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Abstract - Composting is a controlled self-heating, aerobic solid phase biodegradative
process of organic materials. The process comprises mesophilic and thermophilic phases
involving numerous microorganisms. In several successive steps, microbial communities
degrade organic substrates into more stable, humified forms and inorganic products, gener-
ating heat as a metabolic waste product. Due to the complexity of substrates and intermedi-
ate products, microbial diversity and the succession of populations is a prerequisite to ensure
complete biodegradation. Due to the dynamic process, both in time and space (microhabi-
tats), which is reflected by constantly changing pH, humidity, oxygen partial pressure and
temperature it is extremely difficult to detect, albeit isolate, all the microorganisms involved.
Research on composts is also so difficult because the process can hardly be simulated in the
laboratory since all major gas and temperature fluxes are to a large extent determined by the
physical extension of the system. In this comprehensive survey of literature an inventory of
the mesophilic and thermophilic bacteria, actinomycetes and fungi isolated during several
phases of composting (including also self-heating organic materials) is presented.

Key words:. self-heating material, compost, microbial diversity, bacteria, actinomycetes,
fungi, degradation.

INTRODUCTION

Composting issensu strictoa self-heating, aerobic solid phase biodegradative
process of organic materials under controlled conditions, which distinguishes it
from natural rotting or putrefaction. From an etymological viewpdatt,com-
positum,it is a mixture of substrates that is biodegraded by a mixed microbial
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community. The ‘self-heating’ is due to heat liberation from microbial metabolic
activity:
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The heating-up during a composting process is determined by the degradability and
energy content of the substrates, the availability of moisture and oxygen, and the
mode of energy conservation (insulation, convective losses) (Finstein and Morris,
1975; Haug, 1993).

The organic substrates and bulking agents used in composting are mainly
derived from plant material. Carbon compounds serve as an energy source for micro-
bial maintenance and growth. The yield coefficient, that is the amount of C incorpo-
rated into the cells per unit degraded C, ranges from 10% to 35%, depending on sub-
strate energy content, degrading organism and environmental conditions.

Besides a C source, microorganisms require macronutrients such as N, P and
K, and trace elements for their growth. Nitrogen is a critical element for microbial
growth. If N is limiting during composting the degradation process will be slow. At
excess supply, N may be lost from the system as ammonia gas or through leaching
as nitrate. If we assume a microbial yield coefficient of 30%, and an average
microbial C/N content of 10, the theoretical optimum substrate C/N ratio would be
30. Indeed, in practice the optimum C/N ratio has been reported to range between
25 and 35 (Shilesky and Maniotis, 1969; Gedyal, 1971; Savaget al, 1973,;
Finstein and Morris, 1975; de Bertokli al, 1985; Fogarty and Tuovinen, 1991;
Golueke, 1991, 1992; Larsen and McCartney, 2000; Tuostelg 2000). During
the process the C/N ratio decreases significantly (see Figure 1) (Thaméirajah
1995) because part of the C is lost as,@fon microbial respiration while N is
recycled (Shilesky and Maniotis, 1969; Golueke, 1992).

Decomposition by microorganisms occurs predominantly in the thin liquid films
(biofilms) on the surface of the organic particles. If the moisture content drops below
a critical level (<30%), microbial activity will decrease and the microorganisms will
become dormant. On the other hand, a moisture content that is too high (>65%) can
cause oxygen depletion and losses of nutrients through leaching. In subsequent
anaerobic conditions the decomposition rate decreases and odor problems arise (de
Bertoldiet al, 1985; Fogarty and Tuovinen, 1991; Golueke, 1991; Tigual,

1996). However, even under optimal conditions, anaerobic microenvironments may
develop. For example, Atkinsat al. (1996¢) estimated that almost 1% of all the
bacteria found in municipal solid waste compost are anaerobic.

Under optimal conditions the composting process can be divided into four
phases: (i) an initial (first) mesophilic phase (10-42 °C), which may last for only a
few hours or a couple of days; (ii) a thermophilic phase (temperature 45-70 °C),
lasting a few days, several weeks (particularly in food wastes) or even months
(particularly in wood wastes); (iii) second mesophilic phase during which
mesophile organisms, often dissimilar to those of the first mesophilic phase, recol-
onize the substrates; and (iv) the maturation (or curing) and stabilization phase
which can last for several weeks to several months (Hoitink and Boehm, 1999;
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FIG. 1 — Typical process parameters and microbial abundance during composting. These
curves, including extension of the time axis, may vary to a great degree depend-
ing on factors such as substrate, outside temperature, moisture availabilty and
type of aeration or turning frequency.
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FIG. 2 — Temperature range of psychrotolerant, mesophile and thermophile organisms,
and their generation time (from: Insam and de Bertoldi, 2003).

Tuomelaet al, 2000; Insam and de Bertoldi, 2003). These phases may have con-
siderable overlap based on temperature gradients and differential temperature
effects on microorganisms (Fogarty and Tuovinen, 1991).

Different microbial communities predominate during the various composting
phases, each of which being adapted to a particular environmeniefGilay971;
Bagstam, 1978; Crawford, 1983). Primary decomposers create a physico-chemical
environment suited for secondary organisms, which cannot attack the initial sub-
strates, while metabolites produced by the one group can be utilized by the other
(crossfeeding) (Davist al, 1992; Golueke, 1992). The initial rapid increase of
temperature involves a rapid transition from mesophilic to thermophilic microflo-
ra (Niese, 1959; Corominag al, 1987; Falcon, 1987; Ryckeboet al, 2003).

Often, however, a disruption of the process is observed at temperatures between
42 °C and 45 °C. The initial mesophilic microflora is inhibited by the high temper-
ature, while the thermophilic populations have not yet developed and are below
their temperature optimum (see Figure 2). Only after a sufficient number of ther-
mophiles is generated, temperatures rise again. At temperatures exceeding 60 °C,
the optimum for most thermophiles is reached, and the system starts to limit itself
due to the inhibitory high temperatures (McKinley and Vestal, 1984). Hegpenay
seinhibit organisms (e.g. through enzyme inactivation) or may limit oxygen supply
(O, solubility in water is temperature dependent). If a good management is pro-
vided (i.e. regular aeration or frequent turning), the thermophilic stage continues
until the heat production becomes lower than the heat dissipation, due to the
exhaustion of easily degradable substrates. High temperatures support degradation
of recalcitrant organics such as lignocellulose, e.g. wood (Sjostrém, 1993; Tuomela
et al, 2000) and elimination of pathogenic and allergenic microorganisms (Wiley
and Westerberg, 1969; Finstein and Morris, 1975; Bollen, 1993; Herretain

1994; Thambirajalet al, 1995; Beffaet al, 1996a, 1996b; Bollen and Volker,
1996; Ryckeboeet al, 2002a). During the second mesophilic (cooling) phase
nutrients become a limiting factor, causing a decline in microbial activity and heat
output. During the maturation phase, the substrate quality further declines and
compounds such as lignin-humus complexes are formed that are not further
degradable.
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The length of the different composting phases depends on the nature of the
organic matter being composted and the efficiency of the process, which is deter-
mined by several factors such as starting materiglsupply, moisture content,
active turning and outside temperature.

Although composting is an ancient art, and very often works by itself, more
knowledge on the involved microbiota will help to improve the process, both
regarding its progress and the quality of the end-products that may be obtained.

Enumerations and isolations of microorganisms from composts have mostly
been performed on rich organic complex media (Kane and Mullins, 1973; Finstein
and Morris, 1975; Nakasakt al, 1985a, 1985b; Strom 1985a, 1985b; Hardy and
Sivasithamparam, 1989; Daws al, 1991; Beffaet al, 1996b; Choi and Park,
1998; Ryckeboeet al, 2003; Van Gestedt al, 2003). Later, techniques such as
measuring of ATP content (Gara@a al, 1992; Tsengt al, 1996), microbial bio-
mass (Derikxet al, 1990) and of potential metabolic abilities such as metabolic
fingerprinting became available (Insatal, 1996; Kersteret al, 1997). More
recently, methods have been introduced that do not require cultivation, e.g. direct
analysis of phospholipid fatty acid (PLFA) (Hellmaetnal, 1997; Herrmann and
Shann, 1997; Klamer and Baath, 1998) or DNA and RNA extraction (Hugenholtz
et al, 1998; Koschinsket al, 1998; Gurtneet al, 2000; Ivorset al, 2000; Alfrei-
deret al.,2002). Denaturing Gradient Gel Electrophoresis (DGGE) of PCR-ampli-
fied DNA fragments combined with the sequencing of relevant bands, Terminal
Restriction Fragment Length Polymorphism analysis (T-RFLP) of 16S (prokary-
otes) or 18S (eurkaryotes) rDNA genes and amplified ribosomal DNA restriction
analysis (ARDRA) are examples of the most recent methodological developments
in PCR-based detection techniques to analyze the diversity of microbial communi-
ties in self-heating materials (lvagsal, 2002; McSpadden-Garderadral, 2002;
Michel et al, 2002; Minzet al, 2002; Riddectet al, 2002; Robertst al, 2002;
Alfreider et al, 2002; Tiquia and Michel, 2002; Tiquét al, 2002). The use of
growth requiring culturing techniques is often disputed, while the culture-inde-
pendent molecular screening techniques will definitely detect numerous unique
microorganisms. Nevertheless, a few references clearly indicate that culturing stud-
ies still deliver non-overlapping information, consequently none of the two
approaches can claim to be superior to the other yet (Brarabdla 2001).

MICROBIAL COMMUNITIESDURING COMPOSTING

Substrates and communities

Quantitatively, the main components of organic matter are carbohydrates (e.g. cel-
lulose), proteins, lipids and lignin (as presented in Table 1). The capacity of
microorganisms to assimilate organic matter depends on their ability to produce the
enzymes needed for degradation of the substrate (Golueke, 1991, 1992tDavis
al., 1992; Tuomelet al, 2000). The composition of the microbial community dur-

ing composting is determined by many factors (Davil, 1992; Golueke, 1992).
Under aerobic conditions, temperature is the major selective factor for populations
and determines the rate of metabolic activities. The reports on the number of organ-
isms during the different phases of composting are contradictory (Table 2). While
some authors state that the total number of microorganisms does not significantly
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TABLE 2 —Approximate numbers of microorganisms during different phases of
composting (after Miller, 1993)

Organism Number

Bacteria in mesophilic stage %003 gl substrate
Bacteria in thermophilic stage 80012 glsubstrate
Actinomycetes, thermophilic stage 100° gl substrate
Actinomycetes, mesophilic stage 8110012 gL substrate
Fungi*, average value ?a.08 glsubstrate

* Due to the mycelial growth, actinomycete and fungal numbers are ambiguous.

change during composting (Atkins@t al, 1996a), other authors report higher
numbers for the mesophilic stage. There is agreement, however, that the composi-
tion of the community can vary during the different phases of the composting
process (Atkinsomet al, 1996a; Ryckeboest al., 2003). Only few studies describe

the diversity of prokaryotes and/or fungi during an entire composting process. For
example, Von Klopotek (1962) and Breitenbach (1998) examined the fungal diver-
sity during the composting of (source-separated) municipal solid waste, while
Strom (1985a, 1985b) and Beffaal (1996b) determined the diversity of prokary-
otes during the composting of (source-separated) municipal solid wastes. Rycke-
boeret al (2003) examined diversity and population densities of prokaryotes and
fungi throughout the whole composting process of source-separated household
wastes, i.e. from starting material to mature compost. Since starting material and
process conditions determine the community composition to a large degree, it is
difficult to generalize. Below, it is attempted to summarize the most typical micro-
bial features that characterize composting processes.

