reports of purification or characterizatron of any
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-:r \r ' \ .  For most species, phase one show strong l ipase activi ty and phase two
'.1, ' t t  rreak or absent act ivi ty.24 However, the situation is reversed for X.
-tn:, t t t tphi lus with phase one lacking l ipase activi ty and phase two acquir ing
:: 

' r-  
The role of l ipase in the infect ive process is unknown. but one may

.;te ulate that these enzymes are involved with digestion of insect l ipids to the
irrrxl of the bacteria, and thus to the symbiosis.

E. Crystalline Inclusions
.\nother feature of phase one Xenorhabdus is the presence of refractile

:: lrracellular inclusions identif ied as crystall ine proteins.rs-2r [s with many of
:hc other cellular products described here, there is apparently great diversity in
thc' t\pes of crystals. For X. nematophilus,Ie it was shown that two different
. n .tal types were composed of separate protein subunits of 26 and 22kd.
\ntibodies to the larger of these were used to screen other strains of Xenorhab-
./trr. and it was present in some but not all species.20 Heterogeneity was also
noted with regard to the ultrastructure of the crystals.rs-zo elyctal formation
eenerally occurred in phase one but not in phase two. However, in one strain
c'i 'Y. nematophilus neither phase produced crystals, and both phases produced
crrstals for a strain of X. luminescer{.le-2i)

Based on negative experiments with injected crystall ine proteins, most
irorkers have dismissed the role of these proteins in the infective process.re-rl
.{t present, there is no evidence for any direct role in bacterial parasitism for
the protein crystals, although it remains enigmatic why they are absent in phase
tu'o variants of most species. Boemare et al.r8 suggested that the crvstals were
organelles involved with l ight emission and that they be called lumisomes.
However, on the basis of biochemicalr" and genetic data.r and the presence of
abundant crystals in nonluminous species. ir seems unlikely, that this intriguing
hvpothesis is correct.

IV. GROWTH AND ACTIVITY OF XE|{ORHABDUS
IN THE INSECT HOST

Growth and/or activity of bacteria in infectecl insects have been measured
in two studies.T'2e In the first, cells of X. luntines('ens were injected into wax
moth (Galleria mellonella) larvae, and bacterial growth and luminescence
monitored over time. At 24'C, the generation time of X. luminesce,ns in the
insect was estimated to be 2.5-3.0 hr:t the same strain of bacterium grew with
a generation time of 1.5 hr in rich medium at the same temperature.T In the
second study, the bacterial strains grew with generation times of 0.9- I .5 hr in
rich medium, and approximately 2.5-3.0 hr in the hemocoel at 25'C.2s Obser-
vation of infected insects and the bacteria from them clearly indicated that the
bacteria were active in the production of secondary metabolites during their
growth phase. The infected insects were bioluminescent, pigmented, and
contained bacteria with intracellular protein crystals.2e Since no putrefaction of
the insect occurred, it can also be assumed that antibiotics were produced.
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The mechanisms involved in insect toxicity are unclear and may be com-
plex. In nonimmune insects, Xenorhabdus canbe highly pathogenic, with LD.n
values as low as a few cells per insect.2'7 Dunphy and Webster36 reported that
lipopolysaccharides with strong hemocyte toxicity were produced by xen-
orhabdus. The production of these components has not been reported for phase
two. The complexity of the situation is indicated by Gcitz et al.,2e who found
that the bacteria were aided in their ability to kill the insects by components
produced by the nematodes, with the nematodes inactivating parts of the host
immune system.

V. CONCLUSIONS
A few years ago, when only the barest of knowledge was available, it

seemed as rf Xenorhabdus was a rather well-defined group of symbiotic/patho-
genic bacteria whose lifestyle was circumscribed around the life cycle of
nematodes and the infection of insects. The products produced by the phase
one variants of the bacteria were well defined, and the properties of the phase
two variants were reasonably predictable. In short, although there was a small
database, it was internally consistent. As more information has appeared the
simple explanations have faded, and the situation has become much more
subtle and variable than was first envisioned.

As more detailed biochemical and physiological data appear it should be
possible to address important questions on what features of the bacteria: (1)
allow them to grow in the insect, (2) are advantageous for nematode replica-
tion, (3) lead to insect death, (4) are important in the specificity of the bacterial/
nematode association, and (5) are involved with phase conversion?

The approaches that will be needed to answer such questions will include
detailed physiological, biochemical, and genetic work (especially with well-
defined point mutants), as well as collaborative studies between bacteriolo-
gists, nematologists, and entomologists, which examine the bacteria/nematode/
insect system as a whole. Substantial advances have been made, and it is
anticipated that with the tools and knowledge presently available these ad-
vances will continue.
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The Molecular Genetics of Xenorhabdus

Srrsrzn Frackman and Kenneth H. lr,lealson

I INTRODUCTION
The techniques of molecular biology and genetics are increasingly being

rpplied to study the biology of various organisms, including bacteria in the
icnus Xenorhabdus.In this chapter, we review the development and uti l ization
.'l' molecular genetics rn Xenorhabdus research.

II. TRANSFORMATION SYSTEMS IN
XEIVORHABDUS

The introduction and maintenance of a plasmid are important components
..rf any investigation into the molecular biology of that organism. The ability to
clone genes, manipulate them in vitro, and study the effects of those
nianipulations in vivo has provided rapid advances in the fields of microbial
ph1'siology, genetics, and biochemistry. For many organisms the l imiting
factor in this scheme is the development of a transformation system. but
fortunately a number of Xenorhabdus species have been transformed with
plasmids commonly used in molecular biology.rr

Xu et al.r have developed a system for the transformation of X. nernutophi-
/rr. i strain 19061 with the broad host range plasmid pHK 17. This transformarion
procedure y ie lds 1-10 x 105 transforrnanrs per microgram of pHK 17 DNA. Xu
et al.r optimized this procedure with respect to growth media. gro\.rth phase of
cel ls,  washing condi t ions,  cel l  to DNA rat io.  addi t ion of  var ious cat ions.  pH of
the transformation buffer, and duration and temperature of the incubations.
They found that when the transforming plasmid had been grown in Est'heric:hio
coli the efficiency of transformation w'as onlr' 0.|c/c of that obtained when the
transforming plasmid had been grown in X. nentatopltillrs. This result strongly
suggests that X. nematophilus contains a restriction modification system. The
stabil ity of the plasmid, pHKI J , in X. nematophi /rrs ( 19061) was determined;
after 30 generations of growth without selection for the plasmid only 27o of the
cells retained the plasmid, suggesting that pHK l7 might be useful as a pseu-
dosuicide plasmid for transposon mutagenesis. The transformation of several
other X. nematophilus strains and one X. luntinest'ens strain with a variety of
plasmids was also studied (Table I ).

We have developed a system for the transformation of X. luminescens (Hm)r
by modifying the CaClr/RbCl procedure commonly used in the transformation
of E. col i .3 The modif icat ions are ( l )  the addi t ion of  0.57o NaCl to the
transformation buffers to prevent cell lysis of X. luminescens, and (2) a change
in the temperature and duration of the heat shock from 43-44'C for 30 sec to

g

e==
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TABLE 1. Transformation of Xenorhabdus spp. with
Plasmids'

Xenorhabdrrs spp.
(strain)

No. of
transformants/

Sourceo pg of DNA

Despite the biochcnr\ . r .
luminesc'ens and other l irrr.
may not respond to enr ir i,r.t:-
Most other biolumine\r .e nl  '

symbiot ic associat ion rr  11i .
luminescerzs has been tirun,
ciation with nematodc'. lr
mechanisms to regulatc t- 'r,,
meet the special needs ol .r
different from those ust_-rl l.

The luminous systeln r , l
different regulatory s\ \rcr)r
minimal unt i l  the cel ls rc. , .
Figure la shows a typic l l  r
shows the generation of lrch
growth is expressed in arhrrr
optical density providinr l ;
per cell during growth. l i irL
cence in X . luminesceri.r: lrr
an optical density of >1.0 u
production after the culturr

Several investigators hlri
cens is also controlled br lh
all X e n o r ha bd u s spec ie :.
infective nematodes, bur up,,
variants called phase t\r o .1
var iant  is dim (0.1- l  % oI  r l
measurable antibiotic acti\ r l
protease, or extracellular l ip.
colony morphology and starn
istics showing differential c,,
expressed late in the grou rh
duction, and antibiotic lrrorj
and lipase may also occur L.r
proteins are generally nor Jr
standing the mechanism rrt p.
knowledge of the regulari,,r:
cence, because it is easilr .rn,:
studies.

We note here that the tt-nr:
to a reversible alteration o1 1-..,
yet been demonstrated in li
terminology adopted firr rhr. .
in the future.

Plasmid

X. nematophilus (19061)
X. nematophilus (19061)
X. nematophilus (IM)
X. poinarii
X. luminescens (RH)
X. luminescens (RH)''d
X. luminescens (RH)''d
X. luminescens (RH)'
X. luminescens (RH)
X. Iuminescens (RH)

pBR325 E. t t t l i
pHK ll X. nematophilus
pHKlT X. nematophilus
pHKl T X. nematophilus
pHKlT X. nematophilus
pBR322 E. col i
plMH43 E. col i
pIMH43 X. nentatophilus
pUClS E.  co l i
pPl E. r 'ol i

2.7 x 10:'
4.6 x 10s
0
2.0  x  l0 l
2.0 x 103
1 . 0
1 . 0
5 . 8  x  1 0 '
5 .7  x  102
4.3 x 103

From Xu et al.r
Bacterial hosts for the transforming plasmids were Xenrtrhabtlus nematophilus
(19061 /1 )  and  E .  co l i  (HB l0 l ) .

' Cells were made competent by treatment
d Greater than I pg of DNA was used,

obtained.

with a MgCl.-CaCl. solut ion.
and only one transfbrmed colony was

37"C for 2 min to increase the transformation efficiency. Using this procedure,
the phase one and two variants of X. luminest'ens (Hm) have been transformed
with a number of plasmids commonly used in recombinant DNA research,
including pBR322, pACYC 1 84 and pSF60 (a denvative of puc I 8 carrying a
gene for kanamycin resistance). These plasmids are maintained in X. lumines-
cens extrachromosomally and in high copy number. The development of
plasmid based transformation systems for Xenorhabdus spp. will enable inves-
tigators to utilize the tools of molecular biology to further our understanding
of the diverse elements of Xenorhabdus bioloey.

M. BIOLUMINESCENCE
X. luminescens is different from the other Xenorhabdrzs species in its ability

to produce visible luminescence. This luminescence is due to the presence of
an enzyme system with physical and biochemical properties similar to those of
other bioluminescent bacteria.a-8 The enzyme luciferase, an alpha-beta heterod-
imeric mixed function oxidase, oxidizes a reduced flavin and a long-chain
aldehyde in the generation of light. Purified luciferase from X. luminescens is
structurally similar to the luciferases from other luminous bacteriaT.s and there
is DNA homology between the gene for the alpha subunit of luciferase (/z.rA)
of X. luminescens and luxA genes from other bacteria.2
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Despite the biochemical similarit ies between the lurninou\ s\ stenr of X.
luninescer?.r and other luminous bacteria. biolurnine scence in X. lunrin(s('(tts
may not respond to environmental and physiolo-sical changes in the \arne way.n
\lost other bioluminescent bacteria are found in nrarinc- environnrent\ either in
\\ 'mbiotic association with marine organisms or l i \ ing saproph)'t icallr ' :" X.
luninescers has been found only in terrestrial cnr ironments. usuall) '  in asso-
ciation with nematodes. It seems likely that l ' . lunrinescens has evolved
mechanisms to regulate bioluminescence in respon:e to its environment that
meet the special needs of a terrestrial neniatodc- :r nrbiont and are, theretore,
different from those used by the marine bactcria.'

The luminous system of X.lumines((,n.\ appear\ to respond to at least two
different regulatory systems. In rich mediunr tL-broth). l ight production is
minimal unti l the cells reach late logarithrnic or stationary phase growth.2'7
Figure 1a shows a typical growth curve for.\ '  luntirtt 'scens (Hm); Figure lb
shows the generation of l ight as a function of cruu th. Light production during
growth is expressed in arbitrary l ight unit\ (LL'r that have been normalized for
optical density providing a measure of the relatir e amount of l ight produced
per cel l  dur ing growth.  Figure I  c lear l r  i l lustrates the late onset of  lumines-
cence rnX. luminescens, l ight  begins to increa:c at ' ter  the cul ture has reached
an opt ical  densi ty of  >2.0 which is late logar i thrnic phase. wi th maximal l ight
production after the culture is in stationarr phase (O.D. n,, >.+.0).

Several  invest igators have sho*n that the luminous svstem of X. lunt tnes-
cens is also controlled by the phase one t() phase two variation that occurs in
all Xenorhabdus species.r0 ra Phase one I't 'rror ltubtlus is generall l isolated from
infective nematodes, but upon prolonged culture in r arious media. spontaneous
variants called phase two appear. In contra\t to phase one. the secondary
var iant  is dim (0.1-17o of  the lumine\cence ot 'phast--  or lL-)  and produces no
measurable ant ib iot ic act iv i ty,  p igment.  intracel lu lar  inclusir)ns.  extracel lu lar
protease, or extracel lu lar  l ipase.r0 ' r+ The tr io phases also erhibi t  d i f f 'erences in
colony morphology and staining properties. r ' .\ nunrber of bacterial character-
istics showing differential expression in phase one and phase two are normally
expressed late in the growth cycle. including bioluminescence, pigment pro-
duction, and antibiotic production. The production of extracellular protease
and lipase may also occur late in the grow th phase since the assays for these
proteins are generally not positive until after prolonged incubation. Under-
standing the mechanism of phase variation tn Xenorhabdus may increase our
knowledge of the regulation of late gene expression in bacteria. Biolumines-
cence, because it is easily and sensitively measured, is a powerful tool for such
studies.

We note here that the terminology of "phase variation" is generally applied
to a reversible alteration of bacterial characterisitics; since reversibility has not
yet been demonstrated in the case of the variants of X. luminescens. the
terminology adopted for the chapters in this volume may be subject to revision
in the future.
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Figure l. Growth and luminescence of Xenorhabtlus lumines-
cens (Hm) in L broth. (a) Growth is plomed as cell density
(O.D.560) as a function of time. (b) Luminescence is plotted as
light units normalized to cell density (LUIO.D.,,r)) as a function
of  cel l  densi ty (O.D.sm).

IV. CLONING THE LUX GENES OF XENORHABDUS
LUMIIVESCEI{S

In an effort to understand the mechanism of phase one to phase two
conversion and the genetic regulation of the luminous system in X. lumines-
cens, we have cloned the genes necessary for bioluminescence (/ax genes) from
X. luminescens (Hm).' A genomic library of X. luminescens DNA in plasmid
pUClS was constructed and screened as outlined in Figure 2. X. Iuminescens
DNA was partially digested with Sau3A and enriched for fragments of 9-20 kb
by agarose gel electrophoresis. These fragments were ligated into the BamHl
site of pUCl8 and transformed in E. coli. The resulting ampicillin resistant
transformants were screened for light production. One luminous colony was
identified which carried a plasmid (pCGLSl) with an approximately 1l kb
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.:\ert of X' luminescens DNA. A map of the restriction endonuclease sites oflhr' tnsert is presented in Figure 3. It is known from the cloning of otheriuntinous systems that in order to produce light without the adcJition of ex-rrrcrouS aldehyde in E' c'oli at least f ive geneJmust be expressed.r: These arerhe senes (ruxc, ruxD, and tux9) for the three porypeptides of the fatr1, acidrcductase complex required for the synthesis ofthe long-chain aldehvde sub-rrri.tt€' and the genes (luxA and luxB) for the alpha and beta subunits of thehacterial luciferase' It is therefore apparent that pcGLS I carries at least thetlre genes which are analogous to ruxA-ruxE in othe, systems.

\'. EXPRESSION OF THE L(/X GENES OF
.YEIVORHABDUS LUMINESCEIIS IN ESCFIER ICHIA
COLI

The production of light from E. c'rri canying pcGLS l was measured duringgrowth in L-broth (Figure 4). 'The level of i igrtr p.. cell remains low until mid_to late-logarithmic growth phase, and the maximal level of luminescence percell occurs when the cells are in stationary phase. while the pattern of lumi-nescence development from E. t 'oti carryingpCGLSl during growth is quali_tatively similar to that of X. rt.tmines(.en.t (Hm) (Figure l), the amount of rightproduced is r0-15 times grearer in E. c.oricarryingiccr_sr, probabry becausepcGLSl is presenlin many copies per cell. The E. coli strainused lbr theexperiments was DHs5F'Ia and the curtures were grown at 2g-30 c. At theseremperatures the copy number of pUClg is <25 Jopies/cell. which is muchreduced from the approximately l2g copies/cell present when it is grown at37'c.16 This strain carries the /a.ra repressor gene on an F, episome producingtenfold more repressor than is found in most hort ,truins. The combination ofthe relatively low copy number at 28'C and the lacla gene should maintain thelctc'promoter present on pUC l8 in a repressed state unless an inducer is present.Furthermore, the F'episome carries a gene impaning kanamycin resistance tothis strain so that the episome can be maintained in media containing kanamy-cin' Therefore, the expression of the /rr-r genes in these experiments is not aresult of the activity of the plasmid /ac promoter.
Another plasmid, pcGLS r R, contains the same X. ruminescensDNA insertas pcGLSl but in the opposite orientation with respect to the vector. Theemission of l ight during growth of E. c.rt isrrain DHa5F,rq carrying pcGLS r R(data not shown) is virtually identical to that produced by the same straincarrying pcGLSl shown in Figure 4.r These ,.rrlr, suggest that the /a-r genesare being expressed from a promoter(s) within the X. luminescens DNA insertrather than promoters in the vector DNA.

VI. DELETION ANALYSIS OF'THE LUX GENES OFXENORHABDU S LU M IIV ESC EIV S
The organization of the /rzx genes of x. ruminescens was studied by con_
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Figure 2. Diagram of the construction of a genomic library of Xenorhabdus lu-
minescens (Hm) DNA in pUCl8 and the screening for plasmids containing the
bioluminescence genes (pCGLSl) and the pigment genes (pCGLSl00).
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Figure 3. Map of the lux genes of Xenorhabdus luminest'ens. The solid line represents the insert
of Xenorhabdus luminest'en.s DNA in pCGLSl. The location of the lu.rA-E is given above the line
and the direction of transcription is indicated by the arrow. Restriction sites are abbreviated as
follows: Bs, BstEII;C,Clal; E, EcoRI; H, Hindlll; M, Mlul;S. Scal; X,Xhol: B/Sa indicates the
ligation of Seu-lA digested DNA to BamHI digested DNA.
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structing plasmids with various fragmenrs of 1u.r DNA. The rux DNA frag_
ments have been cloned into either pUC I 8 or pUC 19, and the abil ity of these
plasmids to produce aldehyde-independent or -clependent light in E. c.oli has
been determined (Figure 5).2 Those prasmids thai are capabre of producing
aldehyde-independent luminescence in E. crili contain luxA-luxE: those thatproduce aldehyde-dependent luminescence contain the genes for lucif'erase
(luxA and luxB) but have deletions that include at least part of one of the three
aldehyde biosynthesis genes; those not producing l ight have deletions which
include at least part of either of the genes for the luciierase subunits (ftr.rA and
luxB)' The plasmids which are capable of producing aldehyde-independent lu-
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Figure 5. Deletion analysis of the /zr genes of Xenorhabdus luminescens. Solid l ines indicate the
region of X.luminescens DNA which has been inserted into either pUCl8 or pUCl9. Restriction
enzymes are abbreviated as described in Figure 3. The ability (+) or inability (-) to produce light
in E. coli either in the absence (-aldehyde) or after the addition (+aldehyde) of exogenously added
decanal is indicated for each plasmid.

minescence in E. coli are pCGLS 1, pCGLS6, and pCGLS I I . The smallest
DNA region carrying all five of the genes (lurA-luxE) required for lu-
minescnece in E. coli is the 6.9 kb insert of pCGLS I l. The amounr of light
from E. coli canying a plasmid with this insert is diffbrent depending upon rhe
orientation of the insert with respect to the plasmid sequences (data not shown),
suggesting that the expression of these genes is under the control of plasmid
promoters. It is therefore possible that part or all of the natural X.luminescens
promoter for the lux genes has been deleted in pCGLS I l. When the plasmids
pcGLST, pcGLSs, and pcGLSl5 are introduced into E. r:oli, there is light
emission only when exogenous aldehyde is added. These plasmids carry 5.6,
4.6, and 4.3 kb, respectively, of /ax DNA from the right end of the pcGLSl
DNA insert. This suggests that one or more of the genes for the fatty acid
reductase complex reside in the 2.6kb between the left EcoRl site and the Ctal
site. Because bacteria containing any of the plasmids which are deleted for the
region ro the right of the Clal site (pCGLS14, pCGLSl6, pcGLS4, and
pCGLS 12) are unable to produce luminescence, and bacteria carrying any of
the plasmids which contain the DNA between the Clal site and the right EcoRl
site (pcGLS1, pCGLS6, pCGLST, pCGLS5, pCGLSI l, pCGLSl5) produce
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' -r l lnescence, the genes forthe two subunits of lucif-erase. / i l ,r.A a'cJ B. must:-* ltxated on the -4.25 kb region between the Clalsite and the rieht Er.rRI site.J}c're studies on the order and position of the lurg.n.r i"ji.ri.'inrl,ne genes
:"r aldehyde biosynthesis are located to the lefi of the senes tirr the tw,o'u;tf-erase subunits as shown in Figure 3. This analysis or t i,e organization of\ luntinescens lux genes is not yet complete; studies are in progress to f'urther.lctlne the order and Iocation of these g.n.r.

The 2'6 kb region shown by these studies to contain genes fbr the p.lrpep-:rJes of the fatty acid reductase complex may not be the location of all threetri.these genes (luxC, lurD and luxE), since in other bacterial bioluminescentr\ rte rlS these genes require -3.5 kb. The 4.25 kb region in which the genes fbrthe alpha and beta subunits of luciferase (/a,rA and /urB) are located is'uf'tlcient to code for more than those two porypeptides. The /r,rA and ru.rB!!'nes should be present on about 2 kb of DNA since the alpha and beta subunitstri luciferase from x. lumines('ens have molecular weights of about 36 and 40kd'- s It is therefore possible that one of the genes required for aldehydehrosynthesis is located to the right of 1rr.rA and ilg.n.r. This is an interesting
ryrssibil i ty because it suggests that the organization of the X. luminescens lu.rgenes may be similar to other bacterial /lr-r genes. The organ izatjon of /rr,rA-irrtE is the same for at least three marine bioluminescent bacteria. The orderof the /ax genes from Vibrio Jist'lteri. l'ibrio haryet,i, and pltrtrbrtcterrunt
phttsphorettm rs, beginning promoter proximal. 1rr.rC, /u.rD. /rr.r.A. /rr,rB./ i r ' rE'r-5 ' r7 ' r8 In contrast  to the srmi lar i t r  ln the organizat ion of  1r . r .A-/rrrE inrarious organisms' the organizatron of the genes involl,ed in reculatrcln ofbacterial luminescence appears ro nor be conse^.d. Th. ;";r;r,;;;, l" *n,.nregulatory genes were defined, l ' ' . .f i .sc lte,ri and l '  . l tur-t 'e).t are dift 'ercnt.i- r Theregulatory genes of x. rumines('etts hare n.t been identit-ied.