Starting phase - first mesophilic phase
Due to the heterogeneity of substrates, little is known on the original composition
of the waste microbial community. Only few authors report on microbial diversity
present in organic waste material. Von Klopotek (1962) isolated few mesophilic
fungi from fresh municipal solid waste at a temperature of 36 °C. Ryckebakr
(2003) found few mesophilic fungi in source-separated household waste, but
numerous thermophilic fungi and bacteria. During the initial phase of the com-
posting process the substrates are at ambient temperature and the pH is usually
slightly acidic (Figure 1). Mesophilic and/or thermotolerant fungi and bacteria are
the dominant active degraders of fresh organic waste materials (20-40 °C). Food
wastes containing vegetable residues often have a low initial pH (4.5 to 5.0), which
stimulates the proliferation of fungi and yeasts (Choi and Park, 1998; Rycletboer
al., 2003). These microorganisms rapidly break down soluble and easily degrad-
able carbon sources, resulting in a pH drop due to organic acids (Stutzeeberger
al., 1970; Grayet al, 1971, Finstein and Morris, 1975; Beéfaal, 1996b).
Ammonification causes an increase of pH favourable for bacteria that subse-
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quently out-compete fungi within a few hours or days. The high surface/volume
ratio of bacteria allows a rapid transfer of soluble substrates into the cell. Bacteria
are nutritionally also the most diverse group of compost organisms, using a broad
range of enzymes to chemically degrade a variety of organic materials. Also, the
average generation time of bacteria is much shorter than that of fungi which gives
them a competititive advantage during those phases of the composting process that
are characterized by rapid changes in substrate availability and other process
parameters (temperature, moisture, aeration etc.). As a result, numbers of bacteria
(including actinomycetes) are usually much higher than numbers of other microor-
ganisms, e.g. fungi (if total numbers are comparable at all). Consequently, bacteria
are responsible for most of the initial decomposition and heat generation in com-
post, provided that the major growth requirements are met. For bacteria, the opti-
mal moisture content ranges from 50 to 60% (Fogarty and Tuovinen, 1991;
Golueke, 1992), and they favor a near-neutral pH.

Actinomycetes develop more slowly than most bacteria and fungi and are
rather ineffective competitors when nutrient levels are high (Lacey, 1973; Hardy
and Sivasithamparam, 1989; Be#aal, 1996b; Hoitink and Boehm, 1999). A
wide range of prokaryotes produce amylase enzymes which enable them to
degrade starch (Table 3), also important during the initial phase (Fagan and Fergus,
1984; Diaz-Ravinat al, 1989; Domsclet al, 1993; Atkinsoret al, 1996b).

TABLE 3 — Overview of prokaryotes reported in compost and self-heating organic materi-
als at mesophilic and thermophilic temperatures

Organism* Temperature Source  Reference
phase** material***
Achromobactesp. m, t U w Strauch and de Bertoldi (1985);
Ogaweet al (1964)
Achromobacter xylosoxidans m A Mergaert, unpublished data
Acidovorax facilis m A Mergaertet al (1994a)
Acidovoraxsp. m U Mergaert and Swings (1996)
Acinetobactesp. m, t A, U Mergaert, unpublished data;
Droffneret al (1995)
Actinomycesp. ° t P, U Waksmaest al (1939a);
Golueke (1977)
Alcaligenes faecalis m, t u,Vv Coromina®t al (1987);
Droffneret al (1995)
Alcaligenessp. m P, Y Masanori and Kazuo (1998);
Rocha et al. (2002)
Amphibacillus xylanus | Nimuraet al (1990)
Arthrobacter ilicis ° m U Mergaertet al (1994a);
Mergaert and Swings (1996)
Arthrobactersp. ° m AV Corominast al (1987);
Beffaet al (1996b)
Azotobactesp. m Y Rochat al (2002)
(continued
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TABLE 3 — Overview of prokaryotes reported in compost and self-heating organic mate-
rials at mesophilic and thermophilic temperatufedw the previous page

Organism* Temperature Source  Reference

phase** material***
Bacillus amyloliquefaciens m, t A Ryckeboeet al (2003)
Bacillus badius m A Ryckeboeret al (2003)
Bacillus cereus m A, M, P,V Corominat al. (1987);

Hoitink and Fahy (1986);
Kaneshircet al (1995);
Ryckeboeret al (2003)

Bacillus circulans t D Strom (1985b)

Bacillus coagulans t A,D,O Fermoret al (1979);
Strom (1985b);
Koschinskyet al (1998);
Mergaert, unpublished data

“Bacillus denitrificans” t (0] Koschinskyet al (1998)

Bacillus licheniformis m, t A,D, G,O Strom (1985b); Ivoet al
(2000); Ryckeboegt al (2003)

Bacillus megaterium m, t U, Vv Coromina®t al (1987);

Mergaertet al (1994a);
Mergaert and Swings (1996);
Mergaert, unpublished data

Bacillus mycoides M Hoitink and Fahy (1986)
Bacillus oleronius m A Ryckeboeret al (2003)
Bacillus pallidus t U Blancet al (1997)
Bacillus pumilus m, t AV Corominat al.(1987);
Ryckeboeret al.(2003)
Bacillus schlegelii t A Beffaet al.(1996a,1996b)
Bacillus smithii t A, O Koschinskyet al.(1998);
Ryckeboeret al.(2003)
Bacillussp. m,t A, C,G, M, Corominat al.(1987); Hardy

U,W,Y and Sivisithamparam (1989);
Beffaet al.(1996b); Michel
et al.(1997b); Blanet al.
(1998); Choi and Park (1998);
Ogawaet al.(1998); Tuitert
et al.(1998); Mannixet al
(2001); Rochat al.(2002);
Ryckeboelet al.(2003)

Bacillus sphaericus m A, D, N,V Strom (1985b);
Corominaset al.(1987);
Seck and Kilbertus (1996);
Ryckeboeret al.(2003)

(continued
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TABLE 3 — Overview of prokaryotes reported in compost and self-heating organic mate-

rials at mesophilic and thermophilic temperatufelidw the previous page

Organism*

Temperature Source
phase** material***

Reference

Bacillus subtilis

Bacillus thuringiensis
Bacteroidessp.
Bradyrhizobiunsp.

Brevibacillus brevis
(syn.:Bacillus brevi3

Brevibacillus agri

Brevibacillus laterosporus
(syn.:Bacillus laterosporus)

Brevibacillus thermoruber
(syn.:Bacillus thermorubér

Brevundimonas diminuta
Brevundimonasp.
Caryophanon latum
Caulobactersp.

Cellulomonas cellulans °
Cellulomonas flavigena °
Cellulomonassp.
Chromobacteriunsp.
Chryseobacterium balustinum

m, t

3

3 3 3 3 3

(syn.:Flavobacterium balustinujn

Chryseobacterium gleum
(syn.:Flavobacterium gleuin

Citrobacter freundii
Citrobactersp.

Clostridiumsp.
Clostridium thermocellum
Comamonas testosteroni

Corynebacterium jeikeuirh

A, D, M, N, Fermoet al.(1979); Strom
0O, R, U,V (1985b); Hoitink and Fahy

O C <« >

c >

@]

fEo=<x>»>»cOCT™>

(1986); Corominast al.
(1987); Phaet al (1990);
Asaka and Shoda (1996);
Nakasakiet al.(1996);

Seck and Kilbertus (1996);
Ryckeboeret al (2003)

Ryckeboeret al.(2003)
Rocheet al.(2002)
Mannix et al (2001)
Strom (1985b)

Ryckeboeret al.(2003)
Mergaert, unpublished data

Manachiniet al.(1985)

Ryckeboeret al. (2003)
Mannixet al (2001)

Ivors et al. (2000)

Mannixet al (2001)
Ryckeboeret al.(2003)
Ryckeboer, unpublished data
Rochat al.(2002)

Fermoet al.(1979)

Hoitink and Fahy (1986);
Hoitink (1990)

Kaneshircet al. (1995)

Droffneret al.(1995)

Strauch (1987);
Masanori and Kazuo (1998)

Ogawet al.(1964);
Mannix et al. (2001);
Rochaet al.(2002)

Henssen (1957)

Mergaertet al.(1994a);
Mergaert and Swings (1996)

Andrewset al.(1994)

Ann. Microbiol.,53 (4), 349-410 (2003)
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TABLE 3 — Overview of prokaryotes reported in compost and self-heating organic mate-
rials at mesophilic and thermophilic temperatufedw the previous page

Organism* Temperature Source  Reference

phase** material***
Corynebacterium striatum °© m A Mergaert, unpublished data
Curtobacterium flaccumfaciens °©° m A Mergaert, unpublished data
Cytophagasp. m P Waksmaat al.(1939a)
Desulfotomaculum thermosapovorans t U Fardeatet al.(1995)
Enterobacter cloacae t M Hoitink and Fahy (1986);

Droffneret al.(1995)

Enterobactersp. m P, Y, U, G Strauch (1987);
Masanori and Kazuo (1998);
Rochaet al.(2002)

Enterococcus gallinarum U Droffneret al.(1995)
Enterococcusp. U Strauch (1987)
Escherichia coli m U, G Strauch (1987);
Droffneret al.(1995)
Flavimonas oxyzihabitans m A Andrewset al.(1994)
Flavobacterium johnsoniae m U Mergaertet al.(1994a);
(syn.:Cytophaga johnsonae Mergaert and Swings (1996)
Flavobacterium mizutaii m A Ryckeboeret al. (2003)
Flavobacteriunmsp. m (@) Fermoret al.(1979)
Geobacillus stearothermophilus  t A, D, O,W Fermoet al.(1979);
(syn.:Bacillus stearothermophilys Strom (1985b);

Fujio and Kume (1991);
Ryckeboeret al.(2003)

Geobacillus thermodenitrificans ~ t u Blancet al.(1997)
(syn.:Bacillus thermodenitrificars
Geobacillus thermoglucosidasius t AU Blancet al.(1997);
(syn.:Bacillus thermoglucosidasiys Ryckeboeret al. (2003)
Hydrogenobactesp. t A Beffaet al.(1996a,1996b);
Blancet al.(1998)
Janthinobacterium lividum M Hoitink and Fahy (1986)
Klebsiella pneumoniae m, t AU Droffneret al.(1995);
Andrewset al.(1994)
Klebsiellasp. G, U Strauch (1987)
Kocuria varians m A Ryckeboeret al.(2003)
Methanothermobacter t (0] Derikx et al.(1989)

thermoautotrophicus
(syn.:Methanobacterium
thermoautotrophicuin

Methylobacterium extorquens m A Andrewset al.(1994)
Methylobacterium organophilum m A Ryckeboeret al. (2003)
(continued
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Methylobacteriunsp. U Mannixet al.(2001)
Microbacterium flavcescens m N Seck and Kilbertus (1996)

(syn.:Aureobacterium flavescens
Arthrobacter flavescens

Micrococcus luteus ° m AN Ryckeboer, unpublished data;
Seck and Kilbertus (1996)

Micromonosporap. ° t P, U Waksmaet al.(1939a),
Golueke (1977)

“Micromonospora vulgaris” © t F K Erikson (1952);

Corbazet al.(1963)

Moraxella bovis m A Andrewset al.(1994)
Nitrobactersp m Y Rochaet al.(2002)
Nitrosomonasp. m Y Rochaet al.(2002)
Nocardia brasiliensis ° t (0] Fergus (1964)
Nocardia otitidiscaviarium ° m A Ryckeboeret al.(2003)
Nocardiasp. ° m, t P, Y Henssen (1957);
Rochaet al.(2002)
Paenibacillus lentimorbus m, t A Ryckeboeet al.(2003)
Paenibacillus macerans m, t A, O Ospina-Giraldet al.(1996);
Ryckeboeret al. (2003)
Paenibacillus pabuli m A Ryckeboeret al.(2003)
Paenibacillus polymyxa m A G J. Ryckeboer, unpublished data;
Ryckeboetet al.(2003)
Pantoea agglomerans M Hoitink and Fahy (1986)
(syn.:Enterobacter agglomerahs
Paracoccus denitrificans m A Beffaet al.(1996b);
Ryckeboeret al.(2003)
Paracoccus versutus m A Beffaet al.(1996b)
(syn.:Thiobacillus versutys
Paucimonas lemoignei m U Mergaertet al.(1994a);
(syn.:Pseudomonas lemoignei Mergaert and Swings (1996)
Phyllobacterium rubiacearum m A J. Mergaert, unpublished data
“Plectridia” sp. t P Waksmaet al.(1939a)
Propionibacteriunsp. U Mannixet al (2001)
Proteus hauseri U Strauch (1987)
(syn.:Proteus vulgariy
Proteus mirabilis U Strauch (1987)
Pseudoaltermonas haloplanktis m U Mergaert and Swings (1996)

(syn.:Alteromonas haloplankis

(continued
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Pseudomonas aeruginosa M Hoitink and Fahy (1986)
Pseudomonas alcaligenes m AU Mergaertet al.(1994a);

Mergaert and Swings (1996);
Ryckeboeret al.(2003)

Pseudomonas balearica m A Ryckeboeret al.(2003)
Pseudomonas fluorescens m A'M Hoitink and Fahy (1986);
Andrewset al.(1994)
Pseudomonas mendocina m AU Mergaert and Swings (1996);
J. Mergaert, unpublished
Pseudomonas pseudoalcaligenes m AU Droffneret al.(1995);
J. Mergaert, unpublished
Pseudomonas putida m A'M Hoitink and Fahy (1986);
Andrewset al.(1994)
Pseudomonasp. m A, G, M, O, Fermoet al.(1979);