VII. DIRECTION OF TRANSCRIPTION OF THE LUX
GENES OF XENORHABDLI S LLI M III ESCENS

To determine the direction of transcriptron of the 1r.r genes of x, lumines-(ens, plasmids have been constructed rihich carr_\. the E. r.oli lac. promotereither to the left or to the right of the /rrr genes it x. t,,rt inesc,ens.2 The racpromoter is oriented so that it directs transcription through the inserted /axgenes' The activity of the /ac promoter is regulated by the presence or absenceof the inducer isopropylthio-B-galactoside (lprc). when the lac:promorer isoriented in the same direction as the natural /rr,r promoter, the expectation isthat there wil l be an increase in l ight emission in the presence of IprG, whereasthere will not be an increase in iigtrt emission in the presence of IprG if the/aC promoter is oriented in the opposite direction. The results of these experi-ments are shown in Tabre 2,2 with rines 3-6 crearry showing that the genesrequired forbioluminescence in E. r'oliare transcribed from left to right. Theplasmids pcGLS I l and pcGLS5 (Figure 5) have the rac: promorer ro the refiof the /,x genes. strains carrying these two prasmids produce, respectivery.
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TABLE 2. The Direction of Transcription of the lux
Genes

Luminescence

LU/O.D.s6o l,u/O.D.s6o
(-IPTG)b (103) (+IPTG')b (103) +IPTG/-IPTG

products of luxC, /rr.rD. lrn.':
product which posi t ivelr  r r t : ,
ence of a lefiward transcnni
tion.

VIII. EXPRESSIO\ I
XENORHABDUS tI

The c loned lu . rgenc \  l r , ,
luminescens (Hm) phase t,n..
has been modified slightlr t,,
cin resistance as shown in [,:
of transformants becausc .\
Phase one and phase tuo o1
mid, pCGLS2, and lighr t 'rn
The phase one and phase rrr
l ight, and the production ot
similar to E. coli carryinl rh
amount of light producerl hr
pCGLS2 is approximatelr  t i '
phase one variant of X. lttntr,:
phase two X. luminesceli.\ r-.1
than in phase oneX. luntint,r,, ,
of bioluminescence is prohli-,
in high copy in X.lumine.st t ,:
two var iant  of  X.  lunt int t , , ,
growth than in phase one ci.irr
a difference in the regulatrt,r
luminescens. This possibi I irr

Species (Strain)"

l. E. r'oli (pCGLS 1)dr
2 .  E .  u t l i t pCGLS lR l . r
3. E. col i  (pCGLS I I  ) ' r
4. E. col i  (pCGLSl lR)"r
5. E. r,ol i  (pCCLS5;.tu

6. E. col i(pCGLS5R)'te
7. X. lumines(ens

3.80
4.80

34.00
5.50

10.00
0.27
0 . 1 5

s8.00
35.00

230.00
1.70

120.00
0 .  1 9
0 .  l 3

15.00
7.30
6.70
0.85

12.00
0.70
0.90

c

d

e

f

Escherichia coli (DHcx5F"la) and Xenorhabdus luntinescens (Hm) were used.
Light was measured when cultures were O.D..ur-2.0, each number represents the
average of three independent samples.
IPTG was added to media at a concentration of 4 x 104 M.
The lur DNA is in plasmid pUC18.
The lux DNA is in plasmid pUCl9.
The orientation of the lux insert with respect to the 1ac promoter are indicated by the
presence or absence of an R in the name. Those without an R have the lac promoter
on the left and those with an R have the lac promoter on the right. Plasmids with the
same number have the same /lzx DNA insert.
Light measurements were taken after the addition of 0. I % decanal (in DMSO) to a
final concentration of 0.002Vo.

6.7- and 12.0-fold more light when the lac promoter is active (Table 2, lines
3 and 5). The plasmids pCGLSIlR and pCGLS5R have rhe same /ax DNA
inserts but the lac promoter is to the right of the /ar genes. Strains carrying
these plasmids do not show any increase in luminescence when the lac pro-
moter is induced (Table 2, lines 4 and 6). In agreement with the above results,
luminescence is increased 15-fold when the lat'promoter is induced on the
plasmid, pCGLS I (containing the entire I I kb insert), in which the lac pro-
moter is to the left of /ax genes (Table 2,line I ). Unexpectedly, luminescence
is af so increased 7.3-fold when the lac promoter is induced in the plasmid,
pCGLS lR, in which the lac promoter is to the right of the lux genes. There is
no increase in luminescence from X. lumines('ens in the presence of IPTG
(Table 2,line 7), indicating that the inducer has no effect on luminescence in
the absence of the E. coli lac promoter. This result may indicate that there is
transcription in both directions from the ll kb lux DNA inserr. Rightward
transcription (Figure 3) produces the two luciferase subunits (the products of
luxA and luxB) and the three proteins involved in aldehyde biosynthesis (the

Figure 6. Diagram of the plasmiti pt r
for  kanamycin resistance (Km,)  rnr , ,  : :
the mul t ip le c loning s i te of  pL ( ' t  r
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lr()ducts of luxC, luxD, and tuxE) and leftward transcription nrar procluce arrtdugl which positivery affects the expression of ru_rA-ru.tEgenes. 1.he pres_

;L: "t 
a leftward transcript is very specularive and requires f 'urther in'csriga-

VIII. EXPRESSION OF THE CLONE D LUX GENES IN.\. E IV O RHAB D U S LU M IIV ESC EIV S
The cloned lur genes from X. luminesce,ns have been introduceci into x.

"i,rt inesc'ens 
(Hm) qlT. one and phase two variants.z The prasmrd. pCGLS r.has been modified slightry for these experiments by adding a gene for kanamy_;rn resistance as shown in Figure o. rnis g.n. *u, n...rrury fbr the serectiontri transformants becau se x. l iminescens (Hm; is naturally ampicil l in resistant.Phase one and phase two of x. luntirte.r('eri.r were transformei with this plas-mid. pcGLS2, and light emission was measured during growth (Figure 7).2The phase one and phase two carrying pcGLS2 produce the same amount oflrght' and the production of l ight as a function of growth in these strains isttmifar to E' coli carrying the cloned /rr.r genes on pCGLSl. The maximumrmount of l ight produced by either phase on. o. two X. ruminescezs carryingpcGLS2 is approxiTilt ly lO-fbld sreater than rhe bioruminescence seen in rhephase one variant of X' lumine.r.e,,r. i. Light emission fiom either phase one orphase two X. ruminescens carrl, ing pCGLST arso increases earrier in growththan in phase one X. ruminesce,i.t. i t . increase in ororni;;;;;, inir.,,onof bioluminescence is probably because the plasmid.  pcGLS2. is rnaintainedin high copy in X'  luminescens-. lnterest inslr ' .  l ight  emission fronr the the phasetrv 'o var iant  of  x '  lumines( 'ens carrr ing pccLs: increases sl ieht l r  later inerowth than in phase one carrying pCGLS2. This lag in incluctirn ma' ref-lecta difference in the reg.ulation of: gene e.\pr.,,r',r,r-,n phasc one ancf two X.lunt inescens. This possibi l i ty  is  culentr_r under inrest icat i .n.

Figure 6. Diagram of the plasmid pCGLS2.
for kanamycin resistance (Km,) into the pstl
the mul t ip le c loning s i te of  pUClg.

/ut

pCGLS2 was constructed
srte of pCGLS l. The pstl

by the insertion of a gene
site of pCGLS I is part of
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Figure 7. Growth (a) and luminescence (b) of a phase one (D) and
phase two (A) variants of Xenorhabdus lunrinesc'en.l (Hm) carrying
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in L broth. The data are expressed as described in Figure

IX. CLONING THE PIGMENT GENES OF
XENO RH AB D U S LU M IN ESCEI{S

The phase one variant of X. luminescens produces a red pigment late in
growth.22 2s This pigment was isolated from X. luminescens (Hk) and identified
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i \  rn anthraquinone'2s Al though the pigment has no ant ib iot ic act i ' i t r .  i t  is:clated to the polyketide group of antlbiotics produced b,r, Sn.e1tttt,t.t(,(,.,' spp.I 'he genes for the synthesis of one of these antit iotics. actinorhodin. have been' rtroc'd from streptomyces c'oelic'olor'. A plasmid with a 3l kb insert of s." '  ' t  l i t o/or DNA containing at least eight genes is capable of proclucing actinor-itr j in when transformed into S. parvulus, a strain which does n.t normallytroduss the antibiotic.26
\\ 'e have isolated a prasmid from the x. ruminesc:ensgenomic ribrar' w,hichPrtrducst a red pigment in E. c'oli (Figure 2).rt This plasmid carries t{.1 kb of\ luntinescens DNA'27 It appears l ikely that all of the genes required fbr theirrtrs'nthesis of the x. ruminescens pigment are not present on this prasmidf o-cause: (l) the color of the E. colicarrying pcGLSl00 is a darker red thanrhat of x. luminescens (Hm);rt (2) the pig.*t of E. c.oricarrying pcGLSl00J.es nor exhibit rhe same sorubirity characterisrics as th. p;;.nr of x.'untinescens:2, and (3) by analogy to the antibiotic genes of s. coelic.olor itrcelrS unlikely that 8' l kb is sufficient coding capacity for all of the geneproducts necessary for the biosynthesis of the anthraquinone pigment. Thepigment produced by E c:oli carrying pcGLS 100 may be an intermediate in rhepathway to the final anthraquinone structure found in X. lumines(.ens.

X. PLASMIDS AND BACTERIOPHAGES
The occurrence of plasmids in a variet y of Xenorhabdus strains has been:tudied by several investigators (Table -jy.i.:.:*.:, Couche et al.2s isolated plas_mids from ten different strains of X. rtentutopltilus in an effort to determineri hether plasmids played any role in the production of intracellular inclusions.Seven of the strains were found to contain plasmids. ransing in size from 3.6-l2 kb' In the four strains in which the plasmid patterns uere srudied fbr boththe phase one and phase two variants. identical prasmid pattL-ms *,ere seen inboth phases (Table 3) '  Xu et  a l . r  at tempted unsuccessful l r  ro isolate plasmidstt 'hich could serve as cloning vectors from sereral X. rtenutoltlt i l l ls strains andone X. luminesc:e,ns strain. poinar et ar.ru fbund a prasmid of 50_56 kb in X.luminesce,ns. we have isolated a prasmid {pHMrr i 'ron-' x. rumines(.ens(Hm)which is 7.1 kb in length.2 This prasmid has been isorated from phase onex.luminescens (Hm), but all attempts to isolate it from a phase two have beenunsuccessful. studies in which pHM r was used as a probe in colony hybridi_zation of the phase two variant of X. luntirter('ells indicate that this phasecontains DNA homologous to pHM l. we are presently extending these studiesto determine whether phase two DNA which is homorogous to pHM r is presenton a plasmid or on the chromosome.

Bacteriophages have been useful in mobilizing bacterial mutations from onehost to another, as well as in the construction of genetic maps. Furthermore, anenorrnous amount of information has been obtained about bacterial structuresand functions by analyzing the interactions between bacteriophages and their
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TABLE 3. The Occurrence of Plasmids in Strains of
Xenorhabdus

Species (strain)
Plasmid size

( kb)' Ref.

X. nematophilus (All)

X. nemotophilus (BK)

X. nematophilus (A24)

X. nematophilus (XnT)

X. nematopizilas (Mex)
X. nematopleilas (AN6)
X. nematophilus (T319)
X. nematophilus (SK2)
X. nematophilus (Dan5)

X. nematoplzilas (Q385)

X. nematophilus (19061 )

X. nematophilus (IM)
X. poinarii (XU)
X. luminesc'erzs (RH)
X. luminescens
X. luminescens (Hm)

physiology, biochemrstr\ . .r
Xenorhabcla.r biologr . rrr. I r, :
I i fe cycle of the nematotir..
pathogenesis, (3) how is rhc
regulated, and (4) what i, t jr i

REFERENCES
1. Xu,  J. ,  Lohrke,  S. ,  Hur lbtr t .

nematophilus, Appl. Ent t,
2.  Frackman, S. ,  and Nealson.
3.  Kushner,  S.  R. ,  Impr l r r  1. ,y .

p lasmids,  in Genet i t ,  Lt t ,1 1,  ,  .
4.  Poinar,  G. O.,  Jr . ,  Thomar.  { ,

cence of the symbiotic ba. tr.:.
hac.teriophora, Soil Bittl lt

5.  Nealson,  K.  H. ,  Schmidr.  l .
nematodes and parasi les o l  : .  .
Symhiosis. NATO ASI ScrrL..
1 9 8 8 .  l 0 l .

6. Colepicolo, p., Cho, K.. poin:
cence of the bacterium .\.r rr, , ,
Microbiol., -5-5, 2601. I gtiq

7.  Schmidt ,  T.  M.,  Kopeckr.  h
pathogen Xenorhubdus Itrnti, ,

8.  Nealson,  K.  H. ,  Schmidt .  l .
Xenorhahdus, in Entonrt,p(t J,.
Kaya,  H.  K. .  Eds. .  CR( '  pre . .

9. Nealson, K. H., and Hastiner. ,l
significance, Mit:robiol. Rr,r -:

10.  Akhurst ,  R.  J. ,  and Boemarr .
moputhogenic Nematotla.r rtr t'l
Press, Boca Raton, FL, lgqn . ,

I  l .  Akhurst ,  R.  J. ,  Morpholosr. . , .  .
symbiotically associatecl u irh ::
orhabditis, J. Gen. Mit,rttht,,,

l l2 .  Bleakley.  8. ,  and Neatson.  h.
Xenorhuhdu.s lumi nest . t , r i \  r [1. , . .

13.  Hur lbert ,  R.  E. ,  Xu,  .1. .  and
Xenorhabdus lumi ne.sct,n.r. . l r.,

14.  Boemare.  N.  8. ,  and Akhur.r .  I
colony form variants in ,\.t,rr,,,, .,
l 5 l ,  l 9 8 t i .

15.  Meighen, E.  A. ,  Enzynte.  r r r : :  -
Annu. Rev.  Mi t . robio l . . . [ .  ] i  l

16.  Mik i ,  T. ,  yasukochi ,  T. ,  \aganr.
Horiuchi, T., Construclion (,t .: "
eukaryotic genes in E.st lt, ,
lysozyme. Prot .  Engi t t . .  l .  i :  .

1 2 , 3 . 6
t 2 . 3 . 6
1 2 . 3 . 6
t 2 . 3 . 6
1 2 .  3 . 6
r 2 .  3 . 6

l 0
l 0
1

7 . 3 . 6
- 5 . 3 . 6

-50-56
7 . 1

28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28

I
I
I
I
I

29
2
2

indicates that no plasmids were detected.

hosts. A bacteriophage, XLP, infecting phase one X. luminescer?s has recently
been isolated,ze'30 and may serve as an important tool in studying the biology
of this bacterium.

XI. CONCLUSIONS
We have reviewed the various aspects of Xenorhabdus biology which have

been studied using the techniques of genetics and molecular biology. While
much of the research described here is in its initial stages, this work has already
produced transformation systems and identified plasmids and a bacteriophage.
Genes have been cloned from Xenorhabdus and expressed in both E. coli and
X. luminescens. As these powerful techniques are improved and adapted for
Xenorhabdus they can be used in combination with the methods of microbial
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:-  .  - : ( ) l r )g\ .  b iochemistry,  and ecology to answer many basic quest ions abouti... ' ' l tuhdus biology, incruding (r) what rore does Xen,.hubrlr,.,. prar in rher'r .\cle of the nematode, (2) what role does Xenrtrhabdus prri in insect
; . .1L1rgere s is '  (3)  how is the product ion of  secondary metabol i tes genet ical ly-r:rlrred. and (4) what is the mechanism of phase conversion.
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I Frackman, S., and Nealson, K. H., unpublished data, 19g9.i Kushner, s' R', Improved method for transformation of E. r'oli with colEl derivedplasmids, in Genetic Engineering. Boyer, H. 8.. Ed., Elsevier, Amsterdam, lglg, l l.J Poinar, G. O., Jr., Thomas, G., Havgood, M., and Nealson, K. H., Growth and lumines_cence of the symbiotic bacteria associated with the terrestrial nematode, Heterorhabditishu(ter iophora,  Soi l  Bio l .  Biochent. . l2.  ,5.  19g0.
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| 6. Insect Immunity

Gary B. Dunphy and Graham S. Thur-ston

I. INTRODUCTION
Steinernemo carpocapsae and Heterrtrhabditis bac'teriophor.a ancl their

respective bacterial symbionts , Xenorhabdus rtematophilus and X. luntirtes-
' t 'r ls, although effective against a diversity of insect species, show considerable
r ariation in strain efficacy. This variation has been attributed to environmental
adaptations, behavioral differences, and variation in the number of bacteria
ri ithin the infective juveniles and the proportion of infective juveniles retaining
hacteria'r5 In addition, the association of the nematode-bacterium complex
riith the homeostatic systems in the host's hemocoel that respond to foreign
nlatter (=nonself-response systems) wil l contribute to variation in the efficacy
and, ult imately, the success of the nematode-bacterium complex. To elucidate
the intricate and well-adapted physiologie-s of the components of these nema-
tode-bacterium complexes with the host's hemolymph, it is essential that this
review be divided into two parts: (l ) an overview of the antibacterial and
antiparasite systems of the hemolvmph of nonimmune and immune insects,
and (2) the interaction of the nemaiode-bacterium complexes with the nonself
defenses of nonimmune and immune insects.

II. HEMOLYMPH SYSTEMS RESPONDING TO
NONSELF MATTER

Insects exist in a myriad of environments rr here the potential fbr inf-ection
by microorganisms and parasites is great. As part of a survival strategy, insects
have evolved numerous and effective det'ense mechanisms to resist infection.
The defenses include structural and passive barriers (e.g..cuticle, gut physico_
chemical properties, and peritrophic membrane).6.r constitutive cellular and
humoral factors in the hemolymph. and induced antibacterial proteins.8-rr The
definit ion of immunity proposed by Boman and Hultmark,r0 fi.e., 

..resisrance
to or protection against a specified disease: the power to resist disease,,) while
applicable to the described homeostatic strategies, does not recognize differ-
ences in the relative contribution of the constitutive humoral and cellular
factors and antibacterial proteins. There are pronounced differences in the
antiforeign matter responses between insects which have and have not been
induced to produce antibacterial proteins.610 r: In keeping with the traditional
definition, it is proposed that insects lacking induced antibacterial proteins beregarded as nonimmune, and those with such proteins produced in response toprior exposure to nonself materiar be considered as immune.

In nonimmune insects the nonself-response components of the hemolymph
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consist of humoral factors (e.g., lysozyme, lectins, and the prophenoloxidase
cascade [in most dipteran larvae, Manduc.a sexta, and Bombyx mori]) and
cellular factors (e.g., hemocytes, pericardial cells, prophenoloxidase cascade.
and fixed phagocytic organs).6'e-rr'r3 As research continues it is becoming
apparent that humoral and cellular responses cannot be viewed as separate.

A. Hemocyte Nonself Activity in Nonimmune Insects
The granular cells and plasmatocytes are the major effector cells of Lepi-

doptera, Coleoptera, and Diptera which participate in phagocytosis, nodule
formation, and encapsulation.s'r1'rs These reactions have been studied in insects
reared primarily in the laboratory, although Ratcliffe has documented these
responses in feral insects.8

I . Phagocytosis
Plasmatocytes are the predominant phagocytic cells engulfing bacteria. In

Galleria mellonella, plasmatocytes respond to Esc.her-ic.hia coti Kl2 by
pseudopodial engulfment and to larger particles by invagination of the cell
membrane.'6 Init iation of phagocytosis occurs in response to bacterial cell
wall/envelope components, elements of the prophenoloxidase cascade, and the
production of phagocyte-stimulating factors.6.r7 phagocytic hemocytes of
Blaberus craniifer require energy produced by glycolysis.rs However, attach-
ment of foreign particles to insect hemocytes is energy-independent, and in G.
mellonella, may be mediated by opsonic proteins of the prophenoloxidase
cascade.8'r7're Jn Lepidoptera, hemocyte nonself responses are also mediated by
the microfilaments.2o'2 I

Details of the bactericidal mechanisms are lacking. However, Anderson et
aI.22 detected selective bactericidal activity by B. r'raniifer hemocytes that was
not related to the family classification or Gram stain reaction of the bacteria.
A putative antibacterral enzyme is the inducible and constitutive enzyme
lysozyme with activity against the sacculus of Gram-positive and Gram-
negative bacteria with defective cell envelopes.6'2'1r5 It has also been detected
in hemocytes of Spodoptera frugiperda and Locusta migratoria.6.2a Walters
and Ratcliffe26 attributed the bactericidal activity of G. mellonella hemocytes
to B-glucuronidase and B-glucosaminidase. Intracellular digestion may involve
several factors.s

2. Biphasic' Hemocyte Responses
Depending on the insect species, type of nonself test particles, virulence of

the bacteria, and bacterial concentration, phagocytosis may be augmented by
nodule formation.6'8 Nodule formation represents random contact of granular
cells with particles, the triggering of hemocyte degranulation, the production
of sticky granular cells, and localized clotting (Figure I ).o,ro concomitant with
this, in G. mellonella, is the release of a plasmatocyte-depletion factor, the
removal of plasmatocytes from the hemolymph, and the activation of the

prophenoloxidase cascii(lc .r .
then  wa l led  o f f  by  p las l r ru l , r .  , .
energy-dependent.rs
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: - ' rhcnolox idase cascade system.6. r0 . t  The bacter ia l -hemocvtc  coagulunr
:-r ' : ' .  \ \al led off by plasmatocytes. In Heliothis t ' i rescen.i  nodule proiJuction
.: ' .  i  rs\ -dependent. 25

\\ i ih objects too large to be phagocytosed (e.g.. parasires). rhe hemocytes
':  l -epidoptera, Coleoptera, and Dictyoptera init iate u,hat is essential lv nodule

: ' 'n t la t ion but  on a larger  sca le ,  resu l t ing in  a  mul t i layer  capsule  o f  p lasmato-
- 
" 

lc ' :  SUlrounding a necrotic mass of granular cel ls and the fbreign object.r '
\ l t r : t  diPterans exhibit  humoral rather than cel lular encapsulat ion: however.
-t l lular capsules have been detected in Cule.r terr i tatts and Artoplt t , l t , .s quadri-
n:r ' | - I t lutus parasit ized by Romanomermis t ' tr l ic i t ' r tru-r and Bru,gict pahangi,
:r \pectively.e In the latter insect, melanization preceded plasmatocyte attach-
n rcn l .