P,U,V  Corominast al.(1987);
Strauch (1987); Hardy
and Sivisithamparam (1989);
Beffaet al.(1996b);
Masanori and Kazuo (1998);
Tuitertet al.(1998);
Mannix et al. (2001)

Pseudomonas stutzeri m, t A, M, O Hoitink and Fahy (1986);
Andrewset al.(1994);
Koschinskyet al.(1998)

Reichertet al.(1998)
Henssen (1957)
Reichertet al.(1998)
Fergus (1964)
Andrewset al.(1994)
J. Mergaert, unpublished data

A G Ryckeboekt al.(2003);
J. Ryckeboer, unpublished data

Pseudonocardia asaccharolytica °m
Pseudonocardiap. ° t
Pseudonocardia sulfidoxydans © m
Pseudonocardia thermophifa t
Psychrobacter immobilis m

m

m

> > 0Z g Z

Rathayibacter tritici ©
Rhodococcus rhodochrous °

Rhodococcusp m Y Rochaet al.(2002)

Rhodovulum adriaticum m A J. Mergaert, unpublished data

Saccharomonosporsp. ° t O Amnetet al.(1988)

Serratia entomophila m A Andrewset al.(1994)

Serratia marcescens m A, U Andrewset al.(1994);
Droffneret al.(1995)

Serratiasp. m o, U Fermoret al.(1979),

Strauch (1987)

(continued
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Sphingobacterium thalpophilum m P Kaneshircet al.(1995)
Staphylococcus intermedius t A Ryckeboeret al. (2003)
Staphylococcusp. m PU Kaneshircet al. (1995);
Mannixet al (2001)
Stenotrophomonas maltophilia  m A M Hoitink and Fahy (1986);
(syn.:Xanthomonas maltophilja Hoitink (1990);
Andrewset al.(1994)
Streptomyces fradiae ° t K Corbazet al.(1963)
Streptomyces griseoflavus ° t K Corbazet al.(1963)
“Streptomyces rectus” ° m, t 0] Fergus (1964)
Streptomycesp. ° m, t A, D, O, U Henssen (1957); Golueke

(1977); Fermoet al.(1979);
Strom (1985b); Strauch
(1987); Amnert al.(1988);
Mergaertet al.(1994a);
Mergaert and Swings (1996);
Breitenbach (1998);
Ryckeboeret al.(2003)

Streptomyces thermoviolaceus °© 't B, O Fergus (1969);

Gangwaret al.(1997)
Streptomyces thermoviolaceus  t K, O Corbazet al.(1963);
subspapingens ° Fergus (1964)
Streptomyces thermovulgaris ° t (0] Fergus (1964);

Fermoret al.(1979)
Streptomyces violaceoruber ©°  m, t (0] Fergus (1964)
Symbiobacteriursp. t U Uedeet al.(2002)
Symbiobacterium thermophilum  t U Ohnoet al.(2000)
Terrabactersp m Y Rochaet al.(2002)
“Thermoactinomyces glaucus” ° m, t (0] Fergus (1964)
Thermoactinomycesp. ° t D, 0,P Henssen (1957);

Atrom (1985a, 1985b);

Amneret al.(1988)
Thermoactinomyces vulgaris °©° m, t (0] Fergus (1964);

Fermoret al.(1979)
Thermobifida fusca m, t G, 0 Fergus (1964);
(syn.:Thermomonospora fusgé Kleeberget al.(1998)
Thermocrispum agreste m, t (0] Korn-Wendisclet al.(1995)
Thermocrispum municipale m, t B Korn-Wendisctlet al. (1995)
Thermocrispunsp. m, t B Korn-Wendisctlet al. (1995)
Thermomonospora curvata m, t B, O Fergus (1964);

Gangwaret al.(1997)

(continued

Ann. Microbiol., 53 (4), 349-410 (2003) 363



TABLE 3 — Overview of prokaryotes reported in compost and self-heating organic mate-
rials at mesophilic and thermophilic temperatufedw the previous page

Organism* Temperature Source  Reference
phase** material***
Thermomonosporsp. ° t O,P Henssen (1957);
Amneret al.(1988)
“Thermomonospora viridis” ° t O Fermoret al.(1979)
“Thermopolyspora polyspora” t K, O Corbazet al.(1963);
Fergus (1964)
“Thermopolyspora glauca” t K Corbazet al.(1963)
“Thermopolyspora’sp. t P Henssen (1957)
Thermussp. t AW Fujio and Kume (1991);
Beffaet al.(1996b, 1996c¢)
Thermus thermophilus t A Blancet al.(1998)
Variovorax paradoxus m U Mergaertet al.(1994a);
Mergaert and Swings (1996)
Xanthobactesp. m AY Beffaet al.(1996b);

Rochaet al.(2002)

The majority of the species presented in this table were isolated on rich organic complex
media.

* The most recent names are given. When older synonyms were cited in the referenced lit-
erature, these are given in parenthesis. Species names between brackets have not been list-
ed on the Approved Names of Bacterial Names (Skeehah, 1980) or have not been
subsequently validly published or validated. Taxa (or their older synonyms) assigned to the
actinomycetes by Goodfellow (1989) are marked with °.

** Temperature phase: m = mesophilic; t = thermophilic; prokaryotes are classified as
mesophiles and thermophiles if their optimal growth temperatures are moderate (20-40 °C)
or high (> 40 °C); respectively.

*** Source material: A = kitchen and garden waste (= vegetable, fruit and garden waste;
leaves, grass and food waste; source-separated household waste); B = municipal solid
waste; C = food waste and sawdust; D = kitchen waste and shredded newspapers; F = grass
compost; G = garden waste; | = compost of manure, grass and rice straw; K = moldy hay;
M = hardwood bark; tree bark; eucalyptus bark; N = peanut shells; O = mushroom com-
post; P = horse manure; dairy cattle manure; manure (several origins); Q = poultry litter;

R = sludge, barks (chicken manure and wood chips) and garbage; U = compost (origin not
defined); V = agricultural waste; W = sewage sludge; Y = cattle manure and forestry
wastes.

Thermophilic phase

As soon as moisture decreases, temperature rises above 30 °C and the substrates
become more alkaline, actinomycetes, in particular streptomycetes, strive. They
cause the characteristic earthy smell of soil and compost by production of
geosmine, which are sesquiterpenoid compounds. Actinomycetes compete with
other organisms for nutrients and can inhibit microbial growth by production of
antibiotics, lytic enzymes or even by parasitism. They play an important role in
composting by degrading natural polymers and colonize organic material after bac-
teria and fungi have consumed easily degradable fractions. Their enzymes enable
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Absidia corymbifergCohn) m, t B, J, O, G Von Klopotek (1962);
Saccardo & A. Trotter 1912 Chang and Hudson (1967);
(syn.:Mucor corymbifer Knoesel and Resz (1973);
Cohn 1884) Upreti and Joshi (1984);
Anastaskt al.(2002)
Absidia orchidisvuillemin 1908 m (0] Upreti and Joshi (1984)
Absidia ramosdLindt) t E, O de Bertoldet al (1983);
Lendner 1908 Upreti and Joshi (1984)
Absidiasp. m B \on Klopotek (1962)
Acremoniellasp. t H Waksmaret al.(1939a)
Acremonium atrogriseum m A Breitenbach (1998)
(Panasenko) W. Gams 1971
Acremonium breve X Anastaskt al.(2002)
(Sukapure & Thirumalachar)
W. Gams 1971
Acremonium butyri (0] Fagan and Fergus (1984)
(van Beyma) W. Gams 1971
Acremonium charticola G Anastaskt al.(2002)
(Lindau) W. Gams 1971
Acremonium chrysogenum m A, G, X  Breitenbach (1998),
(Thirumalachar & Sukapure) Anastasial. (2002)
W. Gams 1971
Acremonium furcatuni970 m A J. Ryckeboer, unpublished data
(F. & V. Moreau) ex W. Gams
Acremonium kiliens€ritz 1925 m A Breitenbach (1998);
(syn.:Cephalosporium kiliense J. Ryckeboer, unpublished data
(Gritz) Hartmann)
Acremonium murorur(Corda) m E de Bertoldit al. (1983)
W. Gams 1971
(syn.:Gliomastix murorum
(Corda) S. Hughes 1958)
Acremonium sclerotigenum G, X Anastaset al.(2002)
(F. & V. Moreau ex Valenta)
W. Gams 1971
Acremoniunsp. m A, G, O, X Fagan and Fergus (1984);
Breitenbach (1998);
Anastasket al.(2002);
Ryckeboeret al. (2003)
Acremonium strictum m A, G, H, X Eastwood (1952);
W. Gams 1971 Breitenbach (1998);
Anastaskt al.(2002)
Acremonium thermophilum m, t A J. Ryckeboer, unpublished data

W. Gams & Lacey 1972
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Acremonium verruculosum
W. Gams & Veenbaas-Rijks
1971

Acrodontium griseum
(Fassatiovd) de Hoog 1972
Acrophialophora fusispora
(S.B. Saksena) Samson 1970

Actinomucor elegans
(Eidam) C.R. Benjamin
& Hesseltine 1957
(syn.:A. repens
Schotstakowitsch. 1898)

Actinomucorsp.

Agaricus bisporugJ. Lange)
Imbach (syn.Agaricus
brunnescen®eck)

Aleurismasp.

Alternaria alternata
(Fries: Fries) von Keissler 1912
(syn.:A. tenuisNees 1822)

Alternaria sp.

Aphanoascus terreus
(Randhawa & Sandhu) Apinis

Apiospora montagnei
Saccardo 1875

Armillaria mellea
(Vahl: Fries) P. Kummer 1871

Arthrinium phaeospermum
(Corda) M.B. Ellis 1965

Arthrobotrys amerospora
S. Schenclet al.1976

Arthrobotrys oligospora
Fresenius 1850

Arthrobotryssp.

Ascodesmis microscopica
(Crouan) Seaver

X Anastasket al.(2002)

G Anastaskt al.(2002)
G, X Anastaset al.(2002)

A, G Domsch (1960b);
Von Klopotek (1962);
Breitenbach (1998)

B Von Klopotek (1962)
(0] Fagan and Fergus (1984)

B Von Klopotek (1962)

A, B, E, F, Eastwood (1952);
G, J, X  Von Klopotek (1962);
Chang and Hudson (1967);
de Bertoldiet al. (1983);
Breitenbach (1998);
Anastaskt al.(2002)

P, Y Waksmasat al.(1939a);
Rochaet al.(2002)

X Anastasket al.(2002)

X Anastaskt al.(2002)

E de Bertoldiet al (1983)
G Domsch (1960a)

A Breitenbach (1998)

A, E, G, O de Bertoldét al (1983);
Fagan and Fergus (1984);
Domschet al (1993);
Breitenbach (1998)

B, G Von Klopotek (1962);
Chamuriset al. (2000)

G Anastasket al.(2002)
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Ascotrichasp. m B Von Klopotek (1962)
Aspergillus candidukink: Fries m A, G, J, X Domsch (1960a);
Chang and Hudson (1967);
Anastasket al.(2002);
Ryckeboeret al. (2003);
J. Ryckeboer, unpublished data
Aspergillus clavatus m B Von Klopotek (1962)
Desmaziéeres 1834
Aspergillus erythrocephalus m F Malik and Sandhu (1973)
Berk. & Curtis 1869
Aspergillus flavipes m (0] Upreti and Joshi (1984)
(Bain. & Sart) Thom & Church
Aspergillus flavudink 1821 m (0] Upreti and Joshi (1984)
Aspergillus flavus G, X Anastaset al.(2002)
var. columnaris
Raper & Fennell 1965
Aspergillus flavuyar. flavus G Anastaskt al.(2002)
Link: Fries 1809
Aspergillus fumigatuBresenius m, t A, B, D, E,Eastwood (1952); Von
1863 F,J,L, M, Klopotek (1962); Fergus (1964);
o,uU Chang and Hudson (1967);
Stutzenbergest al.(1970);
Knoesel and Resz (1973);
Malik and Sandhu (1973);
Golueke (1977);
Fermoret al.(1979);
de Bertoldiet al (1983);
Upreti and Joshi (1984);
Strom (1985b);
Campbelket al.(1990);
Mergaertet al.(1994a);
Beffaet al.(1996b);
Lott Fischer (1996);
Mergaert and Swings (1996);
Breitenbach (1998);
Chamuriset al.(2000)
Aspergillus fumigatus m A, G, X Breitenbach (1998);
var. ellipticus Anastasket al.(2002)
Raper & Fennell 1965
Aspergillus fumigatus m A, G, X  Breitenbach (1998);
var. fumigatusFresenius 1863 Anastast al. (2002)
Aspergillus melleu¥ukawa m B Von Klopotek (1962)
1911 (syn.Aspergillus quercinus
(Bainier) Thom & Church 1926)
Aspergillus nidulangEidam) m A Breitenbach (1998)