Granular cel l  degeneration in both noclules and cel lular capsules is usually
r.companied by extensive melanization. Toxic products associated with
nrelanization, suffocation, and the restr ict ion of nutr ient uptake and/or waste
rc'r i loval may ki l l  biot ic agents. Phenoloxidase associated with melanization
nlav be direct ly released onto the al ien from hemocytes or indirect ly released
l 'rom oenocytoids into plasma and then contact nonself matter.r j

Plasmatocytes may be chemotactical ly attracted to granular cel l-bacterial
rccregates.2T'28 Hemocyte invasion of thin-walled giant cel ls of the gut epithe-
lium of the cockroach Blatella gernrunica containing the nematode phsalop-
teru maxil lar is, as opposed to the thick-walled giant cel ls of At ' l tera penns.r-t-
Yutt ictts, may also be explained by chemotaxis.re Nappi and Stoffolanor,) sug-
cested that changes in hemocyte profi les of Musca t lomesticct parasit ized by
HeteroQlenchus autumnalis represented chemotaxis. since changes in he-
mocyte types and levels occurred prior to nematode encapsulat ion. In view of
increased hemocyte activi ty of Periplun(tu umet' icctrtu anci Sr,/1. ir  o( 'et.ca gre-
qoria to prophenoloxidase-activated hernocvte l t ,sate. '1 'r  the results with M.
domestica may represent hemocyte mobil in induced br, nematode metaboli tes
init iat ing activation of the prophenoloxidase cascade.

B. Constitutive Nonself Humoral Factors in Nonimmune
Insects
I . Lectins and Lysozyme

Lectins have been found in the hemolvmph plasma and fat body and in and
on hemocytes of many insects.6'rr 'rr 16 They are proteins with a highly specific
multivalent capacity to bind to sugars. Although the role of constitutive lectins
is not unequivocal, it may have a role in nonself recognition.s,3s Ratcliffe and
Rowley,37 using lectins of Clitumnus e.rtradentatus and P. amerigana. reported
a reduction in the number of erythrocytes phagocytosed by the plasmatocytes
on hemocyte monolayers. It was proposed that the role oi lectins may be the
agglutination of bacteria, enhancing the nodule formation capacity of the
hemocytes.

Low levels of lysozyme have been found in nonimm une Ht,al6pltrt.a
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\ '  , , l ' t t(t.t '  G. ntellonella, and Manduca se_rta.6 Dunn6 proposed that lysozyme
::r-,\ .r\\ isr in the induction of antibacterial proteins by digesting peptidogrycan
::-lsrl lcnts into moieties that indirectly or directly stimulate the fnt bodl,.

The production of a melanin layer without direct hemocyte participation as
I rC:porSe to nonself agents has been detected in five families of larval
'::Ptcrans that contain relatively few hemocytes.e.3s Humoral encapsulation is a'rphasic process. Electron microscopy has established phase one to consist of'
:hc deposition of a homogeneous matrix (sticky proteins and melanization
:ntc'nrrediates?) around Hydromermis ('ontorta in Culex pipiens within I hr of
:hc parasite entering the insect's hemocoel. '.r8 This is foll,owed by the sotidi-
:rcation of the fibri l lar matrix and enhanced melanization of phase two. The
rc'rult ing capsule is a protein-polyphenol complex that physically isolates the
'rl ien' Humoral encapsulation was accompanied by hemocyte lysis in adult
It't/r's trivittatus in response to parasitism by Dirofilaria immitis, and in the

c-ulicidae the melanotic sheaths surrounding the nematode are eventually
iovered by the fragmented hemocyfss,.'re-r: It has been proposed that the nonself
response of adult female Aedes spp. against microfi lariae is a hemocyre-
dependent phenomenon with hemocyte lysis preceding or concomitant with
nrelanization.a3

Melanization is triggered by nematodes,e B-1,3-glucans,re.:8 bacterial cap_
:ules,r8 peptidoglycan fragments and anionic polydextran,e.r.r.-ltt.++ and lipopoly-
:accharides'as In Bombyx mori and Chironomus spp., melanization is init iated
bl' the conversion of prophenoloxidase to phenoloxidase by means of calcium-
dependent serine protease(s).e,rl

The degree of humoral encapsulation varies with the strain and species of
insect as well as insect age and sex.e Sutherland et al.r0 reported that the abil ity
of Aedes aegypti to respond to microfi lariae of Bnrgia pulturtgidiminished
with age. Christensenar speculated that reducecl humoral encapsulation may
represent a reduction in hemocytes which contain prophenoloxidase or its
cascade components, a reduction in phenoloxidase activity, changes in the
availabil ity of phenoloxidase substrate, or an alteration in the nonself recosni-
tion system

Figure I (opposite page). Stages of nodule formarion in lan,al Galleria ntellonella:64. T.ypes offieely circulating hemocytes encountering bacteria (b); granular cell (gc), plasmatocyte (p),
spherule cell (s), prohemocyte (pr), and oenocytoicl to). B. Granular cell discharge (d) entrapprng
bacteria. C. Formation of an extensive coagulum (fm)entrapping bactena and granularcells. D.
Melanization (arrow) around bacteria contained within o.n-pu.i-atrix (m). E. second phase innodule formation with the attachment of plasmatocytes. some contain intracellular bacteria (rb).
F. Nodule containing loosely attached plasmatocytes ( I ). a flattened plasmatocyte layer (2). anda melanotic layer of necrotic granular cells (3).



306 Entomopathogenic N ematodes in Biologic'al C ontrol

C. Recognition of Nonself
The means by which the hemolymph nonself-response systems recognize

foreign material is presently under debate. Lackie proposed a two-tier system
with the recognition of abiotic particles based on physicochemical properties
(e.g., electrostatic charge and hydrophobicity) and the recognition of biotic
elements by specific recognition receptors with possible contribution by
lectins.a6'47 Leonard et al.re reported increased attachment of Bacillus cereus to
granular cells and plasmatocytes and ilcreased phagocytic activity of the
plasmatocytes in response to the activdted prophenoloxidase cascade of G.
mellonella, Blaberus craniifer, and Leucophaea ntatlerae. A partial correlation
has been obtained between inhibit ion of cellular encapsulation and phenoloxi-
dase activity in Lepidoptera parasitized by the virus of ichneumonid parasi-
toids.'3 Collectively, the data imply that the prophenoloxidase system plays a
role in nonself recognition.rr'r7' '{4 Whether phenoloxidase itself acts as an
opsonin is not clear. As reviewed by Dunn,6 inhibit ion of phenoloxidase
activity impaired encapsulation in Drosophila euronotas, but according to
Ratner and Vinson25 this was not the case rn Heliothis t,irescens. Dularay and
Lackie,aT using negatively charged Sephadex beads, reported that although
phenoloxidase and four other hemolymph proteins attached to the beads, they
were not encapsulated in S. gregaria. It was suggested that the putative opsonin
did not attach or that none of the components is opsonic in this system.
Lipopolysacchar ide also enhanced hemocyte act iv i ty and nonsel f  re-
sponses,6'8'r0'47-50 but, with the exception of a transient increase rn M. sexta and
strong stimulation in L. migratoria,as did not activate phenoloxidase. Dunphy
and ChadwickaE found a partial correlation between carbohydrates that modify
bacterial attachment to G. mellonella hemocytes and phenoloxidase activity.
Brookman et al.5r noted that different lipopolysaccharide mutants of E. coli
induced nodule formation without a direct correlation with their potential to
activate the prophenoloxidase system in S. gregaria and L. migratrtria. These
findings suggest that phenoloxidase activity is not always an adequate indicator
of opsonin-mediated attachment. Other components of the prophenoloxidase
cascade, the prophenoloxidase-cleaved peptide, or discharged hemocyte gran-
ules may have opsonic activity.

Nonself hemocyte responses may be triggered by direct binding of biotic
agents to hemocytes via hemocyte surface lectins and/or by indirect binding
mediated by humoral lectins.6'rr'3a Carbohydrates may be part of the recognition
process influencing the adhesion of bacteria to hemocytes,a8 nodule forma-
tion,35'st'sz encapsulation,3-s and phenoloxidase activity.sr

D. Humoral and Cellular Factors in Immune Insects
The most salient attribute of the hemolymph of immune insects is a pro-

nounced antibacterial activity. The mechanisms producing these activities are
rapidly being clarified.

Lectins, although traditionally regarded as nonimmune humoral factors,
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- -:. . f-)een induced rn sarcophaga peregrina inresponse to in.jur1, and pupation,
: '- ' ..1 rn .14. sexta in response to a bacterial vaccine.5r 55 The'rq0 kd galactose-^-:- 'Jrns lectin of S. peregrina was synthesized in the fat body. secretJd into the
:rrnolrmph, and bound to the hemocytes. Hemocvtes fiom nonimmune s.
: ', ' ' t":t ' i t t! had less affinity for the lectin.ss Spence and co-workers detected an
:r t iucible 70 kd glycoprotein,  Ml3,  which.  a l though presenr in low levels in

lrrl- l l f i l lr lulle larvae, was produced in response to tacterial challenge via the
:et t locoel  and gut.7 's6--5e Ml3 is a glucose-speci f ic  lect in wi th the abi l i ty  to
':cdiff-erentiate hemocytes of both immune and nonimmune insects into a
:i lanrentous coagulum. Although an immune surveil lance role was suggested
irrr  the s.  peregr inalect in,se the contr ibut ion of  Ml- l  is  unknown.

LYsozyme in nonimmune insects occurs in Iow levels. However. in immune
,rrrae lysozyme levels may be elevated b-r, l- to 50-fbrd. depending on the
:nlntunizing agent, its method of preparaticln. and the insect Weciesj. '0,ss.60.6rLow molecular weight pept idoglycan fragments ef f 'ect ively st imulated
l\ \ozyme induction in M. se-rta.6 other incrucing agents include dead Gram_
posi t ive and Gram-negat ive bacter ia and endotoxin.s8 I t  is  possible that
lr sozyme may augment the activitt '  of other induced antibactlrial proteins
I e.g.. cecropins and attacins). r(,

Antibacterial proteins have been induc ed de run,o ineight Lepidoptera, three
Diptera, and one Coleopter4.r0.5.r-55.nr nr The proteins are synthesized in the fat
body with hemocyte mediation and possiblf in the pericardial cells.6,r0.53--srJ In
the case of Hyalophora cec'ropia withcecropins and attacins, as well as insects
rr ith cecropin-l ike and attacin-l ike antibacrerial proteins and sarcotoxins I A-
C and II A-C, de novo immune specific mRNA is synthesized within 2 to 5 hr
postvaccination. The specific lag period varies with the insect species.r0

Both the cecropin family (3.5-4 kdt and the antibacterial proreins of the
diptericin family (3-10 kd) are basic proreins produced in rhe fat body of H.
cec'ropia and Phorimia terranovoe. respectively.ro.oo.o:.0+ The major cecropins
vary with the insect species. Different species of cecropins vary in their activity
toward Gram-positive and Gram-nesative bacteria. The diptericins have a
broad activity spectrum' but whether rhis applies ro rhe individual f ive protein
species and six sarcotoxins is unknown. Amino acid analysis of three major
diptericins suggests they are different from cecropins, attacins, and sarcotox-
iJ1q. -sa'63'0+

The cecropins are synthesized in a preproform, contain a signal peptide, and
become activated by sequential removal of proline-containing dipeptides.
cecropins, with their basic N-terminus and hydrophobic c-terminus, form
amphipathic cr-helices, which Boman and Hurtmarkr0 suggested may confer
membrane-disrupting activity against prokaryotes. Sarcotoxin I A is somewhat
homologous to the cecropins in amino acid sequences.-5a Its mode of action may
be similar, although activity spectra differ.

The attacins represent six species of antibacterial proteins (20-23kd) which
are divided' according to their amino acid composition, into acidic and basic
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attacins. The attacins also may be synthesized in a preproform.6'r0 Several
attacins are active on the outer membrane of Gram-negative bacteria and may
interfere with cell division.ro

TTI. STEINERNEMA AND HETERORHABDITIS AND
THEIR BACTERIAL MUTUALISTS IN HEMOLYMPH

Once within the hemocoel of an insect host the nematode/bacterium com-
plex encounters numerous nonself-response systems. To be effective as bio-
logical insecticides, these complexes must either ( I ) tolerate the host's defense
systems, (2) evade recognition as nonself, or (3) suppress the host's nonself-
response systems.6s'66 Despite the contribution that modeling of the interaction
of entomopathogenic nematodes with the nonself-response systems of insect
hemolymph could make to explain efficacy in biological control programs,
such research has been limited.6T-70

A. Nematodes Interacting with Hemolymph Nonself-
Response Systems

Steinernema and Heterorhabditis are capable of killing many insect species,
including some dipterous larvae able to mount nonself responses, by either
overloading those defenses or triggering nonself reactions toxic to the host
insect.Tr'72 Bronskil lT3 described humoral encapsulation of S. carpocapsae
(DD-136) in the hemocoel of Aedes aegypti, A. stintulans, and A. trichurus
within 5 hr of penetration. The nematodes generally remained in the hemocoel
and did not influence insect metamorphosis. Humoral encapsulation has been
reported for steinernematids in Culex pipiens larvae.Ta Nematode encapsulation
did not always prevent insect death (e.g., larvae of A. aeg,-pri in which all of
the nematodes were encapsulated often died)7r possibly because the capsules
may have been incomplete, and therefore the nematodes were able to release
Xenorhabdus, or release of the bacterium occurred before encapsulation was
complete. Parasite load is important in host survival. Instances of low parasite
load in C. pipiens have been correlated with highty developed humoral cap-
sules and larval survival; however, with two or more S. carpocapsae humoral
encapsulation was not sufficiently developed to preclude release of X. nema-
tophilus.l l

The salient point of most steinernematid-dipteran studies is the absence of
initial intervention by host hemocytes.68,73,74 S. carpocapsae, isolated from the
codling moth, Cydia pomonella, initiated humoral encapsulation in the form of
a homogeneous matrix within 25 min of entering the hemocoel of C. pipiens.ta
By l-2 hr the capsule restricted nematode movement as the pigment granules
coalesced. Pigmentation was pronounced by 2 hr and by 5-10 hr a rigid dark
sheath encased the nematode. lnterestingly, the nematodes were viable if freed
from the capsule. The resulting sheath was composed of two layers, an inner-
most highly melanized layer closely abutting the nematode, and an outer less

melanized layer.  Occasion.r l  i , .
tracheolar debris wa- ,,h.,-.r.. ,
The only other host-paru\rrr .
has been descr ibed in Dinrcr
phenoloxidase-posi t i  vc-  hurr , , .
strain of  S.  carpz(,op:u( ' . '  \ )
concomitant wi th melaniz.rr  r ,
events to be independenr. I ' i :
which the hemocyte lcrc l .  rn
nalis.76 It was suggestecl th.rt
host  wound repair  in rc:pt ,nr ,

In the lepidopteran G. r,tt
l ineata, there was no evitlclt.
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e i ther axenic or monotcr.r i .  t
western corn rootwornt. 1)r,r/,,
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to host susceptibil i ty.T, H.t 1,,,,
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Hemocyte type nrn.

Plasmatocytes

Plasmatocyte control
(no nematodes)

Granular cells

Granular cell control
(no nematodes)
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melanized layer. Occasionally, an outermost third layer containing cellular and
tracheolar debris was observed, but not during the early stages of melanosis.
The only other host-parasitic interaction beyond humoral encapsulation that
has been described in Diptera is a reduction in total hemocyte counts and
phenoloxidase-positive hemocytes in A. ctegypti challenged with an undefined
strain of S. carpocapsae.t5 Although a decline in hemocyte number occurred
concomitant with melanization of the parasite, l igation established the two
events to be independent. This is contrary to events rn Musca dontestica. tn
w'hich the hemocyte levels increased in response to Heterotylenc'hus autum-
nalis.16 [t was suggested that hemocytopenia in the former study was due to
host wound repair in response to lesions induced by the nematodes.

In the lepidopteran G. mellonella and the coleopteran Leptinotarsa dec.em-
lineato, there was no evidence of encapsulation of the Mexican and DD-136
strains of S. carpocapsae or H . bacteriophora in the first 4 hr postinjection with
either axenic or monoxenic third-stage juveniles.6s.6e.to'7'7'78 However, in the
western corn rootworm, Diabrotic'a virgifera virgifera, a cellular encapsulation
response was detected against four strains of S. r'arpo('apsae but was unrelated
to host susceptibility.Te Hylobius abietis larvae surviving infection by S. car-
po('apsae revealed encapsulated nematodes.80 None of the nematodes were
subjected to cellular encapsulation in G. mellonella.The absence of response
to the nematodes was not attributed to suppression of the nonself-response
systems, because the nematodes did not reduce the adhesi on of Bacillus subtilis
to granular cells and plasmatocytes (Table 1), lysozyme activity (Table 2),8r or
phenoloxidase activity (Table 3) in vitro.6s'7771r Studies in t, it,o established that
the nematodes did not alter total or differential hentocyte counts during the
ini t ia l  4-6hr post in ject ion,  nor impair  the removal  of  B.  subt i l is .  The absence
of the suppression of nonself-response svstems is advantageous fbr the nema-

TABLE 1. Effect of Third-Srage Juvenile steinernema
corpocapsae (DD-136) on Adhesion of Bac:illus subtilis to
Hemocytes of Nonimmune Larval Galleria mellonella6s

Hemocyte type
Time with

nematode (min)
Bacteria/
hemocyte Tohemocytes

Plasmatocytes

Plasmatocyte control
(no nematodes)

Granular cel ls

Granular cell control
(no nematodes)

5
20
5

20
-5

20
5

20

2 . 1
) , 1

2.7
2 .6
2.4
2 .2
z._)

2.6

62
74
78
69
73
64
77
75
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TABLE 2. Effect of Third-Stage Juvenile Steinernema
carpocapsae (DD-136) on Lysozyme Activity in Larval
Serum of Nonimmune Galleria mellonella6s

Optical density of bacteria at 450 nm

Phosphate buffer
(PH 6.5) (=PB)

Larval serum + PB

Larval serum + PB
+ S. carpocapsae

of  hemocytes,  which \ \or r l r l  ' .

by Nappi and Stoffolano- r,
there was no change rn  t l r t t
autumnll is prior to discc'rn.r.

How S. (arp0('0p.\(/( '  i rn.:
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(  |  )  the acquis i t ion o1 '  a  c( ) i r r r : .
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entomopathogenic nentatt r t i r

midgut result ing in bkrckuri
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and Diabrotica undecinrpun, .

to be the case in S. r ' ra'1r,, ,  , .
c[gf5'78 have shown that t l rc ,r
todes occurs whenever thr '  :
previous culture historl ' .

The ep icut ic le  o f  in t 'c t l r , ,
prevents hemocytic ehc:r l)r1r .
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acetyl-o-glucosamine front rh
indicating that these susi. tr \  . i l
eral,  proteolyt ic enzymc\ ( lr ' . i

c iently to el ici t  hemocyte r lr ,
te ins  do not  mask nonsel t ' rc .
t ion and so establ ished thc Irp
induced hemocyte attachrlcr
removing g lyco l ip ids  rec( )sn i
types used in the study,).  .rn.
hemocytes as nonself.

S. carpocapsae and H . lr,t,
their development as evidrl tr  t-

counts and changes in cl i l ' t 'cr. .
t ism.6s'78 This occurred shon j

released. I t  is not known it  hcn
toxin similar to that of Bunl.

B. Virulence Mechani,
Hemolymph

The time of releasr. o1 \
heterorhabditids, and rhe . r..;,
ever, Dunphy et al.r dctc..t. ' ,t :

Treatment
Incubation
time (min)

Micrococcus
luteus

E.
coli

60
5

60
5

0.90

0 .89
0.68
0.66
0.66

0.64

0.91

0.92
0.53
0.s3
0.54

0.5360

TABLE 3. Effect of Third-Stage Juvenile Steinernema
carpocopsae (DD- 136) on Phenoloxidase Activity in
Larval Serum of Nonimmune Galleria mellonella
Followed by Activation by Laminarin for One Hour8r

Treatment
Time with

nematodes (min)

Phenoloxidase
activity

(units/ml)

Serum only

Serum + nematodes

5
60
5

60

26
29
27
28

todes in that the host is able to ( I ) repair tissue damaged by the invading
nematode, and (2) respond to bacteria entering the hemocoel via a wound. This
allows S. carpocapsae and H. bacteriophora to void their respective bacteria,
at a later time, into a noncompetitive environment with conditions conducive
to bacterial and, subsequently, nematode growth and reproduction.

Although the nematodes do not initially impair their hosts' nonself-response
systems, Dunphy and WebsterTT proposed that the nematodes are not recog-
nized as nonself, as opposed to the hemocytes being unable to adhere to the
nematode cuticle after recognizing the nematode as foreign. This is because ( I )
activated hemocytes should have accelerated the removal of B. subtilis from
the hemolymph, which did not occur, (2) there was no increase in the number
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' l  hemocytes, which would have indicated hemocyte mobil ization as cietectecl'r \appi and StoffolanoT6 for Musca parasitized by H.autuntrutl i i . and (3):here was no change in differential hemocyte counts, as in Mu.r.u *ith H.' itrruntnalis prior to discernable parasite-induced humoral encapsulatron.
How 'l' carpocopsae and H. bacteriophora evade hemocyte recognition isunknown' The mechanisms proposed by vinson82 for endophagous parasitoids.

I t the acquisit ion of a coating of host materials, (2) possession of nonreactive\urfaces, (3) possession of heterophiric antigen(r), o, (4) innate morecurarr' imicry independent of a coating of host materials, may be applicable toentomopathogenic nematodes. The acquisit ion of host material in insectmidgut resulting in blocking of nonself recognition in the insect hemocoeloccurs with microfi lariae in mosquit6ss.se-+t simitar changes in physicochemi-
cal properties and surface antigenicity of H-vdromermis roseus and, Fitipievim-L'r'ntis leipsandra may explain the absence of respons e of Chironomtrs ripariusand Diabrotica undecimpunctata,respectivery. This, however, does not appearto be the case in s. c'arpocapsae and H. bi.teriophora.Dunphy and web_\ter6-s'78 have shown that the absence of G. metloneita response to these nema-todes occurs whenever the nematodes are injected and regardless of theirprevious culture history.

The epicuticle. of infective juvenires of s. (.arpo(.opsae strain DD_136prevents hemocytic encapsulation of the nematodes in G. mellonella larvae.s3Removal of the sugars o-mannose. B-N-acetyl-n-garactosamine and p_N_
acetyl-o-glucosamine from the epicuticle did not.uur. hemocyte attachment,indicating that these sugars are not irnportant in preventing adhesion. ln gen-eral' proteolytic enzymes did not alter the infectlve juvenile epicuticle suffi-ciently to elicit hemocyte-mediated encapsulation, thus showing that glycopro-teins do not mask nonself recognition. Lipase enhanced nematode encapsula-tion and so established the l ipoidal narure of the epicuticle. Lipase may haveinduced hemocy.te attachment by ( r ) removing a nonreactive surface, (2)removing glycolipids recognized as self (i.e.. with sugars different from thetypes used in the study), and/or (3) exposing morecures recognized by thehemocytes as nonself.

s' carpoc'apsae and H. bac:teriophrtru may impair hemocyte activity 1ater intheir development as evident by a suppression oftan increase in total hemocytecounts and changes in differential hemocyte counts within 4-6 hr postparasi-
[ism'6s'7ti This occurred shortly befbre or when the bacteria are believed to bereleased' It is not known if hemocyte suppression is induced by a proteinaceous
toxin similar to that of Burman8a or Boemare et al.8s

B. virulence Mechanisms of xenorhabdus in Insect
Hemolymph

The time of release of Xenorhabdu.r species from steinernematids andheterorhabditids, and the cues triggering .. l.ur. in t, iv' are unknown. How_ever' Dunphy et al'3 detected the release of xenorhabdus poinarii from srein-
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ernema glaseri in Grace's insect t issue culture medium within 2 hr of incuba-
tion followed by a2-hr adaptation period befbre the bacteria initiared multipli-
cation. Matha and Mr6cek67 reported elevated hemocyte counts in G. mel-
lonella within 4 hr of an undefined Steinernema sp. (isolated from the sawfly
Cephalcia abietis) penetrating the insect gut, and Dunphy and WebsterT8
reported hemocytopenia in G. mellonella within 5 hr of injecting surface-
sterilized monoxeni c H . bac'teriophora. Since both are responses to Xenorhab-
das species, it is proposed that bacteria are released from the nematode vesicle
within 5 hr postparasitism.