G. Winter 1884
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Aspergillus nigevan Tieghem m B,F, G, Von Klopotek (1962);
1867 0, X Malik and Sandhu (1973);
Upreti and Joshi (1984);
Chamuriset al. (2000);
Anastasket al.(2002)
Aspergillus orchraceous m G, O, X  Upreti and Joshi (1984);
Wilhelm 1877 Anastast al.(2002)
Aspergillus oryza®ar.oryzae G Anastaskt al.(2002)
(Ahlburg) Cohn
Aspergillus parasiticuSpeare m (0] Upreti and Joshi (1984)
1912
Aspergillus puniceus X Anastasket al.(2002)
Kwon & Fennell 1965
Aspergillus rube Kon. Spieck. m (0] Upreti and Joshi (1984)
& Bremer) Thom & Church 1926
Aspergillussp m, t A, B, E, F, Eastwood (1952); Henssen
G, M, N, P, (1957); Von Klopotek (1962);
X, Y de Bertoldiet al. (1983);
Chung and Hoitink (1990);
Seck and Kilbertus (1996);
Breitenbach (1998); Anasteed
al. (2002); Rochat al.(2002);
Ryckeboeret al. (2003);
J. Ryckeboer, unpublished data
Aspergillus sulphureus X Anastasket al.(2002)
(Fresenius) Thom & Church
Aspergillus sydowi{Bain. m (0] Upreti and Joshi (1984)
& Sart) Thom & Church 1926
Aspergillus terreudhom 1918 m, t F, J,0 Eastwood (1952);
Upreti and Joshi (1984)
Aspergillus terreusar. africanus G Anastaskt al.(2002)
Fennell & Raper 1955
Aspergillus terreuvar.terreus G, X Anastaset al.(2002)
Thom
Aspergillus versicolor m A, D, G,M Domsch (1960b);
(Vuillemin) Tiraboschi 1926 Chang and Hudson (1967);
Breitenbach (1998);
Anastaskt al.(2002)
Aspergillus wentiwehmer 1896 G Anastast al.(2002)
Aureobasidium pullulans m FE G, O Malik and Sandhu (1973);

(de Bary) Arnaud 1910

Fermet al.(1979);
Chamuriset al. (2000)
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Aureobasidium pullulans
var. pullulans(de Bary) Arnaud

Aureobasidiunsp.

Beauveria bassian@Balsamo)
Vuillemin 1912

Beauveria brongniartii
(Saccardo) Petch 1926

Beauveria felingdde Candolle:
Fries) Carmichael 1980
(syn.:lsaria cretaceavan Beyma)
Botryosporiunsp.

Botryotinia fuckeliana

(de Bary) Whetzel 1945
(alternative state dBotrytis
cinereaPersoon: Fries)

Botryotrichum piluliferum
Sacc. & March. 1885

Botryotrichumsp.

Botrytis cinereaPersoon
Ex Nocca & Balb. 1822

Botrytissp.

Candida kruse{Castellani)
Berkhout 1923 (alternate state
of Issatchenkia orientalis
Kudrjanzev 1960)

Candida tropicaligCastellani)
Berkhout 1923

Cephaliophora irregularis
Thaxter 1903

Cephaliophorasp.

Cephaliophora tropica
Thaxter 1903

Cephalosporiunsp.

m

m

X

A B, E G,
H, O, P

Anastaskt al.(2002)

Chang and Hudson (1967)
Anastasit al.(2002)

Anastaskt al.(2002)

Von Klopotek (1962)

Golueke (1977)
Anastaskt al.(2002)

de Bertoldet al (1983);
Fagan and Fergus (1984);
Breitenbach (1998)

Fagan and Fergus (1984)

Fermet al.(1979);

Breitenbach (1998);
Chamuriset al. (2000)
Von Klopotek (1962)

Peterst al.(2000)

Peterst al.(2000)
Von Klopotek (1962)

Ryckeboeet al.(2003)

Von Klopotek (1962);
de Bertoldit al. (1983)

Waksmaet al.(1939a);
Eastwood (1952);
Von Klopotek (1962);
Fermoret al.(1979);
de Bertoldiet al. (1983);
J. Ryckeboer, unpublished data
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Chaetomidium fime{iFuckel)
Saccardo 1882 (synThielavia
fimeti (Fuckel) Malloch & Cain
1973)

Chaetomium bostrychod&epf
1877

Chaetomium funicol€ooke 1873 m
(syn.:Chaetomium
dolichotrichumL. Ames 1945)

Chaetomium globosu#unze: m
Fries

Chaetomium indicur@orda 1840 m

Chaetomium nigricoloL. Ames
1950

Chaetomium olivaceum m
Cooke & Ellis 1878

Chaetomiunsp. m
Chaetomium thermophile t

var. coprophile
Cooney & Emerson 1964

Chaetomium thermophile t
var. dissetum
Cooney & Emerson 1964

—

Chaetomium thermophilum
La Touche 1950

Chrysosporium indicum
(Randhawa & Sandhu) Garg 1965

Chrysosporium merdarium
(Link: Fries) Carmichael 1962

Chrysosporium queenslandicum
Apinis & Rees 1976

Chrysosporium tropicum
Carmichael 1962

Circinella umbellata m
van Tieghem & le Monnier 1873

G

E,GY

@]

om
ce

Domsch (1960b)

Anastaskt al.(2002)

Von Klopotek (1962);
Anastaskt al.(2002)

Eastwood (1952);
Malik and Sandhu (1973);
Anastaskt al.(2002)

Von Klopotek (1962)
Anastagst al.(2002)

Bothaet al.(1990)

de Bertoldit al. (1983);
Chamuriset al. (2000),
Rochaet al.(2002)

Upreti and Joshi (1984)

Upreti and Joshi (1984)

Von Klopotek (1962);
Fergus (1964);

Chang and Hudson (1967);

Fergus (1969);

Kane and Mullins (1973);

Golueke (1977);

Fermoret al.(1979);

de Bertoldiet al (1983)

Anastaskt al.(2002)
Anastasket al.(2002)
Anastaskt al.(2002)

Anastaskt al.(2002)

Von Klopotek (1962)
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Cladosporium chlorocephalum G Anastaskt al.(2002)

(Fresenius) Mason & M.B. Ellis

Cladosporium cladosporioides m A, B, G, Von Klopotek (1962);

(Fresenius) de Vries 1952 0, X Upreti and Joshi (1984);
Breitenbach (1998);
Anastaskt al.(2002)

Cladosporium herbarum m A, G,J, Chang and Hudson (1967);

(Persoon: Fries) Link 1821 O, X Fermetral. (1979);
Breitenbach (1998);
Anastasket al.(2002);
J. Ryckeboer, unpublished data

Cladosporium oxysporum G, X Anastaset al.(2002)

Berkeley & Curtis 1868

Cladosporiunsp. m B,Y Von Klopotek (1962);
Rochaet al.(2002)

Cladosporium sphaerospermum G, X Anastaset al.(2002)

Penzig 1882

Clitopilus pinsitugFries) m J Chang and Hudson (1967)

Josserand

Clonostachys rose@.ink: Fries) m A Breitenbach (1998)

Schroers, Samuels,

Seifert & W. Gams 1999

Clonostachys solarfHarting) m A Breitenbach (1998)

Schroers & W. Gams

Coniothyrium fuckeliBaccardo G, X Anastast al.(2002)

1878

Coniothyrium sporulosum G Domsch (1960b)

(W. Gams & Domsch)

van der Aa 1977

Coonemeria crustace@pinis t B Kane and Mullins (1973)

& Chesters) Mouch. 1997

(syn.:Dactylomyces crustaceus

Apinis & Chesters 1964)

Coprinus cinereugSchaeffer: m, t E,J, O Chang and Hudson (1967);

Fries) Gray 1928 de Bertoldt al (1983);

(syn.:Coprinus delicatulug\pinis 1965) Fagan and Fergus (1984);
Straatsmaet al.(1994);
Tuomelaet al.(2000)

Coprinus congregatu@Bulliard) (0] Fagan and Fergus (1984)

Fries

Coprinus domesticus (0] Fagan and Fergus (1984)

(Bolton: Fries) Gray 1821
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Coprinussp. m B,J, O Von Klopotek (1962);
Chang and Hudson (1967);
Fagan and Fergus (1984)
Corynascus sepedonium m G, O, X Fagan and Fergus (1984);
(C.W. Emmons) von Arx 1973 Chamussal.(2000);
(syn.:Thielavia sepedonium Anastaskt al.(2002)
Emmons 1932)
Cunninghamella elegans X Anastaskt al.(2002)

Lendner 1908
Curvularia harveyiShipton 1966 m

Curvularia pallescen8oedijn m
1933

Cylindrocarpon destructans m
(Zinssmeister) Scholten 1964
Cylindrocarpon lichenicola m

(C.B. Massalongo) Hawksworth
1979 (syn.C. tonkinense
Bugnicourt 1939)

Cylindrocarponsp. m
Dactylaria sp. m
Doratomyces mediy$acc.) m

Matsush. 1980

Doratomyces microsporus
(Saccardo) Morton & Smith 1963

Doratomyces purpureofuscus
(Schweinitz: Fries)
Morton & Smith 1963

Doratomycesp. m

Doratomyces stemonitis m
(Persoon: Fries)

Morton & G. Smith 1963
(syn.:Stysanus stemonitis
(Persoon: Fries) Corda 1837

Emericella nidulangEidam) m, t
Vuillemin 1927 (anamorph:
Aspergillus nidulangEidam)

Winter 1884)

Emericella nidulanwar. nidulans
(Eidam) Vuillemin

G Chamuret al.(2000)
(0] Upreti and Joshi (1984)

G Chamuriset al.(2000)

A Breitenbach (1998)

G Chamurist al. (2000);
Anastaskt al.(2002)

A Ryckeboeet al.(2003)
Breitenbach (1998)

>

G, O,P Domsch (1960b); Fagan and
Fergus (1984); Donestchl.

(1993); Anastaset al.(2002)

B, O, X  Morton and Smith (1963);
Fagan and Fergus (1984);
Domscht al.(1993);
Anastaskt al.(2002)

E de Bertoldiet al (1983)

A, B, G,J Domsch (1960b);
Von Klopotek (1962);
Chang and Hudson (1967);
Breitenbach (1998)

E, G,J, 0 Domsch (1960a);
Chang and Hudson (1967);
de Bertoldet al (1983);
Upreti and Joshi (1984);
Chamuriset al. (2000)

X Anastaskt al.(2002)
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Emericella quadrilineata m B Von Klopotek (1962)
(Thom & Raper) C.R. Benjamin

1955 (anamorphAspergillus

quadrilineatusThom & Raper

1939)

Engyodontium alburfLimber) X Anastaset al.(2002)
de Hoog 1972

Epicoccum nigruntink ex Link m A, B, G, X Domsch (1960b);

1825 (syn.E. purpurascens Von Klopotek (1962);

Ehrenberg ex Schlecht 1824) Breitenbach (1998);
Anastaskt al.(2002)

Eremascus fertiliStoppel 1907 G Anastast al. (2002)

Eurotium amstelodaniangin m E, G, J, X Chang and Hudson (1967);

1909 (syn.Aspergillus de Bertoldiet al (1983);

amstelodam{Mangin) Anastaset al. (2002)

Thom & Church 1926)

Eurotium chevalierMangin 1909 X Anastagt al.(2002)

Eurotium herbariorum m G,J Domsch (1960a);

(Wiggers: Fries) Link ex Gray Chang and Hudson (1967)

1821 (syn.E. repensie Bary 1870;
anamorphAspergillus repens
(Corda) Saccardo 1882)

Eurotium intermediunBlaser X Anastaset al. (2002)
1975
Eurotium montevideense G Anastaskt al.(2002)

(Talice & Mackinnon)
Malloch & Cain 1972

Eurotium rubrunmKonig et al. X Anastaskt al.(2002)

Eutypella scoparia G Anastasket al.(2002)
(Schweinitz: Fries)
Ellis & Everhart 1892

Exophiala moniliaele Hoog G Anastasgit al.(2002)

1977

Exophiala pisciphila X Anastaskt al.(2002)

McGinnis & Ajello 1974

Exophialasp. X Anastaset al.(2002)

Fennellia nivea X Anastaskt al.(2002)

(Wiley & Simmons) Samson

Fomessp. t E de Bertoldéet al (1983)