The fate of Xenorhabdus injected into the hemocoels of insects varied with
the physiological status of the insect, the insect species, and bacterial species.
ln immune Hyalophora cecropia, the cecropins lysed the Mexican strain of X.
nematophilas unless the nematode was present to inactivate them.6s Dunn86
reported similar results with M . sexta infected by the DD- 136 strain of X.
nematophilus. Bacterial survival was dependent upon the nematode releasing
a serine protease.

In nonimmune insects, the lethal dose of bacteria required to kill 507o of the
insects varied from one to ten, depending on bacterial and insect species.5'6s.66
Such low doses might be attributed to (l) toxins produced by the bacteria, (2)
lack of effective antibacterial activity in the insects, or (3) the bacteria tolerate
the nonself responses.

Toxin elaboration may not be a virulence component in the traditional sense
because nei ther strains of  X.  nematophi lus nor X. hovieni i  produced
metabolites toxic to G. mellonella in routine bacteriological media or insect
tissue culture media.sa'85'87 However, this could be an artifact of culture since
all species of Xenorhabdus produce hemocytotoxins in t,ivo (see below). An
alkaline metalloprotease isolated from X. luminest'ens (Hm) may have a role
in bacterial virulence mechanisms in view of the hemocytotoxic activity of
proteases of Serratia morcescens.ss

The high levels of bacterial virulence could not be attributed to the absence
of antibacterial responses because nodule formation occurred to varying ex-
tents at different rates for all test bacteria. X. nematophitus (DD-136) was not
removed from the hemolymph during the initial I hr exposure in the hemocoel
of G. mellonella (Figure 2).87 Rapid, albeit partial, removal of x. bot,ienii, X.
nematophilrzs (Mexican), and X. luminescel?s was effected within minutes
postinjection.TT'78 Shortly thereafter, all Xenorhabdus species reentered the
hemolymph. The absence of removal of X. nematophilas (DD- 136) was corre-
lated to low numbers of bacteria attached to the plasmatocytes and granular
cells in vitro, and low levels of plasmatocytes and granular cells with bacteria.
Hemocytopenia did not occur.87 The reverse situation occurred for X. bovienii
and X. luminescens (Table 4).8r In the gypsy moth, Lymantria dispar, X.
nematophilus was rapidly cleared from the hemolymph (Figure 2).

The absence of immediate nodule formation about the DD- 136 strain of X.
nematophillzs was not attributed to suppression of hemocyte activity, because
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bot' ienii (A) in nonimmune larval Galleriu nrt,l lortella.and X. nenutophilu.l (l) in
larval Lymantria dispar.

spent culture filtrates did not reduce the ability of the hemocytes to respond to
B ' c'ereus.87 Suppression of hemocyte activity is relatively rare, being restricted
to a few hymenopterous parasitoids and their associated polydna viruses,ro r0
and an acanthocephalan.e2

The interaction of traditional humoral factors with X. nematophilas (DD-
136) is not as clear cut. Lysozyme was not inhibited during the first 30 min of
infection, based upon the lytic activity of infected serum toward Microc.occus
luteus and E. coli (RRl).za'a; However, the level of phenoloxidase activiry was
reduced by more than 80c/o.8r It is not known if reduced phenoloxidase activity
represents blocked release of antiphenoloxidase inhibiting factors from the
hemocytes (a possible step in self-nonself recognition in Locusta migratoria).u
This, however' is considered unlikely since the bacteria cause hemocyte de-
granulation and eventual lysis.87 Suppression of phenoloxidase has rarely been
reported and is predominantly limited to polydna viruses injected into insects
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from the calyx fluid of Hyposoter exiguae,sr lipoporysaccharides front E. c.liin Schistocerco gregaria,3r'32 and_ the acanthocephalan M.rtilif'rtrrtti.s trt.ttili-
.f'rtrmis in Periplaneta qmericana.e2Inhibition of phenoloxidase mar bc c'ndu-cive to nematode survival since meranization of , i. in..n.n.,.uor ,rrrlr, ,.rurt,in nematode deathTe'8r'e3 and the prophenoloxidase cascade would be erpectedto be released with hemocyte damage.87 The requirement of I hr incubatron of.the DD-136 bacterial isolate in t'ir,o or in vitio in larval serum prior to theinitiation of early nodule formation in G. mellonella implies humoral fa*orsother than phenoloxidase altered the bacterial envelope, facilitating hemoci,,tecontact'87 However, these factors and the enzymes associated with the he-mocytes appear to have been tolerated since, in the overall, the bacteriaproliferated and killed rhe hosr.

In all cases the bacteria reemerged into the hemorymph (Figure 2) and forX. nematophilus (DD-136 and Mexican) and X. luminescens, this was inde_pendent of ongoing bacterial metabolism.TT riT The level of bacteria re-emerginginto the hemolymph exceeded the inoculum level, suggesting bacterial multi-plication' This was confirmed fbrX. rtenratophilas (DD-136 strain) by detecr-ing (l) an increase in muramic acid (a cornponent unique to bacterial cell walls)in infected insects, and (2) observing bacterial multiplication during theirassociation with the hemocytes.r Srmilar multiplication was detected for x.luminescen.e on G. mellonella hemocytes.rt
Re-emergence of Bacillus spp. and lipopolysaccharide mutants of pseudo-

monas aeruginosa in G. mellonellu revealed that the hemocyte s of G. mel_lonella did not successfully contarn virulent pathogens, in general resulting insecondary bacteremia.26''50 similar results have been reported for pseu1aletia
unipunctata infectedby B.thurirtgien.v.r.sT Dunn6 documented the inability ofManduca sexto hemocytes to contain an inf-ection of p. aeruginosa (L l_ r).The reemergence of all xenorlruhrllr.r species and strains in G. mellonellawas associated with a rapid increase in the total hemocyte counts. Althoughseryczynska and Kamionek,6e Kamionek.,r and Seryczynska et a1.70 reportedsimilar results, they interpreted the increase to be stimulation of the insect,sdefenses; Dunphy and websters' esrabrished that the hemocytes were tooseverely damaged to respond to fbreign matter and thus the increase did notrepresent hemocyte stimulation.

collectively, the nonself-response systems did not restrict the pathology.That is not to say that some bactericidal activity did not occur. Bacteriolyticactivity was demonstrated using dead X. ,rrrorophilas (DD- r 36) which did notreemerge to the inoculum level even though dead bacteria were more eff'ectiveat damaging the hemocytes.8r Bacteriolyiic activity may be a strain variablesince the Mexican strain of antibiotic-killed X. nematophitus didnot exhibitlys is.77
The most definitive evidence of hemocytotoxins produced by xenorhab4usisolates in G' mellonella and Leptinotarsa decemlineata is for lipopolysac-charides or endotoxin.4e'7, Lipoporysaccharides are any morecurar species
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consisting of a main polysaccharide chain of varying length linked to a core
composed of heptose and 3-deoxymannooctulosonic acid and anchored to the
outer membrane of Gram-negative bacteria by lipid A.e5

Lipopolysaccharide was determined to be the hemocytotoxin based on (1)
the presence of a phenol-water extract from Xenorhabdus-infected G. mel-
lonello serum (from which the bacteria had been removed) which elevated
hemocyte counts, (2) the similarity in SDS-polyacrylamide gel electrophoretic
profile between lipopolysaccharide from species of Xenorhabdas and the
hemolymph extract, (3) the ability of lipopolysaccharide from Xenorhabdus
spp. to elevate the hemocyte counts, and (4) the appearance of a factor capable
of inducing gelation of Limulus amebocyte lysate (an indicator of lipopolysac-
charide in biological fluids).ae Using the amebocyte lysate assay, Dunphy and
Webstele'78 detected a correlation in the appearance of lipopolysaccharide
from X. nematophilus andX. luminescens in t,ivo, bacterial reemergence into
the hemolymph, and elevation in hemocyte levels (Figure 3), concluding that
endotoxin is a significant part of the virulence mechanisms of the bacteria.

The toxic moiety of the endotoxin was identified as lipid A for all lipopoly-
saccharide species from Xenorhabdus.ae The electrophoretic profiles of the
endotoxin from the DD-136 and Breton strains of X. nematophilr.r differed,
even though both endotoxin species were equally toxic, implying that the
oligosaccharide side chain (O-side chains) and core were not toxic to insect
hemocytes. lnjections of the O-side chains alone induced nodule formation.
Lipid A injections elevated hemocyte counts. This effect was eliminated by co-
injecting lipid A and polymyxin B (a nonapeptide antibiotic that binds to lipid
A) establishing that lipid A may bind to the hemocytes. This was further
confirmed by inhibit ion studies of 32P-labelled l ipid A by polymyxin B.ae
Binding of both the 32P-labelled lipopolysaccharide and lipid A from X. nema-
tophilus (DD-136) and X. luminescens to isolated granular cells was blocked
by low concentrations of N-acetylated and nonacetylated glucosamine suggest-
ing that lipid A bound to glucosaminyl receptors on the hemocytes.ae'87 Total
fatty acid extracts from the glucosaminyl glucosamine dissacharide backbone
of lipid A were as toxic to the hemocytes as a corresponding amount of lipid
A and endotoxin. The major fatty acids detected in Enterobacteriaceae lipid A
vary in their hemocyte toxicity in G. mellonello wtth 3-hydroxy tetradecanoic
acid and n-tetradecanoic acid being the most toxic.87

IV. CONCLUSIONS
Insects are capable of recognizing a diversity of foreign objects in their

hemolymph and initiating a myriad of nonself responses to contain the aliens,
including phagocytosis, nodule formation, cellular and humoral encapsulation,
and the induction of antibacterial proteins. The types of responses made to the
S t e i ne r n e ma I X e no r habd u s and H e t e r o r ha bdi t i s I X e no r habdus complexes and
their effectiveness vary with the insect species, physiological status, and the
strain of nematode/bacterium complex. In nonimmune Lepidoptera, the com-
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plex successfully kills the host because the nematode evades recognition as
nonself, allowing time to release its bacterium. In turn, the bacteria tolerate the
insect's cellular defenses and lysozyme, and inhibit phenoloxidase activity.
The bacteria eventually destroy the host's hemocytes by releasing the hemocy-
totoxin, lipopolysaccharide, from the bacterial outer membrane into the hemo-
lymph. The toxin binds to the hemocytes, in part, by the lipid A moiety; lipid
A contains the toxic fatty acids that damage the hemocytes. In the initial stages
of parasitism the nematodes do not impair the host's defenses, allowing the
insect to repair nematode-induced damage and/or contain contaminating bac-
teria inadvertently introduced by the nematode. The host's hemolymph is thus
maintained in a bacterial-free state, allowing Xenorhabdus to grow and estab-
lish conditions favoring nematode development. In immune insects the anti-
bacterial proteins, cecropins, are capable of lysingXenorhabdus. This is pre-
vented by protein secretions from the nematodes destroying the cecropins.

Future research to produce effective models of host-nematode/bacterium
interaction to allow more realistic projections of pest control will require ( l)
a better understanding of insect nonself recognition in a greater range of insect
species, (2) greater elucidation of constitutive humoral factors (e.g., carbohy-
drases and proteases) and their contribution to antibacterial and antinematode
activity, and (3) mechanisms of tolerance by Xenorhabdus within the he-
mocytes. From the point of view of the ability of the steinernematids and
treterorhabditids to survive in both nonimmune and immune insects, further
research into the cuticular lipids and enzymes released from the nematode, and
their association with insects with different nonself response mechanisms is a
major concern.
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17 ' Perspectives on Entomopathogenic
Nematology

lV. M. Hominick and A. p. Reid

I. INTRODUCTION
we propose to show where entomopathogenic nematorogy might benefitirom' or contribute to, developments in such iisciplines as biological control,popuration and community ecorogy. and morecurar biology. To faciritateconsideration of topics ranging from morecurar uiotogy to ecorogy, we have

ilt$:a 
our chaprer inro ur.u, *t,r.r, we feel wiri see rhe mosr activity in the

IT. SPECIES, STRAINS, AND MOLECULAR
BIOLOGY

In parasitology, the concept of a ..strain,, 
is widespread and is used to referto a group within a species, the individuals of which have certain characteris-tics in common' such as preferred hosts. virulence, persistence, host_findingabil ity, and torerance to environmentar conditions.r The idea that many, per_haps most, species of parasites, incruding .nro.nofothogenic nematodes, existas a comprex of strains has become wioery o...pr.d in the past decade.curran2 documents the use of the tw,o most common morecurar biorogytechniques' enzyme electrophoresis and restriction endonucrease anarysis ofDNA, to confirm that species and stlalns of entomopathogenic nematodes are

;:fffi::'i"ffi'll" 
rhe philosophv behind ,u.h t..hniques is that ( r ) they can

encesbetween,;i;TJ.ff fl '.lffi 1'.;;,il':li,iillil;11,11* j*ili jff;
important' The logic behind this argument is that populations within species ofparasites are isolated from each other. Therefbr. ,i,.y shourd gradualy divergethrough genetic drift and natural selection uy .^porure to particurar hosts andlocal environments. Thompson and Lymb..y, q*rrion ttris premise because itis naive to assume that vaiiation is arways neatry packaged into strains. Thequestion of frequency of parasite outbreeding ..ruin, unanswered and theremay be no groups, but a continuum,.with .u.i purusiie srightry different fromthe next' studies on genetic variabirity within ,p".i", of entomopathogenicnematodes will contribute to this developing debate. Nevertheress, the notionof a strain has provided a starting point for attemprs to control parasiticdiseases, and has contributed to the deveropment of .nto.opathogenic nema_todes for biological control.

An important aspect of entomopathogenic nematology concerns identifica_
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tion of species and strains of the nematodes and their bacterial associates.
Akhurst and Boemarer address the taxonomic problems associated with the
bacteria, and the nomenclature and classification have clearly become more
complex as more strains are studied. Recently, bacteria identified as Xenorhab-
dus luminescens have been identified from human clinical cases.a This raises
the spectre of regulatory agencies requiring stringent precautions or preventing
mass culture until resolution of the source of the bacteria and their identity
occurs. However, association with clinical cases does not necessarily mean that
the bacteria caused the pathology. Nealson and Hastingss commented that
luminescent wounds sometimes noticed at battlefield hospitals in the 19th
century were thought to be a helpful indication for the patient, possibly because
antibiotic production by Xenorhabdus would inhibit pathogenic organisms.
Moreover, Farmer et al.r concluded that X. luminescens strains used in insect
control are probably not important in public health. Apparently, the strains can
be placed into five distinct DNA hybridization groups, all of which could be
considered as distinct species.a It is essential that the taxonomy of those
bacteria associated with clinical cases be confirmed and their relationship with
entomopathogenic nematodes clarified.

Poinar6 has provided a benchmark publication for the taxonomy and iden-
tification of entomopathogenic nematodes. There has been much taxonomic
confusion in the past, and it is important that his proposals are followed or
refuted in the literature so that a universal system evolves. Correct identity of
entomopathogenic nematodes is essential so that work can be replicated and
compared meaningfully. To this end, the large numbers of isolates available
now and designated by code numbers must be correctly identified and new
species described. For example, Akhurst's7 database for entomopathogenic
nematodes lists 6l Heterorhabditis spp., but only 15 are identified. Also, the
origin and isolate designations of the nematodes being studied must be pro-
vided in all publications so that future workers can identify them as taxonomic
changes occur.

Identification of species will continue to be based on morphological criteria,
supplemented by molecular methods.2 It is at the level of sibling species and
subspecific groups that molecular methods will come into their own. Of the
molecular techniques available, DNA sequence analysis appears to offer the
most promise to characterize isolates below the species level. However, the
major gap in our knowledge on the usefulness of DNA techniques for taxon-
omy is the level associated with different degrees of sequence divergence for
genera, species, and intraspecific groups.2 Although differences have been
observed for isolates of Heterorhabditis, lack of cross-breeding data prohibits
correlation of observed differences with the taxonomic level of these differ-
ences. Our own DNA works has concentrated on Steinernema spp. because
these nematodes are common in the U.K.e and cross-breeding is easily accom-
plished. About half the isolates from 80 sampling sites produce typical S.
feltiae (=bibionis) patterns when Southern blots are hybridized with a Caen-
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()rhobditis elegans rDNA probe. The other isorates show three other distinctpatterns and two types have proved to be a second species that rs as yetundescribed' Nematodes are now being evaluated fbr abil ity to interbreed andtbr biological differences such as infeciivity ;;i;" remperarures. Such studiesw'i i l  have to be extended to othe^p..i.r 'ro-or..r,uin the extent of naturar
::[Tn':lliJT'#ffi #Tff^Tyri1 

to, ru,t i., on the ba*eri a r E v en t uar r y,
arbi rrarv degree or sequenc. o #;;ff Hh:Jffii:' :? :Htru: il*,This has already been employed aith. ,p..i.i' t.ulet tb'. resurrs based on srarchgel erectrophoresis. Thus, poinaro.on.lructed 

tirat H. ba.teriophora and H.heliothidis are conspecific, partly because un .l..,rophoresis study revearedonly a l07o dissimi lar i ty '  He also used Akhursr 's resurrs showing 4r% dissimi-larity' together wirlS.rpttorogicar cretairs. to describ e H. zearancrica.In bacteria, DNA/DNA nyUiiOlzation studr.r rio*ing relatedness in excessof 60-70vo are indicative of conspecit ' icit-r. r ihere as 20-600lo DNA reratednessindicates that isorates are from cros.r, i.trt.J ,p..i.r., Arso, no significantdifferences between the phase one ancl trro xrn,),.habcrusvariants are detect-able by DNA/DNa hybridization. d.enronsrra,,ng irr. varue of the technique inthat two physiologically diff-erent phases ,r.r. .lor.ctry identified. For bacte_ria' it is recommended that a DNA h.morogl,g.ouf shourd not be described asa distinct species unress it can arso be i irt.r.nriuted by some phenotypiccharacter. This recommendation need not appry to amphimictic nematodessuch as srcinernem' spp. where cross_mating experiments are easiry per_formed. It is rikery that some siuting ̂sa ,i,,r,r,,rr'rorf..r., 
wirt be characterizedby DNA homology in the absence of nrorphorogi.ul differences. However, fbrthe hermaphroditic Heterorhat iiri.r rp..i.r. ,ti. ...ormendation is prudentuntil more information is accumulatecj on naturar variabirity in steinernema orunti l cross-mating of the amphimicric generarion becomes ress probrematicar.Below the species level, a..ir ion, on the re'er of sequence divergence which
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It is now possible to clone nucleic acicls from entomopathogenic nematodesand to produce species- and ,tJn-specific probes derived from repetitiveDNA' Curran2 has identifi.d 
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Intraspecific differences in DNA sequence analyses may reflect differences
in biology, and these might be used to provide foundation populations for
selecting worthwhile characters. Thus DNA characterizatron may provide an
initial screen to identify useful strains. It is more efficient to bioassay popula-
tions which differ genetically than to randomly test a number of different
isolates, many of which will be identical. For example, Curran and Websteril
reported that a genotypic difference between two Heterorhabditis isolates, as
determined by restriction fragment length differences, was associated with
biological differences in their ability to control strawberry root weevils.
However, they caution that genotypic "fingerprinting" of isolates cannot be
used exclusively because isolates can show identical pattems, yet differ in their
efficacy as control agents. Biological differences such as infectivity, host-
seeking, and desiccation tolerance need not be under the control of single genes
and need not be associated with the particular probe or restriction enzyme
being used. It may be possible in the future to develop probes to identify useful
biological characteristics.

As the powerful tools of DNA technology are applied to entomopathogenic
nematodes, they will provide greater insight into the mechanisms of parasitism
and speciation. Such contributions will be welcome in the wider context of
biological control because current understanding of the population genetics of
natural enemies is so limited that realistic predictions for applied biological
control are generally not available.12

III. GENETIC IMPROVEMENT OF STRAINS
Genetic improvement through selective breeding, as opposed to genetic

engineering, is a possible means of increasing the efficacy of entomopatho-
genic nematodes. This possibility has been neglected while other methods to
increase efficacy such as evaporation retardants, baits, and ultraviolet protec-
tants have been investigated with various degrees of success. Recent investi-
gationsr3 using S. carpocapsae showed that all strains tested showed both low
tolerance to ultraviolet radiation and poor host-finding ability suggesting that
more extensive sampling of natural populations would not yield better strains.
However, there were significant phenotypic differences in host-finding abili-
ties, suggesting that this trait possessed sufficient genetic variability to be
improved by selective breeding. A subsequent paperra showed that l3 rounds
of selection produced a 20- to 27 -fold increase for host-finding ability. If the
selection was relaxed, the population gradually reverted back toward the much
lower wild-type level. Thus, the concept of genetic improvement of the nema-
todes appears sound. Which characters are amenable to improvement and how
practical it is remain to be determined. In this light, genetic drift of strains
toward less efficacy after commercial production of a number of generations
or repeated culturing under laboratory conditions should also be considered. C.
elegansts provides a valuable technological base for investigating genetic
improvement of entomopathogenic nematodes, particul arly H eterorhabditis
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'l i \\hrch' l ike C' elegant' are hermaphroditic but also procluce functional-: ' .:1i.. Thus. both inbreeding and outbreeding are possibre.
T hc technology may also soon be available to improve entomopathogenic

::cnrerodes by genetic engineering,2 although this poses regulatory problems.
\t 'r '1 gs1111tries are sti l l  evolving regulations for controll ing the release oficn'-t ically engineered organisms and costs of demonstrating the safety of such': 'grnisms wil l l ikely be borne by the l icensee. This increlr.o .ori, together'i rth the generally specialized use of strains against specific target species andn'nce limited market, may preclude this approach in the near future. It will beIllt)l-e cost-effective to test and use the large numbers of strains and species
rrc:ently available or sti l l  to be isolated. It wil l also be possible to insert
'haracteristic sequences into the genome to act as a marker to identify particu-
tar :trains for commercial or regulatory purposes.2 This would still encounter
:c'culatory restrictions and it is doubtful whether a particular strain would be',r orth the investment.