Fusarium culmorum m A J Chang and Hudson (1967);

(W.G. Smith) Saccardo 1895 Breitenbach (1998)

Fusarium dimeruniPenzig 1882 G Domsch (1960a)
(continued
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Fusarium filiferum(Preuss) m A Breitenbach (1998)
Wollenw 1916
Fusarium merismoides G Domsch (1960a)
Corda Domsch (1960b) 8
Fusarium oxysporum m G Chamuriset al. (2000);
Schlechtendahl: Fries 1824 Anastesal.(2002)
Fusarium solan{Martius) m A, F, G, O Malik and Sandhu (1973);
Saccardo 1881 Fagan and Fergus (1984);

Breitenbach (1998);
Anastaskt al.(2002)

, Eastwood (1952);
Von Klopotek (1962); Fagan
and Fergus (1984); Hadar and
Gorodecki (1991); Seck and
Kilbertus (1996); Breitenbach
(1998); Chamurigt al.(2000);
Anastasket al. (2002);
J. Ryckeboer, unpublished data

Fusarium verticillioidegSaccardo) m (0] Upreti and Joshi (1984)
Nirenberg 1976 (synFusarium
moniliformeSheldon 1904)

Gelasinospora reticulata (0] Fagan and Fergus (1984)
(Booth & Ebben) Cailleux 1972

(syn.:Anixiella reticulata

(Booth & Ebben) Cain 1961)

Fusariumsp. m

z»

ow
0o

XTI

Geomyces pannoruthink) m A Breitenbach (1998)
Sigler & Carmichael 1976

Geomyces pannoruwar. G, X Anastastt al.(2002)
pannorum(Link)

Sigler & Carmichael 1976

Geomyces vinacelBal Vesco G Anastasit al. (2002)
1957

Geosmithiasp. t M Campbelkt al.(1990)
Geotrichum candidum m A, B, E, U \Von Klopotek (1962);
Link ex Leman 1821 de Bertolét al (1983);

Strauch and de Bertoldi (1985);
Breitenbach (1998); Ryckeboer
et al.(2003); J. Ryckeboer,
unpublished data

Geotrichunsp. m G, O, X, Y Fagan and Fergus (1984);
Chamuriset al. (2000);
Anastaskt al.(2002);
Rochaet al.(2002)
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Gilmaniella humicolaBarron 1964 m

Gilmaniella macrospora
Moustafa 1975

Gliobotrys alboviridisvon Héhnel m

Gliocladium deliquescerSopp. m
Gliocladium penicillioides m
Corda 1870

Gliocladium roseunBainier 1907 m

Gliocladiumsp. m
Gliocladium virideMatruchot m
1893

Gliomastixcf. atrogriseum m
(Panas.) Borowska 1986
Gliomastixsp. m

Gloeophyllum trabeurtPersoon: m
Fries) Murril 1908 (syn.Lenzites
trabea(Persoon) Bres. 1897)

Graphium putredinigCorda) m
S. Hughes 1958
Graphiumsp. m
Gymnoascacesp.
Harpographiumsp. m
Heterosporiunsp. m

Hormisciumsp.
Humicola fuscoatrdraaen 1914 m

Humicola fuscoatravar.fuscoatra
Traaen 1914

Humicola grised Traaen

Humicola griseavar.thermoided@ t
Cooney & Emerson 1964

Humicola insoler’s
Cooney & Emerson 1964

G, 0O

E J O

Bollen and Van der Pol-Luiten
(1975); Fagan and Fergus
(1984); Chamurigt al. (2000)

Anastaskt al.(2002)

\on Klopotek (1962)
Upreti and Joshi (1984)
Eastwood (1952)

Von Klopotek (1962);
Ryckeboeret al.(2003)

de Bertoldit al. (1983);
Anastaskt al.(2002)

Von Klopotek (1962)
Breitenbach (1998)

\on Klopotek (1962)
de Bertolét al. (1983)

Breitenbach (1998);
Anastast al. (2002)

Von Klopotek (1962)
Anastaskt al.(2002)
de Bertoldiet al (1983)
Von Klopotek (1962)
Von Klopotek (1962)
Breitenbach (1998)
Anastaset al.(2002)

Von Klopotek (1962);
Fergus (1969); Fermat al.
(1979); Campbelket al.(1990)

Fergus (1964); Fermet al.
(1979); Upreti and Joshi
(1984); Anastasét al.(2002)

Fergus (1964); Chang and
Hudson (1967); Fergus (1969);
de Bertoldiet al (1983);
Upreti and Joshi (1984)
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Humicolasp. t A, B, M, P Waksmaast al.(1939a);

Henssen (1957); Von Klopotek
(1962); Chung and Hoitink
(1990); J. Ryckeboer,
unpublished data

Hypocrea lutegTode) Petch 1937 m B Von Klopotek (1962)

(syn.:Gliocladium deliquescens

Olsen-Sopp)

Hypomyces chrysospermus G Domsch (1960a)

(Bulliard) Tulasne 1860

Kluyveromyces marxianus m, t C Choi and Park (1998)

(E.C. Hansen) Van der Walt

1965

Lentinus lepideugFries: Fries) m E de Bertoléit al (1983)

Fries 1838

Lenzitesp. t E de Bertoldiet al (1983)

Leptographium lundbergii m E de Bertoldiet al (1983)

Lagerberg & Melin

Leptographiunsp. G, X Anastasgt al.(2002)

Macrosporiumsp. m B Von Klopotek (1962)

Malbranchea cinnamomea t B, G,J, Von Klopotek (1962);

(Libert) van Oorschot & de Hoog O, X Chang and Hudson (1967);

1984 (syn.Malbranchea pulchella Fergus (1969); Straatsnes al.

(Miehe) Sigler & Carmichael 1976; (1994); Anastetsal. (2002)

Thermoidium sulfureuriliehe)

Melanocarpus albomyces o,uU Tuomeleet al.(2000)

(Cooney & Emerson) von Arx

1975 (syn.Myriococcum

albomycegCooney & Emerson

1964)

Metarhizium flavovirid@V. Gams m A J. Ryckeboer, unpublished data

& Rozsypal 1973

Microascus cirrosu€urzi 1930 X Anastast al.(2002)

Mollisia sp. t E de Bertoldiet al (1983)

Monilia sp. m, t A, O, P  Waksmaeet al.(1939a);
Fermoret al.(1979);
Breitenbach (1998)

Moniliella suaveolensar. nigra X Anastaskt al.(2002)

(Burri & Staub) de Hoog 1979

Monotosporasp. t H, P Waksmasat al.(1939a);
Eastwood (1952)

Mortierella alliaceaLinnemann 1953 G Anastast al.(2002)
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Mortierella alpinaPeyronel 1913

Mortierella chlamydospora
(Chesters) van der Plaats-Niterink
1976

Mortierella echinosphaera
van der Plaats-Niterink 1976

Mortierella exiguaLinnemann 1941

Mortierella globalpinaW. Gams
& Veenbaas-Rijks 1976

Mortierella humilisLinnemann
ex W. Gams 1977

Mortierella hyalina(Harz) m
W. Gams 1969 (synMortierella
hygrophilaLinnemann 1936)

Mortierella indohiiC.Y. Chien
1974

Mortierella polycephala
Coemans 1863

Mortierella reticulata m
van Tieghem & le Monnier 1873

Mortierella sp. m
Mortierella stylospora m

Dixon-Stewart 1932

Mortierella turficolaLing Young m
1930

Mortierella vinacea m
Dixon-Stewart 1932

Mucor abundan®ovah 1917 m
Mucor caninusPersoon 1796 m

Mucor circinelloides m
van Tieghem 1875

Mucor circinelloides m
f. circinelloidesvan Tieghem
1875

Mucor circinelloides
f. griseocyanugHagem)
Schipper 1970

Mucor circinelloided. janssenii m
(Lendner) Schipper 1971
(syn.:Circinella tenella

(Ling Young) Zycha 1935)

G, X
G

Anastast al.(2002)
Anastaskt al.(2002)
Anastaset al.(2002)

Domsch (1960b)
Anastagit al.(2002)

Anastasit al.(2002)

Breitenbach (1998);
Anastasi et al. (2002)

Anastagt al.(2002)
Domsch (1960a)
Breitenbach (1998)

\on Klopotek (1962);
Anastaskt al.(2002)
Breitenbach (1998)
Breitenbach (1998)

Breitenbach (1998)

Eastwood (1952)
Upreti and Joshi (1984)
Breitenbach (1998)

Domsch (1960a);
Von Klopotek (1962);
Domsclet al. (1993)

Anastasket al.(2002)

Von Klopotek (1962)
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Mucor fragilis Bainier sensu m (0] Upreti and Joshi (1984)
Zycha 1884
Mucor hiemalisiehmer 1903 m A Breitenbach (1998)
Mucor microsporus m A Breitenbach (1998)
Namyslowski 1910
Mucor miehei t (0] Upreti and Joshi (1984)
Cooney & Emerson 1964
Mucor plumbeu8onorden 1864 m H Eastwood (1952)
(syn.:Mucor spinescenksendner
1907)
Mucor pusillusLindt 1886 t E, O de Bertoldit al. (1983);
Upreti and Joshi (1984)
Mucor racemosuBresenius 1850 m A O Upreti and Joshi (1984);
Breitenbach (1998)
Mucor racemosug racemosus m H Eastwood (1952)

Fresenius 1850 q
(syn.:Mucor variansPispek 1929)

Mucor sp. m, t A, B, M, Von Klopotek (1962); Fermor
U et al.(1979); Strauch (1987);

Chung and Hoitink (1990);

Ryckeboeret al.(2003)

Myceliophthora sp. X Anastasket al.(2002)

Myceliophthora thermophila t J, X Chang and Hudson (1967);

(Apinis) van Oorschot 1977 Anastagial. (2002)

(syn.:Sporotrichum thermophilum

Apinis)

Mycenasp. m B Von Klopotek (1962)

Mycogone nigrgMorgan) Jensen  m B Von Klopotek (1962);
Golueke (1977)

Myrotheciumsp. m (0] Upreti and Joshi (1984)

Nectria inventaPethybridge 1919 G Domsch (1960a)

Nectriasp. G Anastasit al.(2002)

Nectria ventricos&C. Booth 1971 G Domsch (1960a)

Neosartorya spinosa X Anastaskt al.(2002)

(Raper & Fennell) Kozakiewicz

1989

Neosartorya fischewar. fischeri X Anastaskt al.(2002)

(Wehmer) Malloch & Cain

Nigrosporasp. m N Seck and Kilbertus (1996)

Oedocephalum glomerulosum  m B, O Von Klopotek (1962);

(Bulliard: Fries) Saccardo Botlet al. (1990)
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Oedocephalursp. m A, B, O Von Klopotek (1962);

Fagan and Fergus (1984);
Breitenbach (1998)

Oidiodendron griseurRobak G Domsch (1960a)
1934

Oidiumsp. t P Waksmaet al.(1939a)
Qospora variabiligLindner) m H Eastwood (1952)
Lindau

Paecilomyces farinosysiolm: G Anastaset al.(2002)
Fries) A.H.S. Brown & G. Smith

1957

Paecilomyces fulvus m A Breitenbach (1998)
Stolk & Samson 1971

Paecilomyces inflatus m A Breitenbach (1998)
(Burnside) Carmichael 1962

Paecilomyces lilacinus G Domsch (1960a)

(Thom) Samson 1974

Paecilomycesp. m, t A, E, O,P Henssen (1957);
de Bertoldiet al. (1983);
Breitenbach (1998);
Tuomelaet al.(2000)

Paecilomyces variotii m, t A B, G \on Klopotek (1962);

Bainier 1907 0O, X Knoesel and Resz (1973);
Upreti and Joshi (1984);
Breitenbach (1998);
Anastasket al.(2002)

Papulaspora immerskiotson 1912 m A P Domsait al.(1993);
Breitenbach (1998)

Panaeolusp. m B Von Klopotek (1962)

Penicillium albidumSopp 1912 m A Breitenbach (1998)

Penicillium aurantiogriseum m A Breitenbach (1998)

Dierckx 1901 (syn.Penicillium

martensiiBiourge 1923)

Penicillium aurantiogriseum G, X Domsch (1960a);

var. aurantiogriseunDierckx Anastaset al. (2002)

(syn:P. verrucosunvar. cyclopium

(Westling) Samsoet al. 1976)

Penicillium brevicompactum G, X Domsch (1960a);

Dierckx 1901 Anastagt al.(2002)

Penicillium canescenSopp 1912 G Anastast al.(2002)

Penicillium chermesinum m U, X Mergaert and Swings (1996);