IV. BACTERTANEMATODE INTERACTIONS
Knowledge of bacteria/nematode interactions are based mainly on the S.'\ dt'pocopsaelX' nemotophilas model. However, these do not necessarily applyto other species and particularly not to Heterorhabditislx. luminest.ens, adif ferent family ofrematode and probably a different genus of bacterium fromthe model'3 Crit ical aspects of the interactions include:i6 ( I ) bacteria other than'\'enorhobdus serve less well in supporting nematode development in monox-enic culture, (2) the phase one variant of the symbiont is preferred by thenematode, and (3) nematode strains have evolvei close and specific interac-tions with their symbionts and grow besr with the symbionts with which theyhave evolved. on the last point, Akhurst and Boemarei state that the bestnutrient conditions in vitro for the nematode are not necessarily produced byits natural symbiont. This i l lustrates rhat the biochemistry and physiology ofthe bacteria are not well described, a vier,r supporrecl uy ine tisi oi importantquestions posed by Nealson et al.r7 The most fundamental practical question isthe basis for the existence of the phase one and two variants of the bacteria. Thedevelopment of plasmid-based transformation systems for xenrtrhabdus wlllhelp to elucidate xenorhabdas biology.rs This is essential for reliable commer-cial production of entomopathogenii nematodes. especially heterorhabditids.

V. POPULATION BIOLOGY
we are almost completely ignorant of the population biorogy of entomopa_thogenic nematodes, yet such information is fundamental to understanding

their persistence, distribution, effect on insect populations, and to the develop-ment of predictive models for control programs. Ehlerr2 places .nton.'oputr,u-
genic nematology into the context ormooel biological control theory and listssome contemporary issues in biological control that are rarely considered by
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nematologists. Here, we address some of these issues, but in a more specific
way.

Studies on the natural occurrence of entomopathogenic nematodes show
that they are ubiquitous, with 25-507o of random soil samples proving posi-
tive.e're Surveys are "snapshots" in time and provide no information on persis-
tence or recycling. Most information on persistence relates to field releases, but
generally such introductions do not persist long. Persistence under more natu-
ral conditions has rarely been studied. Georgis and Hague20 showed that S.
carpocapsae in Cephalcia lariciphila (larch sawfly) prepupae in a Welsh forest
varied in prevalence from 7-177o from July to April. Temperature was a
limiting factor for infection and reproduction, with the nematodes persisting in
both the soil and hosts during cold periods. Kleinrr mentions that S. glaseri
could maintain itself in the field for years with a white grub population of less
than 54 per m2, and survived for 24 years when the grub population was
maintained by periodic restocking. Harlan et al.r: recovered S. carpocapsae
(DD- 136) from Louisiana grass plots l6 months after they had been applied for
control of white-fringed beetle larvae. They also noted that the larval popula-
tion was high in all plots, so the nematode may not have been present in
sufficient numbers to control the insect population. These studies contradict
short-term observations on persistence under more artificial conditions, and
stress the importance of an adequate host population for maintenance of a
parasite population. Recent developments in staining the infective stage2 will
provide a valuable tool in addressing ecological problems such as persistence.

Because of the lack of data on persistence and variability of natural popu-
lations, l5 sites in southern England, where S. J'eltiae predominates, were
monitored for 28 months.23 Soil samples taken on ten occasions over this period
were assayed with Galleria traps. Two sites yielded nematodes on all sampling
dates, while the other sites converted unpredictably from positive to negative
or negative to positive. Whether negative bioassays reflect the absence of
nematodes or an inability of nematodes present to infect a host is unknown.
These alternatives are important considerations because they have important
consequences for population genetics and could contribute to the founder
effect.

Variations at some sites could reflect extinctions and reintroductions.
Theoretical considerations2a predict an oscillatory character for the relationship
between host and pathogen populations if the pathogen is a major cause of host
mortality. There is a risk that the pathogen becomes extinct during the phase
of low host abundance after an epizootic. High transmission potential will
accentuate the amplitude of oscillations and hence decrease the likelihood of
long-term persistence. No studies on entomopathogenic nematodes provide
data adequate to test these predictions; but it may be that in field trials, where
a particular insect predominates, suppression with entomopathogenic nema-
todes reduces the host population to such a low level that the pathogen is unable
to persist. This probably also occurs in natural habitats. However, some habi-
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tats provide a constant supply of insects, and the low host specificity of the
nematodes would contribute to their persistence. A working hypothesis is that
low insect populations, or populations made up of a single species with a long
and synchronized life cycle, whose stages are not equally susceptible to the
nematodes, wil l show severe oscil lations in the nematode population. leading
to periodic extinctions. Sites wil l show reduced oscil lations if they provide a
constant supply of hosts, frequently in the form of multiple species making up
the insect community. Low, but not freezing, temperatures will also contribute
to persistence because nematode survival, both within and outside hosts. is
increased at low temperatures.

An alternative explanation for the absence of nematodes in a bioassay is that
the infective stage may enter a dormant or quiescent phase and are not infec-
tious.25 This type of adaptation is not unusual for nematodes26 but has not been
explored for entomopathogenic species. For such lethal pathogens, an effective
survival strategy might be for infectivity to be phased over time. Thus, upon
emergence from a host, some individuals may be immediately infectious, while
others become dormant for a time. Gaugler et al.13 provide support for this
possibility. Their laboratory assessment of S. carpocapsae for host-finding
showed that only a small proportion of the infective juveniles were aggressive
seekers of hosts; most remained inactive. However, they did not follow the less
aggressive individuals over a long period of t ime to see if these juveniles
became more active. They later showed that host finding could be improved
through genetic selection and that if the selection pressure was relaxed, the
nematode populat ion s lowly reverted to the less aggressive state.ra An
experiment in our laboratory It shows that the possibility of "phased host-
seeking" is worth investigating.

Our experiment documented establishment of Steinernema sp. (designated
Nashes strain) rn Galleria larvae afier dif f erent periods of storage in sand at l5
or 5"C. Infective juveniles were used to inoculate 2-5 cm3 of sand in each of 300
tubes, with 250 infective juveniles per tube. The tubes were divided into l5
groups of 20, with seven groups incubated at 5 C. seven at l5'C,and one was
used as day 0 controls.  On day I  and weeks 2,4.6.8,  12,  and 16, one group
of tubes was removed from each temperature. one Galleria larva was added to
each of l0 tubes from the two temperatures. and the tubes were incubated at
l5'C. Fresh Galleria larvae were added every 4 days until infections ceased,
and successful establishment was assessed by counting the number of adult
nematodes in each dead host. Of the remaining ten tubes from each tempera-
ture, five were subjected to "mini" Whitehead tray extractions and flve to
sucrose extraction to assess the numbers of surviving nematodes.

Survival of the nematodes was best at the cooler temperature. After 16
weeks at 5"C, a mean of 162 nematodes was extracted compared with only six
after 16 weeks at l5'C (Figure lA). Regardless of the storage temperature.
there was a remarkable drop in nematodes establishing in hosts even after 2
weeks of storage (Figure 1B). However, nematodes stored at 5'C subsequently
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SToRAGE T|ME (DAYS)

Figure l. Data from an experiment in which tubes containing 25 cmr sand were each inoculated
with 250 infective Steinernema sp. (Nashes strain) juveniles on day 0 and were then stored at 5"C
(C) or l5"C (C) for l-l l2 days. After the indicated periods of storage, tubes were subjected to
"mini" Whitehead tray extractions or bioassays with Gullerio larvae. (A) Mean number of
nematodes recovered by "mini" Whitehead trays, 5 tubes extracted on each occasion. (B) Mean
number of nematodes that established in individual Galleriu larva. One larvae was placed in each
tube for 4 days at 15"C, with l0 tubes on each occasion. Data from Fan.2?

regained the ability to infect and establish, so that after 16 weeks, the number
of nematodes/host was back to that obtained on day 0. By contrast, the
nematodes stored at l5'C showed a high mortality rate, and establishment
continued to decline. The pattern at 5"C was not changed if nematodes were
allowed additional time to infect: cumulative numbers in hosts until infections
ceased showed the same pattern. These results suggest that cold temperatures
induce many nematodes to temporarily lose their ability to cause host infection,
although they move normally. For example, after 4 weeks at 5"C, a mean of
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only l7 nematodes was recorded from the insect cadaver in each tube. while
176 nematodes migrated through the whitehead sieve. After an obligarory
period of cooling, they regain their infectivity. These results show that nruch
remains to be learned about the biology of entomopathogenic nematodes.
Studies such as these should be repeated and extended to other species because
they have practical implications. For example, storing nematodes at low tem-
peratures until needed for biological control programs2t .uy cause reclucecl
virulence. The period of storage may be criticai. I-portuni urp..t, of the
bionomics of entomopathogenic nematodes have been neglected bicause most
work has concentrated on their application for biological control programs.
Most information on basic biology relates to s. carpocapsae or s.feltiae,and
it is dangerous to extrapolate the information to other species.

To understand population dynamics. it is necessary to quantify the numbers
of infective juveniles in the environment. Such information is raiely available,
with most workers assuming that percent mortality of hosts in bioassays is
related to numbers of nematodes in the soil. Recent studies at our field station
at Silwood Park27 documented the numbers of infective juveniles of a Stein-
ernema sp' from a 10 m2 plot in a natural grassland habitat. Soil samples were
tested with Galleria traps, and larvae were added continuously until infections
ceased' The total number of infective juveniles accumulated in all larvae
represented the infective juveniles in that sample. Samples were taken in June
and october 1987 and April l9gti. from adjacent 2 x 2 mplots; four samples
(each 5 cm in diam. to a depth of 20 cm) were taken randomly within each plot.
The nematodes were highly aggregatecl in distribution. For example, the four
samples from one plot yielde d,2495 infective juveniles in June, 57 in October,
and 571 in April, compared with l r2. 3. and 3g, respecrivery, in rhe samples
from an adjacent plot. Because of this clumping. three cores to depths of l0 cm(200 cm3 of soil) were taken randomly w'ithin some of the plots and each
sample was assessed separatery to determine the degree of aggregation on a
smaller scale. Results showed that nematode distributions *... rri lnly aggre-
gated and heterogeneous even within 2 x 2 m prots. For exampt., on. set of
samples in April 1988 yielded 3, 376. and 22-i7 nematodes, but another ser
yielded I , 9, and 53. In August lggti. resulrs from the same two plots were 3,
5, and 7 nematodes, and 0, r0, and 26 nematodes. These resurts are arso
noteworthy because they show that the numbers of infective juveniles in a
natural population are minute compared wrth the numbers applied for control
programs.

our results raise important questions. what level of sampling wilt be
meaningful for quantifying the number of infective juveniles in the environ-
ment? Another way to assess populations is to .orni the numbers of infectecl
insects' This may work for f ield trials uti l izing test insects which can be
recovered quickly. However, in natural conditions, discovery of infected hosts
is rare and certainly inadequate to assess nematode populations. our results
agree with observations of others that entomopathogenic nematodes tend to
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remain in the place where they were applied under laboratory or field condi-

tions.r3,re'2t Why do the nematodes remain aggregrated when presumably it

would be advantageous to disperse to find hosts? Is it more advantageous to

remain clumped and wait until a host moves into the immediate vicinity? Can

this natural propensity for clumping, and therefore for reduced immediate

effectiveness in the field, be overcome? Gauglerrr proposes genetic improve-

ment of populations, while Ishibashi and Kondor5 raise the intriguing possibil-

ity of increasing infectivity by adding chemicals such as pesticides to the

application medium, thereby increasing nematode activity. Are there phero-

mones and/or behavioral responses which cause this effectre and, if so, can the

pheromones be identified, synthesized, and utilized'J Studies on the extent of

clumping and reasons for it could also provide valuable information for in-

creasing nematode effectiveness.
Attempts to model interactions between hosts and pathogens can be made

for predictive purposes, to provide insights into the biology of the system, and

to reveal fruitful areas for further study. Hochbergre recently proposed a

theoretical model to explain the population dynamics of invertebrate host-

pathogen interactions. His model, contrary to previous ones, allows for the

heterogeneity observed in pathogen populations. The model considers the

pathogen as two separate subpopulations, one transmissible and short-lived,

the other nontransmissible and long-lived. The model shows that host popula-

tions may be regulated to low and relatively constant densities if sufficient

numbers of pathogens are translocated from pathogen reservoirs to habitats

where transmission can occur. Measures to increase the efficacy of pathogens

should focus on the identification and manipulation of pathogen reservoirs and

the processes that move pathogens between nontransmissible and transmissible

subpopulations. The assumption in entomopathogenic nematode work has

been that transmission is uniform, but this may be unwarranted because some

individuals may be immediately infective while others are not. The existence

and effect of such biologically different subpopulations deserve consideration.

Nearly all studies on entomopathogenic nematodes assess populations

indirectly in terms of prevalence (percent of hosts infected). Studies on the

population biology of intestinal helminths30 have shown that prevalence is not

the most useful statistic because it frequently approaches 100olo for most of the

age groups in a community. It is the number of parasites per host (intensity)

which is crucial for the population dynamics of macroparasites such as

helminths, because density-dependent effects occur at the level of parasites in

individual hosts. An extreme example is that one steinernematid is sufficient

to kill a host, but reproduction will not occur. At the other end of the spectrum,

Friedmanr6 mentions that the size of the females and the number of eggs

produced per female depends on nematode density. The degree of aggregation

in the host population will also affect population dynamics.30 That is, do a few

hosts have many parasites or are the parasites more regularly distributed in the

host population, an assessment that can be made by calculating the variance to
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mean ratio for numbers of parasites per host. The degree of aggregation in the
environment, mentioned earlier, will also affect population oynamics. Infective
nematodes tend to aggregate in proportion to an increase in population density
and hence increase survival.25 However, this aggregation will reduce infection
of hosts and may account for poorer results than expected for the number of
nematodes applied in control programs. Bedding3rcites unpublished informa-
tion that the dosage of nematodes required upp.urc to be in part proportionar
to host density. These considerations require-information on the number of
parasites before population biology can even begin to be examined.

Work will develop over the next decade to determine whether entomopatho-
genic nematodes are exerting a regulatory effect on insect populations. Two
theoretical papers by Anderson and May in 1978 on the poteniial of parasites
to regulate host population abundance provided the framework for an explo-
sion of research into the dynamics of parasite-host interactions.32 Conse-
quently, parasite ecology has progressed from a descriptive science to a more
experimental quantitative one. It is impoftant to realize that even when para-
sites exist at low prevalences they may exert a strong regulatory force on the
host population.33 Scott and Dobsonrr recently pointed out that several density-
dependent and density-independent processes may interact to deterrnine the
size of a population, and the relative intensity with which each operates is
likely to vary both spatially and temporally. Therefore, ir is unlikely that field
observations will lead to an understanding of the role of .ntoroputhogenic
nematodes in the ecosystem. Scott and Dobson32 list prerequisites for an
experiment designed to investigate whether or not a given parasite has the
potential to regulate host population abundance. The empirical evidence for the
role of entomopathogenic nematodes in af'fecting insect abundance will arise
from carefully designed experiments based on long-term interactions without
intervention. However, parasites which lack host slpecificity are less likely to
act as regulators of host abundance because they depend on the presence and
density of a variety of different host species.32 That is, changes in parasite
abundance need not correlate with changes in the abundun.. of uny particular
host species' so that it would be difficult to understand whether such'parasites
regulate the abundance of any particular host species. on the other hand, the
obvious effects of parasitism by entomopathogenic nematodes are an advan-
tage in such studies. These factors, plus the ease with which the nematodes can
be reared and their short generation times. suggest that studies on their popu-
lation dynamics will not only benefit from ottt.. work, but have the potential
to contribute to this deveroping area of community ecorogy. The riciness ofquestions concerning the role of parasites in reguiating host abundance and
structuring host communities will require large-icale collaborative effons ro
determine the answers.32

VI. BIOASSAYS
No single species of entomopathogenic nematode is suitable for controllins
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all or even most insect species. Initially, it is better to screen different species

rather than different strains of the same species because species vary more than

strains.3r Also, the nematode of choice against particular insects may vary

between countries.2r Therefore, Bedding3r advocates an effective, efficient

screening procedure which should eliminate inappropriate insects and nema-

todes at an early stage while minimizing the possibility of erroneous rejection.

lt is also important that standardized, sensitive, and reliable techniques are used

to determine the relative infectivities of different species, strains, and batches

of nematodes for commercial quality control.2s Once a technique is proven, a

standard preparation with an assigned potency can be developed for each

nematode considered for commercial use. Also. production by individual

laboratories could be standardized against the designated standards. Bioassays

will remain the principal method for determining virulence until research

progresses to the point where analysis of a specific component responsible for

virulence may be possible using biochemical or other methods.2s

Inundative use of entomopathogenic nematodes has led to assessment of

their effectiveness by methods applicable to chemical insecticides. The as-

sumption is that all individuals are equally infective, and probit analysis is used

to calculate an LDro or LDnr. Filter paper tests are too removed from reality to

be meaningful, and Bedding's3r support for bioassays in sand and calculating

LDrns has been followed by many recent workers. Because of differences in the

effectiveness of species and strains for controlling particular insect species, a

universal bioassay that predicts levels of control under all conditions will

probably never be achieved. Still, it is important to have a universal bioassay

as a first screen to narrow the choice under particular environmental conditions
(e.g., temperature, soil type), for quality control assessment when mass produc-

tion is attempted, and for designation of standard preparations. The nearest we

have to a universal bioassay is the Galleria test, but this insect is so susceptible

that reliable dose-response tests are difficult or impossible. However, work in

our laboratory3a has shown that dose-response tests in which the numbers of

nematodes that establish rnGallerid are counted, provide a promising bioassay.

Figure 2 shows the results of four separate tests at I 5 C with a Steinernemo sp.

and two Heterorhabditis isolates using single Galleria larvae in tubes contain-

ing25 cm3 of sand with 15 replicates for each dose. Note the highly significant

regression coefficients, with no transformation of the data necessary. The slope

of the line can be considered to represent virulence because it measures

infection by all individuals capable of invading and establishing. This bioassay

looks promising and it would be worthwhile to pursue similar studies to see if

a dose/establishment bioassay has any value for comparative or predictive

purposes.

VU. ECOLOGICAL PERSPECTIVE
It must be assumed that introduced entomopathogenic nematodes will have

an environmental impact. The impact will not necessarily be adverse; environ-
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mental impact and environmental risk are diff-erent matters. The nematodes
may pose little environmental risk, butconsiderably more evidence is required
before a generalization can be made.12 The ,ol. of entomopathogenic nema-
todes in an ecosystem is unknown, yet such information is iequiied from theregulatory point of view as well as from the ecological viewpoint of whatfactors impinge on community structure. Each release of nematodes can beviewed as a perturbation experiment, and if attendant changes in community
structure are assessed it could enhance our understanding of ttre target habitat.r2

Insect herbivory clearly affects plant species composition, vegetation cover,
and structure in natural plant communities.r5 Also, these effects frequently alterthe balance of species in the plant assemblage and can therefore modify boththe direction and the rate of plant succession. This work, however, was basedon above-ground herbivores. only recently has the question of the influence ofbelow-ground herbivory on the development of plant communities been ad-dressed' It seems that below-ground herbivory does have a significant effect,
as soil insecticides greatly enhance plant species richness and maintain abalance between herbs and grasses. This effect is both pleasing to the eye andconducive to the colonization. and therefore, conservation of foliage-f'eeding
insect species dependent on specrfic host plants.3s These finding"s may beparticularly pertinent in view of proposed changes in marginal agricultural landcoming out of intensive production and being put to other uses. Such a low-cost, easily implemented means of management may warrant the consideration
of farmers and land owners.rs How,e'er. this means of management depends onthe use of soil chemical insecticicies which are often environmentally unaccepr-
able' Thus, a new market for entomopathogenic nematodes appears. This raisesquestions as to the role of entomopathogenic nematodes in community ecol-ogy' Since they are so widespread naturally in soil, do they play a significant
role in reducing below-ground herbivory by insects and hence affect plant
communities? It may be significant that a recent survey of the U.K. showed thatthe nematodes were most common in roadside verges, where there were mixedand diverse plant communities.' Are entomopaihogenic nematodes able todirect succession by affecting insects which are soil herbivores, or does theirpresence rely on estabrished patterns of insect populations?

VIII. DEVELOPMENT AND COMMERCIALIZATION
Fntomopathogenic nematology has progressed from numerous field trialswith limited success to the point where commercial production is not onlypossible, but also profitable. Indeed, commerci alization has acted as a grearstimulus for research. on the other hand, the need to protect proprietary

information has sometimes hindered progress because information has notbeen exchanged freely. Regardless, the successes wil l continue. specificnematodes, either species or strains, will continue to be developed and used tocontrol specific pests under particular conditions. The necessary research forsuch development has been termed "near market research,, by the British
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Government and, as such, must rely on funding from the companies concerned.
While perhaps not so blatantly expressed by other governments, this is proba-
bly the pattern that will emerge in countries where private enterprise will
attempt to profit from biological control with entomopathogenic nematodes.
This approach does not apply to collaborative projects between developed and
developing countries. Bedding3r has provided an excellent outline for develop-
ment of an entomopathogenic nematode biological control program for devel-
oping countries which should serye as a guide for everyone.

Friedmanr6 mentions that both steinernematid and heterorhabditid nema-
todes can be produced on a commercial scale and makes no attempt to distin-
guish between them. While actual methods of large-scale production used in
industry are proprietary, the impression is that large-scale and consistent
production of heterorhabditids lags behind that of steinernematids. Perhaps this
is because liquid fermentation, which is the most cost-effective means of
producing the nematodes in developed countries,r6 is less suitable for heter-
orhabditids. A solid phase system has produced more species more reliably
than any other.3r Production methods for heterorhabditids may have to change,
and costs for them may be higher than for steinernematids. Commercial pro-
duction of heterorhabditids is an area of intense study, but industrial secrecy
means that advances will be communicated through patent applications rather
than the scientific literature.

The ability to store nematodes in product tbrm is critical to commercial
success, but little basic work has been done on factors that limit survival.16
Apparently, several patents have been applied for that claim various means of
storing nematodes for extended periods, but the commercial development of
these patents has not been seen. The use of calcined attapulgite clays36 and
superabsorbent gels37 appear to be receiving the most attention, but again,
proprietary rights inhibit knowledge of progress.

IX. GOVERNMENT REGULATIONS
The U.S. Environmental Protection Agency has determined that all species

and strains of nematodes belonging to Steinernemo and, Heterorhabditis, with
their associated bacteria, are exempted from registration requirements under
the Federal Insecticide, Fungicide, Rodenticide Act (FIFRA). These nema-
todes are classed as macroparasites and their movement is regulated by the U.S.
Department of Agriculture.38 This does not pertain to all countries. Steinerne-
matids and heterorhabditids are not regarded as plant or animal pathogens in
the U.K. and are free of Ministry of Agriculture, Fisheries, and Food restric-
tions. However, the Department of the Environment has ruled that the nema-
todes are bound by Section 14 of the Wildlife and Counrryside Act, 1981. This
prohibits release of nonindigenous species or strains of animals. Permits are
necessary for testing nonindigenous nematodes and the tests are bound by
stringent requirements. Whether permits would ever be issued for general
release and how nonindigenous strains can be identified are unknown. Even

more str ingent r t .gul . r l r '  ' :
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X. CONCLUSIO\
Our perspcct i lc  u t  i l

presented the perspcetir,

Ehler 's contr ibutiorr t l r . '

have a long way to s(r l(  )

hand, attr ibutes ol ' thc nc

of  cu l ture ,  l imi ted ahr l r r r

offer exciting poss ib i I r t rc

test ing o f  models .  Thu. .

ogy has tremendotl\ p( ri

bioloeical control.