Biourge 1923

Anastasit al.(2002)
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Penicillium chrysogenufmhom m A G, 0, X
1910 (syn.Penicillium notatum
Westling 1911)

Penicillium citrinumThom 1910 G, X
Penicillium commun&hom 1910 m A
(syn.:P. palitansWestling 1911)

Penicillium corylophilum m A G
Dierckx 1901

Penicillium corymbiferum m A
Westling 1911

Penicillium crustosum m A
Thom 1930

Penicillium cyclopium m A
Westling 1911

Penicillium dierckxiiBiourge G
Penicillium digitatum m B, G, X
(Persoon: Fries) Saccardo 1882

Penicillium diversum G
Raper & Fennell 1948

Penicilium dupontii t B, E

Griffon & Maublank emend.
Emerson 1949

Penicillium echinulatum G, X
var. echinulatum
Raper & Thom ex Fassatiova

Penicillium expansurhink 1821 m A, G

Penicillium glabrum(Wehmer) G, X
Westling 1911 (synPenicillium
frequentandVestling 1912)

Penicillium glandicola(Oudem.) X
Seifert & Samson 1986

(syn.:Penicillium granulatum

Bainier 1905)

Upreti and Joshi (1984);
Breitenbach (1998);
Anastasit al. (2002)
Anastasit al.(2002)
Breitenbach (1998)

Domsch (1960a);
Breitenbach (1998)

Breitenbach (1998)
Breitenbach (1998)
Breitenbach (1998)
Anastasgt al. (2002)
Von Klopotek (1962);
Anastasil. (2002)
Anastasket al.(2002)

Von Klopotek (1962);
de Bertoldt al (1983)

Anastaset al.(2002)

Breitenbach (1998);
Anastasket al.(2002)

Domsch (1960a);
Anastaskt al.(2002)

Anastagt al.(2002)

Penicillium implicatunBiourge G, X Anastagt al.(2002)

1923

Penicillium herquei G, X Anastaset al.(2002)

Bainier & Sartory 1912

Penicillium islandicum m 0, X Upreti and Joshi (1984);

Sopp. 1912 Anastast al.(2002)

Penicillium italicumWehmer 1894 X Anastasi al.(2002)
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Penicillium janczewskiZaleski m G, 0,X Domsch (1960a);
1927 (syn.Penicillium nigricans Upreti and Joshi (1984);
Bainier ex Thom 1930) Anastasi al. (2002)
Penicillium jenseniZzaleski 1927 G, X Anastasit al.(2002)
Penicillium meliniiThom 1930 m A Breitenbach (1998)
Penicillium miczynskizalewski m A Breitenbach (1998)
1927
Penicillium minioluteunDierckx G Anastaset al. (2002)
1901
Penicillium ochrochlororBiourge m A, G, U Megaert and Swings (1996);
1923 Breitenbach (1998);
Anastaskt al.(2002)
Penicillium oxalicumCurrie m A O Fagan and Fergus (1984);
& Thom 1915 Breitenbach (1998)
Penicillium paxilliBainier 1907 G Anastasit al.(2002)
Penicillium piceum G, X Anastasket al.(2002)
Raper & Fennell 1948
Penicillium purpurescens X Anastaskt al.(2002)
(Sopp) Raper & Thom
Penicillium purpurogenum G, X Anastaset al.(2002)
Stoll 1904
Penicillium restrictum G, X Anastasket al.(2002)
Gilman & Abbott 1927
Penicillium rolfsiivar. rolfsii Thom G Anastasgt al.(2002)
Penicillium roquefortitfhom 1906 m A G Breitenbach (1998);
Anastaskt al.(2002)
Penicillium roseopurpureum G, X Anastaset al.(2002)
Dierckx 1901
Penicillium rubrumStoll 1904 G Domsch (1960a)
Penicillium rugulosunThom 1910 X Anastagt al.(2002)
Penicillium simplicissimum m G, U, X Mergaeret al.(1994a);
(Oudemans) Thom 1930 Mergaert and Swings (1996);
Anastaskt al.(2002)
Penicilliumsp. m, t A, B, E, G, Eastwood (1952);

H, J, M, N, Von Klopotek (1962);

, S, U, Chang and Hudson (1967);

X, Y Fermoret al.(1979);
de Bertoldiet al. (1983);
Strauch and de Bertoldi (1985);
Chung and Hoitink (1990);
Hadar and Gorodecki (1991);
Breitenbach (1998); Seck and
Kilbertus (1996); Chamuris
et al.(2000); Anastasét al.
(2002); Rochat al.(2002);
J. Ryckeboer, unpublished data
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Penicillium spinulosurnthom
1910

Penicillium stoloniferunThom
1910

Penicillium velutinunvan Beyma
1935

Penicillium verrucosum
var.verrucosunDierckx 1901

Penicillium viridicatumwestling
1911

Penicillium waksmaniZaleski
1927

Peziza ostracodermigorf 1961

Peziza vesiculosBulliard: Fries
1789

Phialemonium obovatum
W. Gams & McGinnis 1983

Phialophora cyclaminis
van Beyma 1942

Phoma exiguaar. exigua
Desmaziéres 1849

Phoma glomerat§Corda)
Wollenweber & Hochapfel 1936
(syn.:P. alternariacea

Brooks & Searle)

Phoma herbaruriVestendorp
1852

Phomasp.

Phomopsisp.
Pichiasp.
Piptocephalissp.
Pithomycesp.

Plectosporium tabacinum
(van Beyma) M.E. Palm,

W. Gams & Nirenberg 1995
(syn.:Fusarium tabacinum
(van Beyma) W. Gams 1968)

Pleurotus ostreatus
(Jacquin: Fries) Kummer

m

m

m

m

m

3 3 3 3

A X

A

Breitenbach (1998);
Anastaset al.(2002)

Breitenbach (1998)
Breitenbach (1998)
Anastaskt al.(2002)
Breitenbach (1998)
Breitenbach (1998);
Anastaset al.(2002)

Domsch (1960a)
Fagan and Fergus (1984)

Anastaskt al.(2002)
Anastasket al.(2002)
Anastaskt al.(2002)

Von Klopotek (1962)

Domsch (1960a)

Von Klopotek (1962);
Anastaskt al. (2002);
Rochaet al.(2002)

Anastasgt al. (2002)
Rochat al.(2002)

Von Klopotek (1962)
Seck and Kilbertus (1996)

Breitenbach (1998);
Anastastial.(2002)

de Bertoldiet al (1983)
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Preussia fleischhak{iAuerswald)
Cain 1961

Preussiasp.

Pseudallescheria boydiBhear) m
McGinniset al. 1982
(syn.:Petriellidium boydii(Shear)
Malloch 1970)

Pseudeurotium zonatum
van Beyma 1937

Pseudogymnoascus roseus m
Raillo 1929(P. vinaceusRaillo
1929)

Pullularia sp. m

Pythium irregulareBuisman m
1927

Pythium oligandrunDrechsler m
1930

Rhinocladiella atrovirens m
Nannfeldt 1934

Rhizomucor pusillugLindt)
Schipper 1978
(syn.:Mucor pusillusLindt 1886)

m, t

Rhizomucosp. t
Rhizopus arrhizuEischer 1892 m
Rhizopus chinensBaito 1904 t

Rhizopus microsporus t
van Tieghem 1875

Rhizopus oryzae
Went & Prinsen Geerligs 1895

Rhizopus stolonifefEhrenb. m
ex Link) Lind 1913

(syn.:Rhizopus nigricans

Ehrenberg 1820)

Rhodotorulasp. m

G, X

X
B, G, X

m

o®
oo

Domsch (1960b);
Anastagt al.(2002)

Anastaset al. (2002)

Von Klopotek (1962);
Anastasgt al.(2002)

Domsch (1960a)

Von Klopotek (1962)

Von Klopotek (1962)
Breitenbach (1998)

Breitenbach (1998)
de Bertoldiet al (1983)

Von Klopotek (1962);

Cooney and Emerson (1964);
Fergus (1964); Chang and
Hudson (1967); Fergus and
Amelung (1971); Eicker
(1972); Kane and Mullins
(1973); Knoesel and Resz
(1973); Fermoet al.(1979)

Campbelkt al. (1990)
Breitenbach (1998)
Upreti and Joshi (1984)

Upreti and Joshi (1984)

Anastaskt al.(2002)

Domsch (1960a);
Von Klopotek (1962);
Upreti and Joshi (1984)

Strauch (1987);
Seck and Kilbertus (1996);
Rochaet al.(2002)
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TABLE 4 — Overview of fungi reported in compost and self-heating organic materials at
mesophilic and thermophilic temperaturésl¢w the previous page

Organism* Temperature Source  Reference

phase** material***

Rollandina capitatdPatouillard G Anastast al.(2002)
Scedosporium apiospermum m B Von Klopotek (1962)
Saccardo ex Castellani & Chalmers
(syn.:Monosporium apiospermum
Saccardo 1911)
Scolecobasidium tshawytschae m B Domschet al.(1993)
(Doty & Slater) McGinnis & Ajello
1974 (syn.Ochroconis
tshawytschaéDoty & Slater)
Kyrylenko & Al-Achmed 1977)
Scopulariopsis brevicaulis m A, B, E, G Domsch (1960a);
(Saccardo) Bainier 1907 Von Klopotek (1962);
de Bertoldiet al (1983);
Upreti and Joshi (1984);
Breitenbach (1998);
Anastaskt al. (2002);
Ryckeboeret al. (2003);
J. Ryckeboer, unpublished data
Scopulariopsis brumptii m G, X Domsch (1960a);
Salvanet-Duval 1935 Anastast al. (2002)
Scopulariopsis candidéGuéguen) m A, G, X Breitenbach (1998);
Vuillemin 1911 Anastast al.(2002)
Scopulariopsis chartarum m A G Breitenbach (1998);
(G. Smith) Morton & Smith 1963 J. Ryckeboer, unpublished data
Scopulariopsis fuscaach 1934 m G Domsch (1960a)
Scopulariopsis koningii G, X Anastaset al.(2002)
(Oudemans) Vuillemin 1911
Scopulariopsisp. m A, B,E  Von Klopotek (1962);
de Bertoldiet al (1983);
Ryckeboeret al. (2003);
J. Ryckeboer, unpublished data
Scopulariopsis sphaerospora X Anastaskt al.(2002)
Zach 1934
Scytalidium lignicolaPesante G Anastasi al.(2002)
1957
Scytalidium thermophilufn t B, E,O Fergus (1969); Kane and
(Cooney & Emerson) Austwick Mullins (1973); de Bertoldi
1976 (syn.Torula thermophil& et al (1983); Upreti and Joshi
Cooney & Emerson) (1984); Wiegant (1992);
Straatsma and Samson (1993);
Straatsmaet al.(1994)
Sepedonium chrysospermum m G Chamuriset al.(2000)

(Bulliard: Fries) Link 1832
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TABLE 4 — Overview of fungi reported in compost and self-heating organic materials at

mesophilic and thermophilic temperaturésl¢w the previous page

Organism* Temperature Source  Reference
phase** material***
Sepedonium niveum m (0] Bothaet al.(1990)
Massee & Salmon
Sepedoniursp. m, t B, P Waksmaet al.(1939a);
Von Klopotek (1962)
Sistotrema brinkmannii m B Von Klopotek (1962)
(Bresadola) John Eriksson 1948
(syn.:Corticium coronilla
von Hohnel & Litschauer 1906)
Sordaria fimicola(Roberge) m G Domsch (1960a)
Cesati & de Notaris 1863
Spicariasp. m B Von Klopotek (1962)
Sporotrichunsp. t P Henssen (1957)
Sporotrichum thermophile m, t E, O de Bertoldet al (1983);
Apinis 1963 Upreti and Joshi (1984);
Campbellet al. (1990)
Sporothrix schenckii m A Breitenbach (1998)
Hektoen & Perkins 1900
Stachybotrys chartarum m B, G, X Domsch (1960a);
(Ehrenberg) S.J. Hughes 1958 Von Klopotek (1962);
(syn.:Stachybotrys alternans Anastaskt al.(2002)
Bonorden)
Stachybotrysp. m E,U Golueke (1977);
de Bertoldiet al (1983)
Staphylotrichum coccosporum G, X Anastaset al.(2002)
J.A. Meyer & Nicot 1956
Stemphyliunsp. m B Von Klopotek (1962)
Stereum hirsutum m G Chamuriset al. (2000)
(Willdenow: Fries) Fries 1938
Stereunsp. m G Chamurist al.(2000)
Stibella thermophil&aFergus t (0] Fergus (1964);
Campbellet al.(1990)
Stylopagesp. m B Von Klopotek (1962)
Syncephalisp. m A Breitenbach (1998)
Syncephalastrum racemosum X Anastaskt al.(2002)
Cohn ex Schroeter 1886
Talaromyces emersorfitolk 1965 t E,J, O Fergus (1964);