7 .
8 .
9 .



343

nrore stringent regulations will apply in every country when it becomes pos-
.ible to genetically engineer organisms. The cost of complying with such
resulations will probably preclude the use of genetically engineered nematodes
and we will continue to rely on natural species and strains for a long time to
come.

X. CONCLUSIONS
Our perspective in this chapter is that of parasitologists, while Ehlerr2

presented the perspective of the science of biological control. It is clear from
Ehler's contribution that we who u'ork with entomopathogenic nematodes
have a long way to go to provide a conceptual basis for our work. On the other
hand, attributes of the nematodes such as short generation times, relative ease
of culture, limited ability to disperse. and ability ro be recovered and quantified
offer exciting possibil i t ies for experimental manipulation and development and
testing of models. Thus, the fledgling science of entomopathogenic nematol-
ogy has tremendous potential for contributing to the theory and practice of
biological control.
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C' osmopol ites sordidtrs. 206. 238



352 Entomopathogenic Nematodes in Biological Control

Cossidae, 220, see also Carpenterworrns;
specil ' ic genera

Cost effectiveness, 342
Cottage industry, 233
Cottony-cushion scale, see Iceryo purt'hasi

Crickets
mole, see Gryllotalpidae Scapterist'us

spp.
tawny mole. see .Sctrptcri.st u.s t ' icinus

Criconomella, 104
Crop morphology, 184

Cross-breeding, 63, 64, 69, 231, 328
Cross-linked polyacrylamides, 177-l 78
Crucifer flea beetle, see Phyllotreta

c'ruc'iferae
Cryptic habitats, 220-223

Cryptobiosis,  117,  I  l8

C rvptoc'haetum icerltae, I
Crystall ine inclusions, 28 I
Cucumber beetles

banded, see Diabrotie'a balteata
striped, 209

Culex
pipiens,30-5,  308
territans, 303

Curculio caryae,206
Curculionidae, 201, see also Weevils;

specific genera

Currant borer moth, see S\tnanthedon
tipuliformis

Cutworms, black, see Agrotis ipsilon
C,,-r'locephala

borealis, 198
spp., 200

Cvdia pomonella, 181, 221, 308
Cy I as Jorni cari us e I e gantu lus, 206

Cytogenetics, 2-57

D

Dac'tylaria spp., 106
Dacus

cucurhitae,20S
dorsalis.208

Dauer formation, 25 | -255

Defense mechanisms, 93,  106,  301,  315,
see also Insect  immuni ty

Dehydration
enforced, l3l
fusion induced by,  l3 l
natural ,  l3 l
stress from, I 18
survival of, see Anhydrobiosis

Deletion analysis, 289-293
Delia

antiqua. 176
rt td i< 'unt .  l1 5-116,  18 I ,  183
spp . .  184

Dens i t y .  10 .  336 ,  337
Desiccat ion.  93.  100,  102,  238,  330
Developin-u countries, 233-245, see also

specific countnes

case stuclf it. 211-245
indigenous isolates in, 239
ini t iat ion in.  133-234
lar.ee-scale development in, 237-238
mass rearing and processing in,24O-241
preliminan assistance for. 234, 236
provision of ncrnatodes to. 238-239
research col laborat ion for ,  233,  234,231,

l / a

screenin.e of insects in, 239-240
substantial assistance tor. 234 236
technologl ,  and.  136-137

Development.  5 l .  1.53- l -5.5,  341-342
Devonian period. -5 I
Diabrotit u

balteata.209
s p p . .  1 0 6 .  l l t l .  l 8 - 1 . 2 0 t i
undecinrputtr /trtt l. l0ll. 3l I
virgiferu. I lJl. 108-209

Diagnostic probes. 6tl
D iuprepes abbrt,vitttrts. 11 8, 206
Diatomaceous c lavs.  124
Dictyoptera. see also specific genera

hemocytcs of. 30J
Dif fbrent ia l  s ta in ing.  72
Diplopoda. .51
Diptera. 223 ll5. 307, see also specific

genera

D i rof'i la r ia nrrnriti.l. 305
Disacchar ide.  130
Dispersal. 9-5 lOO. lO2, 142
Dissimi lar i ty  matr ix .  65
Distr ibut ion.  .5,1.  331,  33-5
Ditt,lan<'hu.s

dip.sat' i. 145
ntt"cel iophagrr . r .  120,  130,  l3 l

DNA
characterization of, 330
label led tota l .  68
mitochondr ia l .  7 l
r ibosomal.  68.  84
to ta l .  68 .  71

DNA-based taxonomic techniques, 63
DNA homo log ies ,85 .329

DNA hybridizatiott. 71. fi.r. \r '

DNA probcs, 6fi
DNA sequence analysis.  f r . i .  r ' r .

33t)
Dormant phase,  see Inact i \c  . i . : i . .

Dosage, 183-1t i4

Dose /es tab l i shment  b iou : r ; . r r . '  : '

Dose-responsc modcls. l l. .:, lr

Dot blots, 72
Dret:hmcria ctttriospttru. |(lJ
Drosophila spp., 2-56, 26()
Dyes,  72,  73,  t30,  sce also \ l ) t ' . : :

E

Ecology, I 3 14, .33t3 3-+ I

community,  321,  3-71.  311
impact  on,  10,  15

Economic irnpact, l0

Economies of scale, 155. l-s-
Ecosystems, 341
Electrophoresis,  85,  239.  scc . r1. ,

types
enzyme,327
protein, 63,64-65,69

Irlm leaf beetle, SEa P y-rrhult,t ., ' .
Embryonic development. 15{}- -r
EMS mutagenesis, 26-l-16-1

Encapsulation, 76, 106, 30fi. rt ,,,

cc l lu lar ,  303,  306
of hemocytes,  3 l  I
humoral, 303, 305, 30t3. .r I l

Endotoxins.  11.  301,  3 l  5
Enforccd dchydration. I ,31
Enterobacteriaceae, 81 . -l 16. 'c. ,

spec i [ i c  ge r )e ra :  spee i t r .  ' :

Xerutrhahdus spp.
Envirorunental irnpact, 10. l i l

Environmental managemcnt. -l

Env i ronmenta l  r i sk ,4 .  14 .  i l l
Enzyme electrophorcsis. .l l l
Enzymes, see also specil ' ic tr f. i ' .

extracel lu lar ,  27 l ,  27.3.  l , \ t t  - '
proteolytic, 3l I

Epizoot ics,  93,  I  10,  332
Epizootiology, 93
Escherichia coli. 214. 28-s. i I I

l ipopolysaccharides of. -l( lr,

/r.r gene expression in. lStt
phagocytosis and, 302

Establishment, 4, 10. 1.5
Esterases,  64,  65,  sec also .pr ' ,

Esteri{lcation. 133



DNA hybr id izar ion,  i2,83,86,  328,  329
DNA probes, 68
DNA sequence analysis, 63, 66-70, 32g,

330
Dormant phase, see Inactive state
Dosage, 183-184
Dose/establishment bioassay, 33g
Dose-response models, 12, 338
Dot blots, 72
D rechnteria coniospora, lO4
Drosophila spp., 256, 260
Dyes, 72, 73, 80, see also specific types

E
Ecology,  l3-14,  33U-341

communiry,  327,  33i ,  341
impact  on,  10,  15

Economic impact, 10
Economies of  scale,  l -55,  l -57
Ecosystems, 34 I
Electrophoresis, U-5, 239, see also spc-cit ' ic

types
enzyme,327
protein. 63, 64-6,5, 69

Elm leaf beetle, see Pyrrhalta luteolu
Embryonic development, 250-2-5 I
EMS mutagenesis, 263-264
Encapsulation, 76, 106, 308, 309

cellular, 303, 306
of hemocytes, 3l I
humoral ,  303,  305,  308,  3 l  I

Endotoxins,  17,  301,  315
Enfbrced dehydration, l3 I
Enterobacteriaceae, 81, 316, see also

specific genera; specific species:
Xenorhabdus spp.

Environmental  impact ,  10,  l3- t -5.  33g
Environmental management, 4
Environmental  r isk,  4,  14,341
Enzyme electrophoresis, 327
Enzymes, see also specific types

extracel lu lar ,  2 l  l ,  213,280-2u l
proteolytic, 3l l

Epizoot ics,  93,  I  t0,  332
Epizootiology, 93
Escherichia coli, 21 4, 2tt-5, 3 1 3, .3 1.5

lipopolysaccharides of, 306
ftrr gene expression in, 289
phagocytosis and, 302

Establishmenr, ,1, 10, l5
Esterases, 64,65, see also specific types
Esteriflcation. 133
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European chat'er, see Rh i _otrogus nrujul i.;
European com borer, see Ostriniu ttubiluli.s
Evaporat ive s ink,  120
E" 'aporat ive water loss,  I  l8-120
Evaporetardants,  178
Evolut ion.  -5 l -54,  I  l tg
Exot ic  natural  enemies.  3
Erotoxin.  77
E,r t inct ions.  l0
Frt racel lu lar  enzymes, 2 l  l ,  2 j3,2 l l0-2g l  .

sec also specific types

F

Fast-dehydrat ion strategists.  I  l7
lrattr acid reductase, 292
Fa t t \  ac ids .  133 .316 ,  see  a l so  spec i f i c

types
Fenarniphos.  103
Fcrrrrentation . 82, 342
f' r I i 1t j t'vi nrc rnt i s leipsandru, 3 | |
F i l tcr  paper tests,  338
Fr lth-breedins insecrs, 223-224
Finrbriae. flO. see also specific genera
Finscrpr int ing.  330
Firc unts.  red.  see Solerurysi .s  int ' i ( tu
FIca beet lcs.  209

erucrter. see P hyllotreta cruciferae
nUnt. see Longitursus waterhousei

Fl ics.  see also speci f ic  types
black.  224-225
trur t .  see Frui t  f l ies
Irousc. see Musca domesttt,a
rnclon. see l)rzr.lrs t 'ucurbitae
\tl\\. see Sawf'l ies

Ijoliacc-t'eeding inseos, 93, 215-220, 23g.
see also specific types

Foliar habitars, see Foliage-feeding insects
Food provision. ,1

F()ni l r rsan suhterrancan lermites,  see
(.- r t p t o t e r nt e s .f o r mo sa nu s

Ftrr r r ru lat ion .  11 3-  17 g

uctrvated charcoal  in,  l i l
rnhrdrobiosis and.  l i8- l7g
cl l , r  contpounds in,  177
evaporetardants and, 178
gel- tbrming polyacry lamides in.  I  77_

lT l J
peat and. I 78
polyether-polyurethane spon-qe ancl. I 7u
qual i ty  conrrol  in,  l8-5- l t t6
standardization in, 18.5- I 86
UV protectants and. 178
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vermiculite and, 178
Free-fatty acids, 133
Fruit f l ies. 208. see also specific types

Mediterranean, see C eratiti s capitata
oriental. see Dncus dorsalis

Functional integrity. 130
Fungi ,  -50.  103,  104,  106,  131.244.  see also

specific types
Fusion.  dehydrat ion- induced. l3 l

G

Galactose-binding lectin, 307

B-Galactosidase. J2
Galleria

me l l one  l l a , l 5 -71 ,80 .  158 ,  236
encapsulation and, 309
h e m o c y t e s  i n , 3 1 2 . 3 1 6
lipopolysaccharides in, 306
lysozymes and, 305
mortality curves and, 186
nodule formation in, 31,5
nonself response and, 3l I
phagocytosis and, 302
prophenoloxidase cascade of. 306
Xenorhabelus luminescens and, 28I
Xenorhabelu.r spp. and, 316

spp.,  -53,  108,  239,  240,  332.  335,  338
Gal ler ies,  221
Gelatin l iquefaction, 8 I
Gel-forming polyacrylamides, I 77- I 78,

see also speci f ic  types
Genetic diversity. 239
Genetic drift, 330
Genetic engineering, 71 , 330. 33 1 . 343
Genetic improvements, -5. 330-331, 336
Genetics, 10.256-257

of C a e nor ha bditi s e I e gans. 256-262
of dauer fbrmation, 254-255
first approaches to, 262-264
population, 330, 332

Genetic variabil ity, 253, 327
Cenotypic fingerprinting, 330
Geocoris pulle ns, 3
Geographic d ist r ibut ion.  .54,  331,  33-5
German cockroach, see Blatella germunica
Giant  cel ls ,  303
Gl id ing,  143
Glucans, 305

B-Glucosaminidase, 302
Glucosc.  130

B-Glucuronidase.  72.  302
Glyce ro l .  130
Glycol ip ids.  31 l .  see also specrf ic  typcs
Glycoproteins.  307,  311.  see also speci f ic

types
Government regulations, 342-343
Granular  cel ls .  302,  303.  306.  309,312
G ropho,qttutltus

Ittrcrtlontu. 238
spp..  203--206.  332

Grasshoppers. see Melunoplus spp.l specific
tVpcs

Greater wax nroth. see Gulleria ntellonella
Growth f i tc tor \ .  l6 l
Grubs.  u,h i te.  scc White grubs
Gryl lota lp idac (rnole cr ickets) .  37.  53,  106,

l0 l t .  l l t l .  scc also Scaptar is t 'ns
Gypsy nroth. sec L.tnruntriu dispor

H

Hab i ta ts .9 .  l l 7 .  see  a l so  spec i f i c  t ypes
Insect .  see Insect  habi tats
moisture krss character is t ics of .  129
natural  grasslancl .  333
provision of. -l

Haemoncltu.s cortlrtrlus, 123
He liothis

spp. .  36
lu'r,.sccl.s. 30-l

Hemocyte l1,sate. 303
Hemocyte lvs is.  30-5
Hemocytes.  l t0.  -301.  307.  316

biphasic responses of. 302-303
c o u n t s  o f . 3 0 t ) . 3 l - 5
degranulat ion of .  313
elevat ion in levels of ,  316
encapsulat ion of .  3 l  I
in  nonimmune insects,  302-303
recogni t ion of .  3 l  I
s t imu la t i on  o i .3 l -5
suppress ion  o f .3 l3

Hemocyte surtace lectins, 306
Hemocytopcnia.  309.  3 l2
Hemocytotoxins.  3 I2,  3 l5
Hemolymph

bacter ia l  mutal is ts in,  308-313, 315-
3 1 6

proteins in. 306
responsc of to nonself matter, 30 l-308
viru lencc mechanisms in,  3 l  l -3 l6

Hemolysis,  82
Hemip te ra ,  3 ,  see  a l so  \ I r c t . I . -
Heterogeneity, 336
Heterorhabcl i t idae.  I  l .  l . t .  . , .  .

Hetcrot'heb(/i lr.r :pp ..
genera

anhydrobiosis and.  |  18.  l l :
biology of, 48-.51
systematics of, 40, 4.1 -1s

taxonomic problems tn i t l , .  , , .
taxonomy of, 40. ,14- +s. r,:

Heterorhabdi t ids,  sec Helcr ,  r r i : . , .
H e te ro r hu hditi.s sprlr

Hete rorhabditis
hacteriophoru, 40. 4-5- J-. : '

anhytlrobiosis in, l l l
antagonists and, 104
appl icat ion tcchnolog-r  un, i
appl icat ion t iming and.  I  \
aquatic habitat ancl. l l5
bectles and, 20tt. 20t)
citrus weevils and. 206
in dcveloping countr ie\ .  :  r ,

DNA and, 329
field applications of. 106
f le ld tests wirh,  198
fbliage-f'ecding insects an,i _
infective stage of. 2-53
insect immunity and. .3() I
manure habi tat  and,  22-t .  l l :
molc crickets and, 207
nonoxenic cultures of. .t l l
nonself response and, 30tl
pest ic ides and.  103
recycling of. 108, l0t)
so i l  and ,96 ,  105

hamhletoni ,4T
heliorhitl is. 40,329
hopthu.48
rueg id i s ,47 ,48 ,  19 t i
spp . ,  40 ,  45 ,47 -18 .  sc t  u l . ,  l :

ditidae
bacter ia l  mutual is ts in.  . t l r

3 I .5-3 l6
bioassays and. 3-llt
biogeography of. -5-1
Caenorhuht l r l r .s  r ' l r ,qr l r r  . , , '  :

250
centers of origin ol . i
database ol', 326
in  deve lop ins  coun l r . r c , .  I  . .  _
development of .  5 l



Hemolysis,  [12
Hemiptera, 3, see also specific genera
Hererogeneiry, 336
Heterorhabditidae, I l. 23, see also

Hcrcrorhuhtli lrs spp.: specific
genera

anhydrobiosis and, l lg, 122-129
biology of, 48-51
systematics of, 40, 44_49
taxonomic problems with, 63
taxonomy of, 40, 44_49,63

Heterorhabditids, see Heterorhabditidae:
Heterorhabdrtis spp.

Heterorhabditis

bucteriophora. 40, 45-41,49, g3. lOti
anhydrobiosis in, 124
antagonists and, 104
application technology and. 1g.l
appl icat ion t iming and,  lg l
aquatic habitat and, 225
beet les and,208,  209
citrus weevils and, 206
in developing countries, 238
DNA and .329
field applications of, 206
f le ld tesrs wi th,  l9g
fol iage-feeding insects and,  2 l -5.  I  l f {
infective stage of. 2-53
insect immunity and. 30 I
manure habitat and, 223, 224
mole crickets and, 207
monoxenic cul tures of ,  312
nonself response and, 309_3 I I
pest ic ides and,  103
recycl ing of .  108,  109
soil and, 96, 10.5

hamhletoni,4J
heliothidis.40,329
hoptha, 48
megidis, 47, 48, tg9
spp., 40, 45, 47--4.8, see also Heterorhab_

ditidae
bacterial murualists in, 3Ott_3 I 3.

3  I -5_316
bioassays and, 338
biogeography of, -54
C aenorha brlitis eIe gans compared to.

2-50
centers of origin ol', 3
database o1. 326
in developing counrries, 239,242
development of, -5 I

35s

DNA and. 6U. 329
evolution of. -53
genet ic improvement in,  3J0_- l3 l
genotypic differences in. 330
infection by, 4g_50
inf'ective juveniles of, 48
lack of cross-breeding in, 32g
mole crickets and, 20g
mortality curves for, lg6
nutnents lor .  78
phase variations and, l jO
protein e lectrophoreis and, 64_6,5
registrat ion requirement exempt ions tbr ,

3.10
reproduction of. -5 I
saf'ety of. .5.+-.58
soil temperature and, 106
sperntatozoa in, 5 I
svmb ion ts  o f .  8 l
taxonorny, of. 23
weev i l s  and .  202 ,  203
whi te grubs and.  19.5.  l9g

:eulutrclicu. 4i. 18,223, 239, 32g
lJt,terott' lent.hus qutumnalrs. 303, 30g. 3l I
Hetcrozygosity. 69
Il irsutella

r lto.s.s i I i e n s i.r. | 04
spp.. -50

History,. 23-21
| | tt I cot a rt 'u.s i tr.s u I ari s. 233, 214
Hol is t ic  approaches,  9
Hooku ornrs. lzl-5
Host/enern1, dvnanrics, l -5
Host-1. inc l ins.  I  0.5- lOt i .  l39.  142

I rb i l i t r  i n .  99
h io los t r  and .  3J3
D\. \  ancl .  3.10
gcnc t i cs  and .  l -53 .  330
In  rn tec t i ve  . j uvcn i l es .  144-145
phased. 3- i  I

Host /parasi to ic l  d l  nanr ics.  I  2
l l t r . 1 . .  . g . '  r r l ro  :pc r ' i l ' i c  t ypes

densirr  ot ' .  l -10.  - l j7
morta l i t \ '  o l ' .  3-15
nuntber ot 'parasi tes per,  336,  337
phore t i c .  99 .  I00
provis ion of .  z l
so i l  and .  106-108

Host speci f ic i ty .  331,  33-5
Housc fly. see Must'a tlornc.stit.u
t l um id i t y .  I 00 .  122-12 .5
Humoral encapsulation. -10-1. 30-5. 301J. -l l I
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Humoral factors, 302, 313
in immune insects, 306-308
in nonimmune insects, 303-30-5

Humoral lectins, 306
H v-alophora cec'ropia,76, 303-305. 307,

312
H,-dromermis

contorta, 305
roseus ,3 l l

3-Hydroxy tetradecanoic acid, 3 l6
Hylobius

abier is ,  181,  309
spp., 206

Hymenoptera, 219, see also Sawflies;

specific genera
I I t'posoter e-ri guae, 315

I

Icer-,-a purchasi. I
Immobilization, 133
Immunity of insects, see Insect immunity
Irnmunodiffusion. 84
Immunofluorescence, 84
Immunological techniques, 66, 69, see also

specific types
Immunology,  69,  84
Impacts, see also specrfic types

ecological ,  10,  l5

economic, l0
environmental ,  10,  l3-1,5,  336

Importation protocols, 3
Inact ive state,  I  l l ,  123,  124.  121,  141-

t42.  148.333
Inclusion bodies, 80
Indigenous isolates, 239
Induct ion,  133

lnfection, 48-50, 142, 144-146, see also
Inl'ectivity; specific types

lnfect ive juveni les,  37-38.  48,  106,  I  lU,
139-148, see also specific types

activation of. 146- 148
bchavioral sequences in, 143-144
dispersal of, 112
epicuticle o1', 3l I
host- f inding in,  144-145
inactivity of , 141-142
infection and, 144-146
nictation in, 142-144
normal developmental stage juveniles vs.

139

numbers of, 33-5
surf-ace steril ization of ,237
survival strategies ot. 140-142

Infect iv i ty ,  239,  330,  333,  334,  see also
Inf'ection

increase in.  336
soi l  ancl .  l05-108
temperature and. 334, 33-5

Infiasubspecific categories, 7 I

Initiation in developing countries, 233-
a )  I_-.)+

Inourbelu d1,u.241
Inocu la t i ve  r c lease .  5 .  9 .  I  l 0
Insect  habi tuts.  see also speci f ic  types

aquatic. 221-226
cryptic. 220-223
fol iar .  93.  2 l5-220.  238
manure, 223-221
soi l  as.  see Soi l - inhabi t in-s insects

Insect  immuni t l ' .  301-3 I  8
hemolymph mutual is ts and.  30t l -313,

3  t 5 - 3  l 6
hemolymph response to nonself matter

and .  301  308
Insects. see also specific types

bioassays ol'. lt l-5

biological control of. see Biological
contro l

foliage-f'eeding. 93. 21 5-229, 238
habitats of. see Insect habitats
nonimmune. 302-305
parasitoids of. I
screening of. 239-240
soi l - inhabi t ing.  see Soi l - inhabi t ing insects

Integrated pest management, 18-5
Intensi ty,  336
Interstit ial spaces of soil, 120, 126
Intracellular components, I 34
Intracel lu lar  crystal l ine inclusions,  273
Intracellular proteins. 27 I
Intraisolate variation. 69
Intraspecific anti-senic differences, 84
Intraspecific groupings, 63
Intraspecific sequence divergence, 69
Intraspeci f ic  var iat ions,  84,  329,  330
Introduction, see also Release

genet ics o1' ,  l0
mul t ip le-species,  l  l
predict ive,  9
single-species.  I  l -12
strategies for, 3, 9, I 1

Inundative release. -5. 9. I I
lnvasion,  146
In v ivo vs.  i t r  t ' i t ro produe t r , ' r
lron,2J4
I r r i ga t ion ,  181- lu2
Isohermaphrodite I ines. 68
Isopropylthio-B-galactosi tlc. -
Isozymes, 64, 6.5. 6tt. t3.5

J
Japanese beetle, see Popil l iLt r , i

K

Kieselguhr,  124
Klinotactic orientation. I J-l

L

Land  use ,4
Larch sawfly, see Cephult r,t ,, i

Pristiphora arit h.st trt r i
Large pine wee v i l ,  see Hr '1, ,1,r , ,
Leafinincrs, sce Lirrori-r'-rr :p1.
Leaping,  142 144
Lecithinasc, 80, 82
Lect ins,  302-307. scc also '1. . . .  '

Le (ustu migratoria.302. l0f.
Lepidoptera, 54, 216-21I . :r I

spccific genera
antibacterial proteins in. i(t-
hemocytes of, 303

Leptinotarsa decenrlirteot(/. l(tr 
-

3 l -5
Lesser nrealworm. see Alpl t t  , ' , '

diaperinus
LeLtcophueu ntudcru c. 3(16
Levamizole, 264
L ipases ,  280  2 t l l .  see  a l . t ,  * ; , , .

L ip ids ,  130 ,  I  3  I  .  . l  16 .  Spe  u l r ,  '  . : r

types
Lipopolysacchar ides.  77.  f i - ; .  l ' l

3 l -5 ,  -3  16 ,  see  a l so  s1 .g . , '  .
Liquid f 'ermentation. -l-11
Liquid-phase monclxenic err l l i r : , . .

1 6 5
Liriomy:a

spp.,222
rrifoli i,222

Li ssorltoptru.r r,rl'r':r.r7rlrrlrr r. il i
Loa rny  so i l ,  94 ,  l (X ) .  l 0 l .  l o :
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Inundat ive re lease.  5,  9,  I  l -13.  l08-109
Invasion,  146
In v ivo vs.  in t , i t ro product ion,  l57- l -59
Iron,2l1
I r r i ga t ion ,  181-182
Isohermaphrodite l ines, 68
Isopropy lthio-B-galactoside. 293
Isozymes, 64, 65. 68, 8-5

J
Japanese beetle, see Popilliu japonica

K

Kieselguhr,  124
Klinotactic orientation, 144

L
Land use, 4
Larch sawfly, see Cephalcia laricilthilu.

Pri stiphora erichsonii
Large pine weevil, see Hylobius abit,ri.t
Leafminers, see Liriom,vzu spp.
Leapirrg, 142-144
Lecithinase, 80, 82
Lectins, 302-307 . see also specific n,pes
Lecusta migratrtria, 302, 306
Lepidoptera,  54,  2 lG-221, 241.  see als<r

specific genera
antibacterial proteins in. 307
hemocytes of, 303

Leptinotarsa tlecemlineata, 20U. 2 1 9. 309.
3 l -5

Lesser mealworm, see Alphitobius
tliape rinus

Le ucopha ea matlerae, 306
Levamizole,264
Lipases,280-281, see also speci f ic  types
L ip ids ,  130 ,  131 .316 ,  see  a l so  spec i f i c

types
Lipcrpolysaccharides, l i, 85. 282, 30.5. .106.

3l -5,316.  see also speci f ic  typc.s
Liquid f-ermentation, 342
Liquid-phase monoxenic cul tures.  l6 l -

165
Liriomyza

spp.,222
rr i fo l i i ,222

Li s.sor hoptrus ort':op h i I us. 225
Loamy soi l ,  94,  100,  l0 l ,  l0-5,  lOt t .  109

Loca l  pes t  ex t i nc t i on .  l 0
Locustn nt iet 'utot ' iu .301.  -106.  i  I  I
Lon.qi ttt rs u s vt,u t t, r h t t rr.s t, i. )09
Lucif-erases. 21.1. 281
flr.r genes of Xenrtrhalttlu.s ltrntittt,.tt.L,ttt.

288-29-5
Lychee bark borer, see lttrnrltt,lu dttt
Lt'mantria dispar. ltt l, 2 l9
Lysozymes, 302-30-5, 307. I l-l

M
Maggots, see also specific types

cabbage root, see Delia radit'unt
onion. see Dr"/rrr (tntiqud

Malate dehydrogenase, 6-5
Manducu ̂ le,rra, 305, 306
Manure habitat, 223-224
Mass production, 33u
Mass rearing,240-241
Mathcmat ical  models,  12,  I5
Mealworms, lesser, see Alphitobiu.s

diaperinus
Mechanical stimulation, 129
Mcchanosensi t iv i ty ,  140
Meditcrranean fiuit f ly, see Ceratiris

('apttata

Melanizat ion,  303.  30-5,  309,  31-5
M t' lurtoplus spp., t I 5. 220
Melanosis.  309
\{clon f1y. see Dacus t'uturbitae
\ lcnrbrane systems, 130,  133
\ le rn r i t h idae .  l l 8
\4ctahol ic  prol ' i les.  I  34
\ letabol ic  ratcs.  125
.ll L, tLt.s c i rr I tr.s r tct i t l cttta Ii s. 3
.11 it t 'ot ot t tr.i lrrtctr.l. -l l 3
\ l  icrospor id ians.  I  03
\1i lkr  c l isease.  l9-5.  l (X)
\{int t ' lca beetle. sce Lorr,qitut.sus v'et(,t.-

I t t  t t t s t ' t

\ { i t es .  99 .  100 .  103 .  10 ,1 ,  see  a l so  spec i f  i c
tvpes

\4i tochondr ia l  DNA. 7I
! l i tochonclr ia l  RNA. 72
Moclel nter.nbrane systems. 130
Modified releasc strategies, i l

Moisture.  200,  239,  see also Soi l  n lc) i \ rLrrc:
Water loss

Molc cr ickets,  see Gryl lota lp ic lac:
S capt e r i s c us spp. : . lr,rrTrrt 'r. i.r crr.r
t , i t ' inus
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Mofecular biology, 321 -330

Molecular organization of intracellular
components, 134

Molecular speciation, 133
Molecular structure, 134
Molecular techniques in taxonomy, 63-65,

69-13, see also specific types
M oni I iforntia monilif'ormrs, 3 1 5
M onoc hamus a lt e rnat us, 222
Monoxenic cultures, 155

axenic cultures vs., I 59- I 6 |
in developing countries, 237
engineering of, I 64-168
l i qu id ,  l 6 -168
sol id vs.  l iquid phase,  161-165

Morphology , 63, 64, 106, I l1 , 120
crop,  184
differences in. 63
teaching of in developing countries,23l

Mosaic analysis, 262
Mosquitoes. 224-225
Moths.  see also speci l ic  types

artichokc plume, see Platyptilia
carduidactl-la

clearwing, 220, see also Sesiidae
codling, see C-tdia pomonella
currant borer, see Sl,nanthedon tipuli-

.formis
greater wax, sec Galleria nte llonella
gypsy, see Lrntantria dispar
peach borer, see Carposina nipponensis
tumip, see Agroris segetunt
wax,  see Wax moths
winter, see Operophtera hrumata

Movement, see also specific types
fbr host-finding, 139
induction of, 123
uncoordinated, 146

Multiple-species introduction (MSI), 1 l-
t a
I -:)

Mu.sca
dontestica, 223, 309
spp . ,  3 l  I

Mutagenesis
EMS, 263-26.1
X-ray, 260.263-264

Mutagens, 263
Mutants, 251-256,2-59, see also specific

types
dorninant, 260
establishment ol', 263
phenotypes of,264
semidominant, 260

Mutualistic bacteria, I l8. see also specific
types

Mutual protection, 120, 122
M ythintna separatu, 216

N

Native home of nematodes, 3
Natural bioloeical control, 2-3
Natural  dehvdrat ion.  131
Natural  enernies.  2.  3

at t r ibutes oi .  I  l .  I  5
contemporan issues relevant to, -5
exot ic .  3
genetic intproventent of, -5
types avai lable.  9

Natural habitat. 33-5
Natural  occurrence.  I  10.  332
Natural  p lant  contr luni t ies,  34 I
Natural spccies. 3-13
Natural strains. 3-13
Natural  var iabi l i t l ' .  329
Navef orangewomt. see Antt'elois tronsitella
Neoaplectun(/ spp.. sec .!/curcrnema spp.
Nicot ine,  263
Nictat ion.  l (X).  l l l  114.  239,  252
Nictat ion substrarc.  I  ;12-143

Nodule fbrmat ion.  301.  303,  306,  312,  3 l -5
Nonimmune insecrs.  302-305
Nonself reco-cnitit ln. 306
Nonsel f  response. 301-303. 30t t -31 I
Northern maskecl chat-er. see Cvclot,ephala

borculis
Nutr ients.  78.  130.  l6 l

o
Oenocytoicls. -103
Ol igonuclcot ide cataloging,  t34
Onion nraggot. see Daliu urttiqua
Oocytcs. 2-58
O pe rrrytht c rtt ltrtrnru tu. 218
Opsonic proteins.  302
Opsonin. .j06
Opt imum spec ies .  183-184
Orangewornt. navel, see Amyelois

trunsitaIlu
Organic acids. 134, see also specific types
Oriental fruit f1y. see Dacus dorsulis
Or ientat ion.  139.  142.  144
Orius tristit'olor, 3
Orthoptera. 37, 53, see also specific genera
Osmobiosis.  l  l7

Osmolarity, 274
Osmotic pressure. 9-5
O stri nia nubi la l i.s. 21 8
()r iorhynchus.su1r 'a l r r . r .  l ( ) I  -
Oxidat ive damage. l3() .  I  I  I

Oxygen, 94.  9-5.  102.  l0(r .  I  l -

P

Palaeodictyoptera,  -53.  scc rr l , , ,  . :

genera

Parasite guild, 2
Parasitoid/host dynamics. I J
Passive dispersal ,  142
PCR, see Polymerase chain r i . , . '
Peach borer moth,  see ( ' t i l '1r , , .

nipptttnensis
Peat. | 78
Pecan weevil, see Crl'r 'rr1lr, , ,,,
Penetration, 114-146
Pcptidoglycans, 305, 307
Periplancta arnericunu. I j.l. .

Persistcnce. see Survival
Pest-in-lirst technic;ue. .l

Pest ic ides,  4,  102,  ,136.  sec . r1, ,
types

Phagocytosis, 302
Pharyngeal pumping, 2-50
Phased host-seeking. 3-3-1
Phase-related characters. El
Phase variation, 79-8 I
Phenodoxidase. 303
Phenology, lf34
Phenoloxidase,  303,  30-5.  . r t t , ,
Phenoloxidase substratc. -105
Phenotypic tliff-erences. .l lfr
Pheromones, 243. 2-5 I . 15 .l I i .

Phoretic hosts. 99. 100
Phorimia terranoyu<'. 3(l r-
Phospho l ip ids .  l -11 .  l . l . l .  sce  . , .

types
Photobacter ium pht ts;1th(n t . t t r , ,
pH of  soi l ,  9-5.  l  l0
Phyllotreta cruciferuc. I f i I . l i  ' ,.

Phylogenies, 63
P hvsalopteru nrur i  I  lu  r i  s .  l ( t . \
Physical  st imulat ion.  l l -1.  l l , r
Pieris rapue, 216
Pigmentation, tt0. 82
Pignrent genes of Xotttrhtti,,;.,

cens,296-291
Pigments.  2 l  l .  273.  2 lS ' r



Osmolarity, 27'1
Osmotic pressure. 9,5
Ostrinia nubi lali s. 218
O ti or hync hus s ul cttt u.s. 2Ol-203. 233. 238
Oxidat ive damage, 130,  133
Oxygen ,  94 .95 .  102 ,  106 ,  l l l .  t i 3 .2 t4

P

Palaeodictyopteril. -53, see also specific
genera

Parasite guild, 2
Parasitoid/host dynamics, I 2
Passive dispersal ,  142
PCR, see Polymerase chain reaction
Peach borer moth, see Curposinu

nipponensis
Peat, I 78
Pecan weevil, see Curculio t 'aryue
Penetrat ion.  144-146
Peptidoglycans, 30-5, 307
Periplaneta antericana, 223. 303. 3 I5
Persistence. see Survival
Pest-in-first technique, 4
Pest ic ides,  4.  102,336,  see also speci l ' ic

types
Phagocytosis, 302
Pharyngeal pumping, 2-50
Phased host-seeking, 333
Phase-related characters, [J2
Phase variation, 79-ul
Phenodoxidase, 303
Pheno logy ,184
Phenoloxidase,  303,  30-5,  309.  313
Phenoloxidase substrate, 305
Phenotypic differences, 328
Pheromones, 243. 25 t, 2-53-2-5,5. 336
Phoretic hosts. 99, 100
P horimia te rranoyae, 30J
Phosphol ip ids,  l3 l .  133,  see also speci f ic

types
P hotohacterium phosphoreum, 293
pH of  soi l ,  9-5,  I  l0
Ph-vllotretu cruciferae, I8l, 209
Phylogenies, 63
P hvsa I opte ra ma"ri I luri s, 303
Physical stimulation. 123, 129
Pier is  rapae,216
Pigmentation, U0, tt2
Pigment genes of Xenorhabdus luntinc.s-

cens,296-291
Pigments, 21 1. 213. 278-280
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PIant  cor lntLrni t ics.  l - l  I
Plant-parasi t ic  nernutot lc : .  ( )J.  10 j .  l0-5.

t t l
Plant succession. .1,1 |
Plasmatocytes.  103.  .106.  lOq. I  I  l
P lasmids.  82.  28t t .  197- lef(
Plasmotocytes, 302
Plat'-pti la carduidat'tt ' la. l lJl. l l I
Polyacry lamides,  I  11 - l l  S.  scc ulso

specific types
Polyether-polyurethane tbanr. l78. 137. l-10
Polymerase chain react ion tPCRi.  7 l
Polysacchar ides,  174,  see also spccrf ic

rypes
Pcrlyurethane foam. 178. 231.24()
Popill ia .japonica, -54, l8l. l lt4. 20-l

damagc f rom, 195.  197
history of, 24
mi lky d isease and,  195
susccpt ib i l i ry  of ,  198

Populat ion bio logy,  33 l -337
Populat ion dynamics.  33,5-337
Populat ion genet ics,  330,  332
Post-colonization perfomance. I I
Posternbryonic development. 2-50-2-5 I
Post introductory phase,  l0- l  I
Potato beetle. Colorado, see Leptinotar.sa

det'cntlineata
Prc 'condi t ioning,  122,  123
Precl ic t ive bio logical  contro l .  l4- l  -5
Prr'dictive introduction stategies, 9
PreintrodLrctory phase, 9
Pro alencc.  332.  336
Prcr provis ion.  4
I)rintan fbrnt. 79
P r i tt t pltt tru crichsoni i, 219
Pr i r  atc cntcrpr ise.  340
Prohr t  una l r  s i s .  136
ProIr11g11, 11,  t r  idusc.  .1(  t5
Prophcnokrxidasc cascade. 302.  303.  306.

' r l ' )
Prophenolor  idase-cleaved pept idc.  306
Propr ictarv protect ion.  63
[ ) r ( ) t cuse \ .  t 3  1 .280 ,312 ,  see  a l so  spec i f i c

r \  pcs
Protcclants.  l7 l i .  see also speci f ic  t rpes
Protect ion.  see also speci t ic  tvpes

nru tua l .  120 ,  122
proprietary, 63

Pnrtein electrophoresis. 63-6-5. 69
Proteins. tl6. see also specific rvpcs

ant ibacter ia l .  301.  30,5.  307
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hemolymph, 306
intracellular, 27 I
opsonic. 302
total. 64, 6-5

Proteolytic enzymes, 3l l, see also specific
types

Protorthoptera, 53
Pseudaletia unipuncta, 209, 315
P seudomona s a e ru gi no sa, 31 5
Putrefaction, 281
Pyrrhalta luteola,2l9

a
Quality control, I 85-186, 236, 245, 338

Quarantines, 63, 234, 236

Quiesccnt  s late.  see Inact ive state

R

Radiation, see also specific types
so la r ,  93 ,  95 ,215
ultraviolet, 102, 253, 263

Raw liver extract (RLE), 160
Recycl ing,  100,  108- l  10,332
Red fire anl. see Soltrupsi.s inyit 'tu
Reductionist approaches, 9
Registration, 63
Rehydration, 133
Relarive humidity, 100, 122-125
Release, see also Introduction

inocu la t i ve ,  5 ,  9 ,  110
inundat ive,  ,5,  9,  I  l -13,  108-109
modified, 4
mult ip le-species,  I  l - l  3
s ingle-species,  I  l -12
strategies fbr, 4

Repellents, 146, see also specific types
Repetitive DNA restriction fragment length

di f fbrences (RFLDs),  66,  10,  71,  8-5,
330

Reproduction, 5 1 . 80
Restriction endonuclease analysis, 327
Restriction fragment length differences

(RFLDs).  66.  70,  71,  8.5,  330
Retention, 7tl 19
Reticuliternte.s spp., 207
RFLDs, see Restriction frament length

differences
Rhabditoidea, 63, 1 -5,5
Rhizoctonia cerealis, 131
Rhizotrogus majulis, 198

Rhopa I omv iu c a I iforni cu, 2
Ribosomal DNA. 6t i .84
Ribosomal RNA. 86
Rice water weevil, see Lissorhoptrus

rtrv:olthilu.s
R id ing .  143
Risk capi ta l .  l5 ' {
RLE, see Rar',, l iver extract
R N A

mitochondr ia l .  72
r ibosomal.  86

Roadside ver-ues. 3'1 I
Rodoliu curdinali.s. I
Romnnontcrni.s t ulit ivora.r. I 18. 303
Root mag-sots. see Dcliu spp.
Root weevils. 93. sce also Diaprepes

a bhr ey i atrr.s: H t I o biu s spp.:
Otirrlttuchtrs spp.

Rootworms. see Diubt'ctti( 'd spp.
com, see Diubroti<u spp.
western corn. see Diubrotit 'u virgiferu

Rotylenchulu.s ruti.frtrnris. I 20, 123

n

)

Saccharides. 130. see also specific types
Safety. -54--5tt
Sand. 239
Sandy soi l .  9-1.  l0-1.  l0-5.  I  l0
Surcophugu pe rc grirru, 307
Sarco tox ins .30T
Sawdust.  239
Sawflies, 219. see also Cephak'ia abietis,

Hymenoptera: specific types
larch. see Pristiphora erichsonii
web-spinrring larch, see C ephalcia

luriL ipltiltt
Scale. see also 1r'crya purchasi; specific

typcs
Scaptari.st us

spp . ,37 .  106 .  108 .  lB4 .20 l -208 ,  see
also Gryl lota lp idae

t ' ic i r t t r .s .  lJ9
Scarabaeidae.  l t i  1,  195,  l95-201, 332.  see

also specific genera; White grubs
Scarabaeids. 106. see also specific genera
S(histo(er((t ,qregaria, 303, 306, 3 l-5
Secondary fbrm. 79
Secondary rnetabolites, 21 1, 27 3-21 4,

218,280-281
Select ive breeding,  330
Sequence divergence, 329

Serine protease, 305. I l l
Sarrttt ia nturtc.st ctt.s. 3I)
Ses i i dae ,220 ,  see  a l so  ( ' l c r r r ' . .  -

specil-ic gcncfir
Sex detenninat ion.  2.56- l : , r .  - . '
S ib l ing species.  63.  318
Si l t ,  94,  106
Sintulium spp.. 22-5

Single-species introduct ion r  \ \  r
Sinusoidal  act iv i ty .  146
S low-dchydra t i ( )n  \ t r i r l cs i ' r  r .

Socia l  investrr rent .  l5J
So i l .  9 .1 -  |  I  I  .  see  a l so  r l re  .  r t  : .

aeration of, 94. 1 02. l lo
antagonists and,  102- l ( ts  I

carbon dioxide and. 9.1. t)... . '

d ispersal  in.  9-5-100
drying of. l 26
ertv i ronment of .  c)4 95.  I  1, ,
host- l inding an<I.  105- l ( ts
hosts and. 106 l0f3
infect iv i ty  and,  10-5 lOf i
inoculat ive re lease ant l .  I  l t  '

in terst i t ia l  spacres of .  l l0 .  l l ,
inundat ive re lease and.  l ( l \
nracrofabric of. I 26
moisture in,  sec Soi i  ntor : tL i r . . .
natural drying resilnes lirr '. l
natural  occurrence and.  I  l ( t
oxygen and, 94.  9-5.  l0 l
pesticides and, l0-l
pH ol ,  9-5.  I  l0
porcs of .  94.  95.  99.  105
porosity of. 98. 120
re -cyc l i ng  and .  l (X ) .  l ( )8 - l l '
structure of. 1 l9
su rv i va l  i n .  100-105
temperature o1' ,  scc Soi l  tcr l t ' r , :
t ex tu re  o1 ' ,9 t t .  l (X ) .  105-1 , , , ,
Lrppcr, I l8
water in, 94
watc r  ho l r l i ng  c l tp l t c r t r  r  r l  . r -  -

t20
water potent ia l  o l ' .  9-1.  I { t  I  i

Soi l -dwel l in-q ncrnal(x lc\ .  I  l r
Soi l - inhabi t ing insects.  l t )5 :

a lso speci t ' ic  t r  Jre :
ten.nites, 207
weevi ls ,  20I  107
whi te grubs.  lc) .5 l ( )  I

So i l  mo is tu rc ,94  9 ( r .  l ( t t , .
ellbcts of, 99. 2(X)
host- f inding and.  105 I  r  , ,



Serine protease.  30-5.  312
Scrratia mart'c.st t,rts, 3|2
Sesi idae,  220.  see also Clearwing moths;

specific genera
Sex determinarion. 256-259. 261
Sibl ing species.  63,  32u
S i l t ,  94 ,  t06
Sintuliuru spp.. 22-5
Single-species introducr ion (SSI) .  I  l_12
Sinusoidal  act iv ih, , .  146
Slow-dehydrar ion strategists.  I  17,  I  lu
Soc ia l  i nvcs tmenr .  153
Soi l ,  93- l  I  l .  see also speci f ic  types

aeration of. 94, 102, 120
antagonists and.  102_10-5,  I  l0
carbon dioxide and, 94, 95, l0-5
dispersal  in.  9.5-100
drying of .  I26
environment of .  94-9-5,  l l9
host- f inding and.  l05- l0g
hosts and.  106- l0u
int'ectivity and, I 05- I 0g
rnoculat ive re lease and,  I  l0
interst i t ia l  spaces of ,  120,  126
inundat ive re lease ancl ,  108_109
macrofabric of, 126
moisture in,  see Soi l  moisture
natural drying re-eimes for, 120
natural occurrence and, I l0
oxygen and. 9,1. 95. 102
pesticides and, t03
pH o f ,  9 -5 ,  l l 0
pores of. 94, 95 , 99, I 0-5
porosiry of, 98, 120
recycl ing and.  100,  l0g_l  l0
structure of, I l9
surv ival  in,  100-10-5
temperature of. see Soil temperature
texture of ,  98,  t00,  l05_106
upper, I I ll
water in, 94
water-holding capactty of aggregarc.s ot..