(misapplied nametalaromyces
duponti(Griffon & Maublanc)
Apinis 1963)

Chang and Hudson (1967);
Golueke (1977)
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TABLE 4 — Overview of fungi reported in compost and self-heating organic materials at
mesophilic and thermophilic temperaturésl¢w the previous page

Organism* Temperature Source  Reference
phase** material***
Talaromyces flavuglocker) t G Domsch (1960a)

Stolk & Samson 1972
(anamorphPenicillium dangeardii
Pitt 1980)

Talaromyces flavusar. flavus X
(Klocker) Stolk & Samson 1972

Talaromyces helicusgar. helicus
(Raper & Fennell) C.R. Benjamin
1955

Talaromyces helicugar. major X
Stolk & Samson 1972

Talaromyces thermophilustolk t
1965

E, O

Talaromyces wortmann({Klécker) m G
C.R. Benjamin 1955

Thermoascus aurantiacus

Thermomyces lanuginosus

(Griffon & Maublanc) Tsiklinsky
1899 (syn.Humicola lanuginosa
(Griffon & Maublanc) Bunce 1961)

m, t

Thermomycesp. t

Thielavia basicol&Zopf 1871 X

Thielavia heterothallica t
von Klopotek

Thielavia terrestrigApinis) t
Malloch & Cain 1972
(syn.:Allescheria terrestris

Apinis 1963)

Thielaviopsis basicoléBerkeley G
& Broome) Ferraris 1912

(syn.:Chalara elegandlag Raj
& Kendrick 1975)

B,E G,J

Anastaskt al.(2002)

Domschet al.(1993);
Anastasial.(2002)

Anastaskt al.(2002)

Fergus (1969);
de Bertoldet al (1983);
Straatsmaet al.(1994)

Domsch (1960a)

Von Klopotek (1962);
Kane and Mullins (1973);
Domschet al.(1993)

Von Klopotek (1962); Cooney

and Emerson (1964); Fergus
(1964); Chang and Hudson

(1967); Kane and Mullins
(1973); Knoesel and Resz
(1973); Jodiceet al.(1974);
Golueke (1977); Fermat al.
(1979); de Bertoldet al
(1983); Upreti and Joshi
(1984); Anastasit al.(2002)

Waksmaet al.(1939a);
Henssen (1957);
Campbellet al.(1990)

Anastaset al.(2002)

Hedger and Hudson (1970);
von Klopotek (1974);
Domschet al.(1993)

de Bertoldét al. (1985);
Straatsne al.(1994)

Domsch (1960a)
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TABLE 4 — Overview of fungi reported in compost and self-heating organic materials at
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Organism* Temperature Source  Reference
phase** material***
Thielaviopsissp. m G J. Ryckeboer, unpublished data
Thysanophora penicillioides X Anastaskt al.(2002)
(Roumeguere) Kendrick 1961
Torulopsissp. Y Rochaet al. (2002)
Trametes versicolofLinnaeus: m E de Bertoldit al (1985)
Fries) Pilat (syn.Polyporeus
versicolor(Linnaeus: Fries)
Fries 1821)
Trichocladium asperurilarz 1871 m A G Breitenbach (1998);
Domsch (1960a)
Trichoderma atrovirideP. Karsten —m A Breitenbach (1998)
Trichoderma hamatum m G, M Hoitink (1990);
(Bonorden) Bainier 1906 Anastadial. (2002)
Trichoderma harzianurRifai G Anastaset al.(2002)
1969
Trichoderma pseudokonindRifai  m A Breitenbach (1998)
1969
Trichodermasp. m N Seck and Kilbertus (1996)
Trichoderma viridePersoon: m B,E, G, Eastwood (1952);
Fries 1829 (synTrichoderma H, O Von Klopotek (1962);
lignorum(Tode) Harz) Coolet al.(1967);
Fermoret al.(1979);
de Bertoldiet al (1985);
Upreti and Joshi (1984);
Anastasket al.(2002)
Trichoderma virengMiller etal) m A Breitenbach (1998)
von Arx 1987
Trichosporon sporotrichoides X Anastaskt al.(2002)
(van Oorschot) van Oorschot
& de Hoog 1981
(syn.: Trichosporiella
sporotrichoidesran Oorschot 1980)
Trichophaea abundans (0] Fagan and Fergus (1984)
(Karsten) Boudier 1907
Trichotheciumsp. m A P Waksmaat al.(1939a);
Ryckeboeret al.(2003)
Trichothecium roseurPersoon:  m, t B, G,O0 Domsch (1960a);
Fries) Link ex Gray 1821 Von Klopotek (1962);
Fergus (1969);
Bothaet al.(1990);
Chamuriset al.(2000)
Trichurus spiralisHasselbring m A, G, O Domsch (1960a);

1900 Fagan and Fergus (1984);
Breitenbach (1998)
(continued
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Organism* Temperature Source  Reference

phase** material***
Trichurus terrophilus m B Von Klopotek (1962)
Swift & Povah 1929
Ulocladiumsp. m N Seck and Kilbertus (1996)
Ulocladium alternariagCooke) G Anastast al.(2002)
E.G. Simmons 1967
Ulocladium consortiale m A, B Von Klopotek (1962);
(von Thiimen) E. Simmons 1967 Breitenbach (1998)

(syn.:Stemphylium iliciFengwall)
Veticillium lecanii (Zimmerman) m A, G, H, X Eastwood (1952);

A.W. Viégas 1939 Breitenbach (1998);
(syn.:Acrostalagmus albus-minus Anastaskt al.(2002)
A. & R. Sartory & Meyer)

Verticillium leptobactrum m A Mergaertet al.(1994a)
W. Gams 1971

Verticillium nigrescens X Anastaskt al.(2002)
Pethybridge 1919

Verticillium sp. m A, B, G Von Klopotek (1962);

Chamuriset al. (2000);
Ryckeboetret al. (2003)

\olutella ciliata (Albertini m G Domsch (1960a)

& Schweinitz: Fries) Fries 1832

Westerdykella dispersa X Anastaskt al.(2002)
(Clum) Cejp & Milko 1955

Zygorhynchusp. m P Waksmaat al.(1939a)
Zygorhynchus heterogamus m B Cooket al.(1967)
(Vuillemin) Vuillemin 1903

Zygorhynchus moellekuillemin -~ m A Jd Eastwood (1952);
1903 Breitenbach (1998)

All species presented in this table, exdgpkruseiandC. tropicalis were isolated on rich
organic complex media.

* The most recent names are given. When older synonyms were cited in the referenced lit-
erature, these are given in parenthesis.

** Temperature phase: m = mesophilic; t = thermophilic; fungi are classified as mesophiles
and thermophiles if their optimal growth temperatures are moderate (20-40 °C) or high
(>40 °C), respectively.

*** Source material of compost: A = vegetable, fruit and garden waste; B = municipal
solid waste; C = food waste and sawdust; D = kitchen waste and shredded newspapers;
E = garden and kitchen waste and sewage sludge; F = grass (lawn cuttings); G = garden
waste; H = lawn cuttings and barley straw; J = wheat straw, barley straw, straw compost;
L = 70% green waste + 10% kitchen waste + 20% shredded wood; M = tree bark, hard-
wood bark, bark compost; N = peanut shells; O = mushroom compost; P = manure, horse
manure; S = grape marc; U = unknown origin of compost; T = waste paper; X = vermi-
compost; Y = cattle manure and forestry wastes.

aScytalidium thermophilupHumicola griseavar. thermoidea Humicola insolensand

Torula thermophilaare synonyms (Straatsma and Samson, 1993).

bstibella thermophilas rediscribed and transferred to a new anamorph gBRensersonia
(Seifertet al, 1997).
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them to degrade tough debris such as woody stems, bark or newspaper. Cellulose
and hemicellulose originating from plant material, chitin from fungi and soil fauna
and possibly lignin and humus are their C and N sources (Lacey, 1973; Hardy and
Sivasithamparam, 1989; Beféh al, 1996b). There is also increasing evidence of
their ability to degrade xenobiotic compounds (Goodfellow and Williams, 1983).
Actinomycetes develop poorly in materials that are too wet (Finstein and Morris,
1975) or too dry (Festensteghal, 1965). Most actinomycetes tolerate a higher pH
than fungi, their optimum pH is situated between 7 and 8 (Feetmal, 1979).

Under adverse conditions actinomycetes survive as spores (Cross, 1968).

Thermal inactivation of pathogens is required to obtain safe products, both in
terms of phytohygiene and human diseases. Thermal destruction of pathogens
depends to a large degree on the species; lag-, exponential-, and asymptotic inacti-
vation kinetics are known (Haug, 1993). Generally, the higher the temperature, the
more efficient will be the destruction of pathogens (Ryckebbat, 2002a). On
the other hand Millneet al (1987) reported th&almonella sppwas suppressed
more efficiently in composts produced at 55 °C than in those produced at 70 °C,
indicating that in certain cases antagonistic effects exerted through other microor-
ganisms, in many cases actinomycetes, may be more important than a high tem-
perature. Additionally, regrowth of mesophilic populations may be delayed if too
high temperatures are maintained for a long time and if this temperature is reached
throughout the composting material (which is a goal to provide proper hygienisa-
tion). Appropriate reinoculation schemes have to be used to avoid this problem.

In the early thermophilic composting phase microorganisms start to metabolize
proteins, increasing liberation of ammonium and causing subsequent alkalinization
(de Bertoldiet al, 1985; Thambirajalet al, 1995). Compared with the initial
mesophilic phase, degradation is accelerated (Fogarty and Tuovinen, 1991).
Mesophilic microorganisms are inactivated or killed during the initial thermophilic
phase (temperatures between 40-60 °C), whereas the numbers and species diversi-
ty of thermophilic and/or thermotolerant bacteria, actinomycetes and fungi increase
(Waksman, 1939a; Finstein and Morris, 1975; Beffal, 1996b). However, over-
all bacterial species diversity drops significantly during the thermophilic phase
(Finstein and Morris, 1975; Fogarty and Tuovinen, 1991).

Typical bacteria that are very active at temperatures around 50-60 °C are
endospore-forming bacteria, eBacillus spp. (Strom, 1985a, b; Befft al,
1996¢; Herrmann and Shann, 1997; Ryckekbat, 2003). At temperatures above
60 °C, the degradation process is performed essentially by thermophilic bacteria
(Gray et al, 1971; Finstein and Morris, 1975; Bagstam, 1979; Nakasaél,
1985a; Strom, 1985a,b; Fujio and Kume, 1991; Beffal, 1996b). Non-spore
forming bacteria such a&$ydrogenobactespp. andrhermusspp. are the dominant
active degraders in thermogenic composts at temperatures above 70 °C, even upto
82 °C (Beffaet al, 1996b, c; Blanet al, 1999). The number and diversity of ther-
mophilic actinomycetes increases significantly at temperatures of 45 to 55 °C
which are optimal for their growth (Waksman, 1939a; Fergus, 1964; Finstein and
Morris, 1975; Nakasalet al, 1985a; Amneet al, 1988; Beffaet al, 1996b). In
the preparation of mushroodaricug substrates, the so-called “firefang period”
at 45-48 °C is known when the substrate is covered by a white actinomycete
mycelium. The main function is a reassimilation of ammonium, which does not
occur in later stages. If the firefang period is too short or incomplete, ammonia will
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later hamper the growth dfgaricus To which extent similar processes occur in
ordinary waste composting is not known. At temperatures above 60 °C, the number
and diversity of actinomycetes decreases along with their importance in the degra-
dation process.

Both thermophiles and mesophiles are reported to be good decomposers of cel-
lulose, although the cellulose degrading ability of thermophiles was found to be
exceedingly higher. The optimal temperature for cellulose degradation is around 65
°C, indicating that degradation is performed essentially by thermostable enzymes
(Stutzenbergeet al, 1970; Upreti and Joshi, 1984). In Table 5, several prokaryotes
are listed which are known to have cellulolytic activity (Fergus, 1969; Stutzen-
bergeret al, 1970; Goddeet al, 1989; Couglan and Mayer, 1992).