120
water porenr ia l  of .  94,  l0 l ,  10.5,  106

Soil-dwelling nematodes, I 20
Soi l - inhabi t ing insecs,  l95_210. 240.  sce

also specific types
termites, 207
weevils, 201-201
white grubs.  195-201

S o i l  m o i s t u r e , g 4 - 9 6 , 1 0 6 .  l l 0 .  1 2 0
e1-l'ects of, 99, 200
host- f inding and.  l0-5-  106

361

ut lectr \  r t - r  ; . rncl .  l0 . i_ 11;6
s u r v l r  a l  a n t l .  1 0 0  l ( ) 1 .  l ( X )

So i l  t e rnpcn l ru rc .  r ) J -96 .  99 .  l ( )6 .  I  I 0
appl icat iun r i r r rc arrr l .  lJ . l
ell 'ecrs o1'. l(X)
su rv i va l  anc l .  I  (X ) - l ( ) l

Sole nopsis i rn. ic tLt .  l  l {1.  lOl i
Sol id-phase nronoxc-nic cLr l turc: .  I  ( r  I  I  ( r - i
Southern blors.  310
Spat ia l  densi ty c lcpendencr.  l0
Speciation, 5l--5.1
Species recognition. 6-j
Species-speci f ic  probes.  6t t .  l19
Spec i f i c i t y ,  7 i_19 .333 .  3  j 7
Sperrnatozoa, -5 I
Sltltt'trophorus

l tu t ' : t r l us ,  184
.t t tt 1t tt' t' i.st. i, | 84

Sp i rac les .  106
.\ ' lttttlttptct-u

c . t i  q t ru .  l l  5 ,  209.  210.  216

lrtrgi l te' t ' t |u,302

I r t t t t ' u .  1 1 5 .  1 4 6

5prrrce br"rdworrrr,  see ( '  h or i  s t  ort e u rt t

I t r t t t i | <' t' tt t t tt i C I t ( ) r. i.\ t r ) | r (, t t t. ( t
ttt.t idcntulis

Squr rs l r  bug.  see Ar tasa  t r i s t i s
SSI .  sce  S ing le -spec ies  in t roduc t ion
S t a i r r i n g .  7 2 . 7 3

Strnt larcl izarion, l  f l -5-l  u 6, 236. 239
S t a n c l i n g .  I . 1 3

St l r r r  u t ion .  f -5u l

. \ tL i t t t ' t ' t tL ' t t t t t

r t l / i r r r . t . 1 9 .  3 6 .  3 t l .  8 6
(ut( )tndl i .  36. 3tt .  40. 64, 6-5. u. l

in  t leve lop ine  count r ies .  23g
rn lec t ron  by .  -5 t i

t l t ' < ' t t t t t  i t t . 3 6

h t  l t t t  t t t i . : .  l -5 .  68 .  69
I dt'l)()( ul).tu(,. -18, ,10

l e t l V a l l o n  o f .  1 4 6

a n h v r l n r b i o s i s  i n .  I  2 2 _ ] t 2 5 .  I l 7 .  1 . 1 0 .
l 3 l .  1 3 . 1 ,  1 7 8

lun tason is ts  and.  103,  l0 -5
app l icar ion  techno logy  an t l .  IE- l
a r lu l r i c  hab i ta t  and.  22-5
anlt\  \ \ ,ornts and. 2 l0
a r e n i c  c u l t u r e s  a n d .  l - 5 t ) _  l 6 l
bac tc r ia l  in te rac t ions  w i th .  . l . l  I
b e c t l c s  a n d , 2 0 8 ,  2 0 9
b iochemica l  adapta t ions  in .  l . l l
bioleouraphy of. -5zl

biology of. 33.5
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citrus weevils and, 206

clumping in,  120

cockroaches and,222
coiling in. 122

cryptic habrtats and, 220-222

description of, 29, 36

in developing countries, 238,244

dispersal of, 96, 99, 102

DNA of, 68
electrophoresis and, 85

exposure of to relative humidity, 122-

124
field applications of, 206

field survival of, 178

foliage-f-eeding insects and, 21 5-219
fbrmulation of , l l5, 116

fruit f1y and. 208
genetic improvements in, 330
grasshoppers and, 220

history of ,25
host-finding in, 144,2-53, 333
humoral encapsulation of, 308
immunological techniques and. 66
inact iv i ty  in,  141
infective juveniles of, 106
insect immunity and, 301

intraisolate variation within, 69

lif 'e cycles of, 250

manure habitat and. 223, 224
mole crickets and, 207
monoxenic cul tures and,  163,  164

mutants of  ,264
nictation in, 142, 143
nonself response and, 309-3 I I
penetration of, 146
pcst ic ides and,  103
phase variations and, [i0
prevalence of, 332
protcin clectrophoresis and. 64
recycl ing of ,  108
red fire ants and, 208
retention ol'. 79
rootworrns and, 209

soi f  and,  93.  9-5,  96,99
soil aeration and, 102

soi l  moisturc and.  100
soil temperature and, l(n-102

soi l  texture and,  100,  105

species-specific probes for, 329
specificity of. 78
S. J'eltiue cornpared to, 29

S. intcrmedia compared to. 36

S. scapterisL'l compared to, 37

storage of. 169
survival  of ,  100-103, 201

symbionts of. 8-5

tennites and. 207
wecvi ls  and.  203,  206,207
wh i te  g rubs  and .  198 ,  201

.felriuc. l-5. ltt. 64. 6-5. 69, 18

anhydrobiosis in,  124

biogcography o1'. 5,1
biolo-ey' ol'. -135
c lu r lp ing  in .  120
cryptic habitats and. 222
descr ipt ion o1' .  29
in devcloping courr t r ies.  2313

DNA and. 68.  l t3.  3 l t t
f ield applications of. 206

fbl iage-fceding insects and,  2 l  5,  219

mole crickets and. 207-20ti
monoxenic cul tures and.  164

moths and.  109
phase var iat ions and.  f lO
retention ol'. 79

soi l  ternperature and.  106.  108

soi l  watc-r  potc-nt ia l  and.  106
species-spccil ' ic probes for, 329
surv i va l  o l ' .  l 0 I .  130
symbionts of .  86

temperature ancl. 200
weevi ls  ancl .  106

gluser i .3 l t .  -10.  6-1.  65.  19.311-312
antagonists ancl .  103.  l0-5

appl icat ion technology and,  184
axenic cul turcs ancl ,  1-59,  160

beetles and. l0fi
b iouct l r : rupl t r  o l ' .  54
ci t rus vucevi ls  and,  206

c o i l i n c  i n .  I  l l .  l 4 l
conrnrercial production clf. 157

cryptic hlLritats trnd, 222
descr ipt ion ol ' .  28-29
in developing countr ies,  238
dispersal  of .  96.  gt t .  99.  102
D N A  o t . 6 t t
historl o1'. 2.1. 2-5
host- t ' inding in.  l4-5
infect ion by ' .  50
ffranure habitat and. 224
nictat ion in.  142
Popill iu .japonica and, 197
protein electrophoresis and. 64
soi l  and.  93.  95.  96.  98.  99

soi l  aerat ion and.  l ( ) l
soi l  tempcra(ure anr i .  l t , ,
so i l  t ex tu re  and .  l (X ) .  l t t :
specificity and. 7t{
S. anomali contparecl ttr. :,

success ol-, 199

surv i va l  o f ,  100 .  l 0 l .  l t t r  - -
weevils and, 206
white-fringed beetlcs antl -
whi te grubs and,  197.  l , t r  -
Xcturrltuhtlu.\ l)oin(tt t i It\u "

1 6 . 1 1
intermedia,36,  38,  40.  68.  r :

kraus,sei
in developing countr iE: .  I  : .

fbliagc-f-eeding insects lrnrl -
history of, 23, 24. 2ti
soil temperature and. I ltt
syrnbionts of, 85, 86

kushidai ,36,  37,  38.  40.  l . r r
rara,36-38, 40, 83
.srapter isc i ,37,  38,  40.  ,51.  l '  .

spp. ,  24,  28,  see also Srein,- , r :  . .
aquatic habitat and. 216
bacter ia l  mutual is ts in.  . l ( r \

3  15 -3  16
bioassays and, 33ti
biogeography of, 54
Caenorhahdilis e/e,qarr.r t,, 'r :

250
centers of origin o1. -i
in developing coruttrics. l-1
developnrent ol'. -5 I
DNA and, 6t i ,  32U. 3 le
es tab l i shment  o f .33 l
evolution of, -53
h is to ry  o f  , 24 .25
infection by. 4t3 -50
int'ective juvcniles of. -1 , : \

males of. 38 -40

rnortality curvcs for, lf i6
natural populations of. 5.1
natural variabil ity in. .l l,.t
protein electrophoreis lrrrtl :

registration rcquirentent c r,

342
reproduction of, -5 I
safety of, -54 5ti
sibling species ol'. -129
spermatozoa in. -5 I
taxononry of. 23
weevils and. 203



soil aeration and, 102
soil temperature and, I0l
soil rexture and. 100, 105
specificity and, 78
S. anomqli compared to, 36
success of, 199
survival  of ,  100,  l0 l ,  103,  201,332
weevils and, 206
white-fi inged beetles and, 203
whi te grubs and.  197.  l9g,  201
X e nor habdu s po i na r i i combined with.

1 6 , 7 l
rntermedia,36,  38.  40,  6g,  g3,  g6
kraussei

in developing countries, 23g
foliage-feeding insects and. 219
history of ,  23,  24,29
soil temperature and, l l0
symbionts of. 85. tt6

kush ida i ,36 ,  3 i ,38 .  40 ,  238
rara,36-38, 40, 83
scapter is t ' i ,37,  38.  40,  53,  20g
spp.,  24,  28,  see also Sreinememaridae

aquarrc habitat and. 226
bacterial mutualisrs in, 30g_3 I 3.

3 1 5 _ 3  l 6
bioassays and, 338
biogeography ol -54
C ae nrtr h a bdit i s el ega ns comparecl to.

250
centers of origin of, 3
in devefopin-q counrries, 211-2q2
development of, 5l
DNA and, 68, 328, 329
establishmenr of, 331
evolution of, -53
history of . 24. 25
inf'ection by, 4t3---50
infective juveniles of. 37_3g, 33-5
males of, 38--40
nrortality curves for, lg6
natural populations of, -53
natural variabil ity in, 329
protein electrophoreis and, 64_6-s
registration requirement exemptions fi)r.

312
reproduction of. ,5 I
safety of, -54-58
sibling species of. 329
spermatozoa in, 5l
taxonomy of. 23
weevils and, 203
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rvhi te- f  r ingecl  bcct les anr l .  l ( ) .1
whi te grubs ancl .  l9. i

Steinernentat ic lae.  i  l .  l . t .  sec also
.St t , i t t t , t . t t t , r t r r t  spp. .  spcei f ic  specics

a n h y d r o b i o s i s  i n .  I I E .  l l l  l 1 9
biology of. 48--5 |
systematrcs of . l_l_lt). .t6_ -+o
raxononlc problerns * ith. 6.i
taxonomy of. 24_lr). 36 _ _10

Steinemematicis, see S I t, i t t t, r. t r t, r r t, t..
Steinernematiclac

Stem-boring insects. 2,10. sec also spccific
types

St imulat ion,  123,  l2g
Storage, 168-169

commerc ia l ,  l l t i ,  124
in developing counrries, 237. l, l l . l, l5
formulation and, 173
for long periods, 342
remperarure of. 333, 335

Strains. 327-330, see also specific n,pes
b ioassays  and ,33g
senctic improvement of, 330_3-l I
na tu ra l .343

Strain-specific probes, 329
St ress .  l l j , l l t J ,  see  a l so  spec i f i c  t y -pes
Striped cucumber beetle, 209
Str ip harvest ing,  4
Structure

conrmunrty.  34 I
In regnr )  i n .  130
nrolecular .  134

Subpopulat ions.  336
Suhspecies.  63.  328
Substrates.  see also speci f ic  types

anhvclrohiosis on.  I  25- l2g
n ic ra r ion .  142-1 .13

SLrcrose extract ion.  333
Suclan d1.,es. 73
Sugarcane root stalk borer. see DiuJtt.cpt,.t

ubhreyiotus
SLrnl ieht .  9-1.  9-5.  21,5
S u r v i v a l .  1 0 3 .  t O l t .  l l 0 ,  3 3 1 .  3 3 2

deh-l'clration. see Anhyclrobiosis
c lensi tv and.  337
f ie ld .  I  18 .  lT t t
host  speci f ic i ty  and,  333
of inf 'ecr ive . juveni les,  140_ l -+ l
rn soi l .  I00-10-5
whi te grubs and,  201

Swar rn ing .  l 3 l
Sweat equiry.  l -53
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Sweetpotato weevil, see Ct,las lbrnicurius
elegantulns

Symbiot ic  bacter ia,  49,  -50,  145,  146,237,
see also specific types

Synanthedon tipul('ornti s, 233
Systematics, see also Taxonomy

of Heterorhabditidae, 40, 44-18
molecular techniques in, 63
of Steinemematidae, 24-29, 36---40

T

Tactile sensitivity, 140
Tawny mole cricket, see Scaplen.scus

vicinus
Taxonomy. see also Systemat ics

classical ,  8 l - t i2
DNA-based techniques in, 63
of Heterorhabditidac. 40, 44-48
methodologies in, 69-73
molecular techniques in, 63-6-5, 69-13
problems in, 63
of Steinernematidae. 24-29, 36---40
teaching of  in developing countr ies,23l
of Xenorhabdus spp., 8l-86

Technology development, I 5-5-l 57, 236-
a  a a
/  \ t

Temperature. 82, 125, 200
infection and, 332
inf'ectivity and, 334, 335
leaf-surface exposed nematodes and. 215
rcproduction and, 332
soil, see Soil temperature
stora,qe,  173,  333,  335
survival  and,  333

Temporal density dependence, l0
Termites. 106,201 . see also Reticuliterme s

spp.; specific types
Frrrmcrsan subterranean. see Coptote rmes

.forntosctttus
Tetradecanoic acid,  316
Tetraploids. 258
Tillage methods. 4
Total  DNA. 68
Total proteins. 64. 6-5
Tox ins ,  16 .11 ,312 .  see  a l so  spec i f i c  t ypes
Transfbrmation syster.ns, 28-5-286
Transnr iss ion,78,  336
Tree-boring cossid. see I Iok'ot'crcus

irtsuluris
Trehalose. 130

Turnip moth. see Agrotis segetunt

U
Ll l t ravio let  protectants,  178
Ultraviolet racliation. 102. 253, 263
Uncoorcl inatcd movements,  146
Upper  so i l  p ro f i l e ,  l l t l

V

Va l i c la t i on .  7 l
Vedalia bectle. see Rodolia t 'ardinalis
Venture capi ta l  investrnent .  1,54
Vermicu l i t e .  178 .  139
Viabi l i t -v" .  120.  see also Survival
Vibt'io

t' ischcri.2t)3
huryeyi .  )93
p ho,sp lt r tr t ' turr. 193

V i ru lence .  .31  l - l 16 .  11 .5 .  338
Vite l logcnesis.  l -59
Vulva developntcnt .  l -57

w
Water dynarnics.  l l0
Wate r  l oss .  l l l t - 110 .  12 .5 .  126

gradual ratc of. l -l I
rn natural  habi tats.  I  19

Water table.  l l0
Water weevils. rice. see Lissorhoptus

t  t rv -op h i l t r .s
Waving.  1.13
Wax motlrs. lE-1. see also Galleria

ntc I I t t nt I lu'. spectfic types
Web-spinning larch sawfly, see Cephult' iu

luriciphilu
Weevi ls .  l0 l -107.  see also speci f ic  types

black vinc. see Otiorltt.nchus sult,utus
ci t rus.  106
lartc pine. see Hr'lobirr.r ubietis
pecan. see C.rrrtulit) (urlue

nce water. see Li.ssrtrhoptrus or\':ophilus
root. see Root weevils
sweetpotato. sec ('r '/a.s fbrnicariLts

c le,qutttulu.s
Western com rootworm, see Diabrotit 'u

t' it 'gilt,rn
Western predatorl, mite, see Metusciulus

ot't ' identu lis

Western  spot te t l  cu t  un . ' ' :

D iubr t t l i t  L t  tu i t , ,

Western sprucc hrtt l tr  r ,r  r  .

lo r l (u fu  ( ) (  (  r t l t  t : : , ,

Whi te - f r inged bec t lc : .  . . .  ,

spp.
White grubs. lc)5-l{) l  r .  .

h a c i d a c :  \ | e i i l i ,  ' .

Whiteheacl sieve. -1.15

Whi tehead t ray  e  x tn r t  t r , , r :  '

Wind ,  99

Win ter  n ro th ,  see  ( - )1 t1 ' t , , ; , ,

W  i t  h  i r r - s p e c  i e s  v l t r  l t l r ,  ' r r .

X

Xeriorhabdins, see X't ' r t , , t  ,  .

Xe norhultdus

bctldingi i .  Tg-t i  l .  E.r 1i

b o v i e n i i .  T - 5 , 7 l i .  t t 0 .  \ l  ' '

lunt inascans

a lka l ine  meta l lopro te . : . .

an t im ic rob ia l  agent \  I . :  :

1 6

b u c l c r i t l p h a g c s  i t l . ' t '

b i o l u n r i n e  s c c n c e  u l r r l .  l - '

DNA and.  83

c lcc t rophorcs is  anr l .  \ '

ex t race l lu la r  cnz \  r ' l a \  . t

growth of ,  21)

herr-rolyrrrph and. - l  l :

f r o m  l r u m a n  c l i n i c u l  . . ' '

identi l ' icat ion ol ' .  , \  I

immuno logy  anr l .  N- l

insec t  imtnun i ty '  an t l .  : '

i so la t iun  o l ' .  27 I

l i p i d s  f r o m . . j 1 6

l ipopo lysacch i t r i c le  :  1 r '  :

luciferase of. l7- i

/rr,t ge:nc of'. 2flt3 l't'

nc ln luminc lus  s t r i t i l ' r  (  )1 .  - '

o l igonuc leo t i ( le  c l r l l r  l , ,  -

Phase vat ' iat i t- l l l  i l l .  
- l  \

P igmc-n t  gcnes  o l .  lL t t '

p igments  and.  l7 f i .  I '

plasrnids ancl.  l t)7

RNA and. t t- l

safety and. 54

spec i f i c i t y  anc l .  7 f

transformatior.r \ \  \ l rn .

ntegitlis, 83

ncntnto;thi lu.r.  7.5. 7(r.  
. ' '
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Western spotted cucumber beetle. see
D ia bro ti cu untle t, i ntp unc tu tu

Western spruce budworm, see Clor.r.t_
toneure occidentali.s

White-fiinged beetles, see ()raphognathus
spp.

White grubs,  l9-5-201.  see also Scara_
baeidae; specific types

Whitehead s ieve.  .1.15
Whitehead tray extracrions. 333
W i n d , 9 9
Winter moth. see Operophteru hruntata
With in-species var iar ion.  10,  l2

X
Xenorhabdins, see Xcnor.habtlus spp.
Xenorhabclus

beddi n gii. 1 9-81, 83-tt-5
bovieni i .  15.  i8,  80,  81.  I l3,  84.  u6
lLtminescen.s

alkaline metalloprotease fionr. 3 I l
antimicrobial agents producecl br. 7-5.

t6
bacteriophages in, -50
bioluminescence ancl ,  27g,  2g6.  2t t7
DNA and. U3
electrophoresis and, g,5

extracellular enzymes and, 2fi0
growth ct f  ,272
hemolymph and. 3 l -5
from human cl in ical  cases.  3 l l i
identification of. g l
immunology and. tj4
insect  immuni ty and,  301
isolar ion of  .  2 l  I
l i p i d s  f i o m , 3 1 6
lipopolysaccharicles from. 3 I 6
luciferase ol-.2i4
1u,r gene of. 28ft-29-5
nonluminous stra in of ,  278
oligonucleotide cataloging and. g-1
phase variation in. 79, g0
pigment genes of. 296-297
pigmenrs and,  278,  2t t0
plasmids and,29'7
RNA and, lt4
sal'ety and. -54
spccificity and. 7ll
transformarion systems in. 2u-5. lg6

megidis, S3
nenrutophi lu.s.  j5.16,7g.  79.  l t  I

c n  s t a l l i r r c  i n e  l u s i o r r s  l r n c l .  l g  I
DNA and.  8 - l

e lec t rophorcs is  un t l .  g .5

cx t race l lu la r .  r 'n , / , \  lne \  l rn r l .  l f i  I
g rowth  o t ' .  l7 l

hento l l ,n tph  anc l .  I  l5
humoral factr lrs altr l .  i  I  . l
immuno logv  ur rd .  gJ

in f 'ec t i vc  . juven i l cs  and.  l  -15

insec t  in t rnun i tv  anc l .  - l ( ) l
l i p ids  f iom,  . j  t6

l ipopolysaccharicles t j .orn. . t  I  (r

monoxen ic  cu l tu rcs  anc l .  167
nematode in te rac t iun  u i th .  - l - l I
o l igonuc leo t ide  ca ta log i r r - r :  ln t l .  E1
phase variat ion in. l l t )
p lasmids  and,297

RNA and, 84

transformation systems in. lg-5
virulencc mechanisrns ancl.  3 l l

1toitrari  i .  76-18, 80. g l ,  U3. l . i - l
r  i ru lence mech ln isnrs  i ln ( | .  - l  I  I  .  . l  l l

s p p . . - 5 .  2 6 , 4 9 ,  - 5 0 .  - 5 4 ,  I  l u .  l g t t .  2 l t _
282

ant ib iot ic  product ion by.  32g
antimicrobial agents producccl b1 . 7-5
brcteriopha-ues and, 29l- _29g
biology of. 7-5-tj I
b io lurnincscence and, 2 l  l .  2 i3.  211.

t7u.  286_287
contmcrcial prclduction of. l-57. l-5tt
DNA and. 329
in (i. nrt' l lonelle, 316
senet ic analysis anct .  26 I
qro\ \ , th of  .  27 l_27 3.  2g l_2g2
irnnruniry and.  30t t
in insccr host .  2 l l  l_282
iso la r ion  o f .  27 l -173
I ipopolvsacchar ic lcs f rorn.  3 I  6
nralntcnance of  .  2 l  l_2i3
rnonorenic cul tures and,  l6- l
p lasnr i t ls  and.  197_29tJ
sccondarv metabol i tes of  .  21 1.  l7 l_

t7+.  t78.  2t t0_2u l
specr l ' ic i t1 '  of  .  l j -79
la\on() ln\ '  <t f .  8 l_86
transforntat ion systents in.  lE-5_lE6
transnr iss ion of ,  78
vrrulcnce mechanisms of .  - l  I  l_  I  l6
,, ',,eevils and, 202

X-rav rnuragenesis.  260.  l6 j_164