The ability of fungi to degrade cellulose and lignin is higher than that of actin-
omycetes, and bacteria in general (Crawford, 1983; Goeldaln 1992). Temper-
ature is one of the most important factors affecting fungal growth. The majority of
fungi is mesophilic (5 °C to 37 °C), with an optimum temperature of 25-30 °C.
Although most fungi prefer a moderate level of N, a low N content is a prerequisite
for lignin degradation. Fungi mostly prefer an acidic environment (Fogarty and
Tuovinen, 1991), although they often tolerate a wide range of pH (Tuetala
2000). Due to their extensive hyphal network, they can attack organic residues that
are too dry, too acidic, or too low in nitrogen for bacterial decomposition (Finstein
and Morris, 1975). Thermophilic fungi are generally less tolerant to high tempera-
tures than actinomycetes. The optimal temperature for thermophilic fungi is 40 to
55 °C, with a maximum at 60 to 62 °C. At temperatures above 60 °C, fungi are
killed or transiently present as spores (Eastwood, 1952; Von Klopotek, 1962; Kane
and Mullins, 1973; Finstein and Morris, 1975; Rosenberg, 1975; Naketsaki
1985a; Fujio and Kume, 1991; Beféh al, 1996b; Ryckeboeet al, 2003; Van
Gestelet al, 2003). Yeasts disappear during the thermophilic phase of composting,
but when the temperature cools down to 54 °C, they can be found again (Choi and
Park, 1998; Ryckeboet al, 2003). Table 6 lists several fungal genera which are
able to degrade (crystalline) cellulose, carboxymethyl cellulose (CMC), hemicel-
lulose, or more specific, xylan and arabinoxylan (Fergus, 1969; Fagan and Fergus,
1984; Botheet al, 1990; Domsclet al, 1993).

In mushroom compost, thermophilic fungi are responsible for the degradation
of lignocellulose, which is prerequisite for the growth of the edible fungus (Shar-
ma, 1989). The optimum temperature for thermophilic fungi from 40 to 50 °C is
also the optimum temperature for lignin degradation in compost. The organisms
most efficient at mineralizing lignin i.e. white-rot fungi, do not survive the ther-
mophilic phase of composting, and thus cannot play a significant role in lignin
degradation. A few Basidiomycota grow well at elevated temperatures, for example
the white-rot fungu®hanerochaete chrysosporiyjanamorptSporotrichum pul-
verulentun which has an optimum temperature around 36 to 40 °C and a maxi-
mum temperature of 46 to 49 °C (Tuometaal, 2000). At mesophilic tempera-
tures degradation is partly continued by mesophilic fungi, although several authors
report that negligible degradation occurred during compost maturation (Chang,
1967; Tomatet al, 1995; Nusbaumaat al., 1996). Examples of fungi reported to
degrade chitin, pectin or keratin are listed in Table 6 (Doraseh, 1993).

The thermophilic phagger seis what composting differentiates from common
degradation processes. Generally, higher temperatures accelerate biological
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TABLE 5 — Known degradation capacity of genera of prokaryotes isolated from compost

Genus* Degraded compound
% 5 & £
% c = 5 g E
T = &5 2 § 8
(@] X | T o om
Reference list** a b c d e f
Achromobacter +
Acidovorax +
Acinetobacter +
Alcaligenes + +
Amphibacillus +
Arthrobacter + + + +
Bacillus + + +
Brevibacillus +
Brevibacterium +
Cellulomonas +
Clostridium +
Corynebacterium + +
Cytophaga +
Enterobacter +
Flavobacterium + + + +
Klebsiella +
Micrococcus +
Micromonospora + +
Nocardia + +
Paenibacillus +
Pseudomonas + + + +
Pseudonocardia + +
Rhodococcus + +
Saccharomonospora +
Serratia +
Streptomyces + + +
Thermoactinomyces +
Thermomonospora + +

* Different species within the several genera may show different reactions for one or more
of the substrates. Within a species great differences may exist between different isolates.
** a: Fergus (1969); Stutzenberget al. (1970); Godderet al. (1989); Coughlan and
Mayer (1992).

b: Bachmann and McCarthy (1989); Nimetzal. (1990).

c: Deschampet al. (1980); Goodfellow and Williams (1983); Gonzaletzal. (1986);
Corominaset al. (1987); Falcoret al.(1987); McCarthy (1987); Tuomet al.(2000).

d: Raymond and Jamison (1971); Jensen (1975); Rosesthar(1980); Goodfellow and
Williams (1983); Dragun (1988).

e: Fogarty and Tuovinen (1991).

f: Mergaertet al.(1994a,1994b); Mergaert and Swings (1996).
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TABLE 6 — Known degradation capacity of fungal genera isolated from compost

Genus* Degraded compound
o O
® 3 2 £ 3
c ©6 Q09 2 £ 9 &
S0t s55S5383s£F 88
TS ES8SETE8ET ST g
S o QO > L O c 0o o > 2
hOO0OIXK<I=20OaxIno
Reference list** a b e h @ 0 i j Kk
Absidia + + + +
Acremonium + + + + +
Actinomucor + +
Agaricus + + + + o+ +
Alternaria + + + + + o+ + +
Arthrinium, Scytalidium, Sordaria +
Arthrobotrys + 4+ +
Aspergillus + + + + + + 4+ 4+ + + + + +
Aureobasidium +
Beauvaria, Phanerochaete,
Scolecobasidium +
Botryotrichum + + o+ + + + +
Botrytis + + +
Cephalosporium +
Chaetomidium, Thermoascus + +
Chaetomium + + + + 4+ + +
Chrysosporium + +
Cladosporium + + + + + + +
Clitopilus, Sporotrichum + +
Coniothyrium + + +
Coprinus + + o+ +
Corynascus + 4+ + +
Doratomyces + + o+ o+ o+ + +
Emericella + + o+ + +
Epicoccum + + + + + +
Fusarium + + + + + + + + + + +
Geotrichum + 4+ +
Gilmaniella + + + + +
Gliocladium + + + + + + + +
Humicola + + o+ +
Malbranchea, Stibella + +
Mortierella + +
Mucor + + + + + + + + +
Myceliophthora +
Nectria + + + + + o+
Oedocephalum + + + +
Oidiodendron + 4+ +
Paecilomyces + + + + + + + +
Penicillium + + + + + + + +
Peziza, Volutella + + +
Phoma + + + + + + +
(continued
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TABLE 6 — Known degradation capacity of fungal genera isolated from comfptety
the previous page

Genus* Degraded compound
(ORI O]
® T 3 2 £ 3
589 9 c -g c - c £ £ 8 <
S 20O ESS8 Eo=E8 85 a
8 3 =2 0> 8 298 <c 9o 6 >8
h OO0 IX<<I<IT=0axTITn
Referencelistt* a b ¢ d e f g h i i i j Kk
Preussia +
Pseudeurotium, Pseudogymnoascus +
Rhizomucor + o+ + +
Rhizopus + o+ + + o+
Scopulariopsis + o+ + + o+ + + o+
Sepedonium + O+ + o+ o+
Sporotrichum + o+ o+ +
Stachybotrys + + o+ o+
Talaromyces + + + o+ + o+ +
Thermomyces + + +
Thielavia + + o+
Trichocladium + o+ +
Trichoderma + + + + + 4+ + 4+ + +
Trichophaea + 4+ +
Trichothecium + + + + 4+ o+ + o+
Trichurus + o+ o+ + + +
Ulocladium + + +
Verticillium + o+ + + + 4+
Zygorhynchys + +

* Different species within the several genera may show different reactions for one or more
of the substrates. Within a species great differences may exist between different isolates.
** a: Fagan and Fergus (1984); Diaz-Ravétal.(1989); Botheet al.(1990); Domsclet

al. (1993); Atkinsoret al.(1996b).

b: Chang (1967); Fergus (1969); Stutzenbergeal. (1976); Upreti and Joshi (1984);
Fagan and Fergus (1984); Botbaal. (1990); Domsclet al. (1993); Tuomeleet al.
(2000); Rochat al.(2002).

c: Fergus (1969); Fagan and Fergus (1984); Bettal. (1990); Domsctet al. (1993);
Tuomelaet al. (2000).

d: Chang (1967); Fagan and Fergus (1984); Lynch and Wood (1985); 8athé1990);
Domschet al.(1993); Tuomelaet al.(2000).

e: Fagan and Fergus (1984); Boétal.(1990); Domsclet al.(1993).

f: Domschet al.(1993).

g: Fagan and Fergus (1984); Lynch and Wood (1985); Doetsah(1993); Tuomelat

al. (2000); Chamurigt al.(2000).

h: Fagan and Fergus (1984); Domstlal.(1993); Tuomelat al.(2000).

i: Domschet al.(1993); Anastasét al.(2002).

j: Llanos and Kijoller (1976); Davies and Westlake (1979); Dragun (1988); Aust (1990);
McFarlandet al.(1992); Domsclet al.(1993); Van Gestadt al.(2003).

k: Mergaertet al.(1994a); Mergaert and Swings (1996).
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processes and improve hygienisation; thus, it may be assumed that the maximum
temperatures should be as high as possible. However, there are some limitations.
Oxygen can be supplied to the interior of composting piles by molecular diffusion
and (more importantly) by mass movement through air pores (either through con-
vection or forced aeration). Gas saturation constants decrease with increasing tem-
perature so that Qavailablity for the microbial cells is limited at high tempera-
tures. Some authors state that at temperatures above 60°C functional biodiversity is
reduced and thus degradation processes may be hampered (Jeris and Regan, 1973;
Suler and Finstein, 1977; McKinely and Vestal, 1984; de Bertildil, 1985;
McKinely et al, 1985). FoiGeobacillus stearothermophilusne of the most typi-

cal thermophiles in composts it is known that the cell size increases at high tem-
peratures, while at the same time the thickness of the aqueous biofilms decreases.
Thus, at some poinG. stearothermophiluactivity may be impaired.

In the opinion of several researchers, exceeding optimal temperature during
composting will not shorten the composting period neither will it eliminate nui-
sances nor improve product quality beyond the genetic capacity of the microor-
ganisms (de Bertoldit al, 1985; Golueke, 1992).

Cooling or second mesophilic phase

Once the activity of the thermophilic organisms ceases due to exhaustion of sub-
strates, the temperature starts to decrease. Mesophilic organisms start to re-colonise
the substrate, either originating from surviving spores, through spread from pro-
tected microniches, or from external inoculation. Upon initial temperature decrease
the bacterial numbers may decrease by 1 to 2 orders of magnitude in comparison
with the numbers present during the thermophilic phase1@3 g* dry wt), but

the taxonomic and metabolic diversity increase. Several bacterial functions that are
important for compost maturation and which are absent or not detected in the ther-
mophilic phase appear during the cooling and maturation phase @edla
1996b). Metabolic studies revealed that several isolates were not simply organic
oxidizers, but were involved in hydrogen-, ammonium-, nitrite- and sulfur-oxida-
tion, nitrogen-fixation, sulfate-reduction, exopolysaccharide production, and nitrite
production from ammonium under heterotrophic conditions (Diaz-Raatirzd,

1989; Beffaet al, 1996b). High numbers of diverse mesophilic and thermotolerant
actinomycetes and yeasts reappear (Herrmann and Shann, 1997). The temperature
decline, the lower water content and their ability to attack and/or degrade natural
complex polymers (e.g. cellulose, hemicellulose, lignocellulose, lignin) also favor
mesophilic and thermotolerant fungi during the cooling phase (Waksinah

1939a; Savaget al, 1973; Finstein and Morris, 1975; Breitenbach, 1998;
Chamuriset al, 2000; Ryckeboegt al, 2003).

Maturation phase

Tree bark, yard wastes, agricultural wastes, etc. contain a high percentage of lignin,
lignocellulose and other recalcitrant components (Coronghak, 1987; Hoitink

and Boehm, 1999). Paper may contain up to 20% of lignin (Tucehela 2000).

Mainly during the maturation phase, these more resistant compounds are degraded
and partly transformed into humus (Getyal., 1971; Crawford, 1983; Corominas

et al, 1987; Falcort al, 1987; Hoitink and Boehm, 1999; Tuomelzal, 2000).

Most of the fungi, predominant cellulose and lignin degraders, are isolated during
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the maturation phase (Von Klopotek, 1962). One problem arising with composting
as a means of solid waste disposal is the presence of undegraded cellulosic materi-
al in the compost at the end of the process. This residual cellulose is probably inac-
cessible to enzymatic attack because of low water content or association with pro-
tective substances such as lignin (ligno-cellulose complexes) (Stutzerdieaber

1970; Poincelot and Day, 1973).

Knowledge of the microbial composition and the microbial populations,
involved in the nutrient cycles (i.e. C, N, S, P) in mature composts, is important to
predict its potential impact on soil fertility and other biological parameters. Bacte-
ria related to the genusthrobacterform a numerically important fraction of the
natural bacterial flora of soils and their presence and numbers in mature composts
could be used as an additional microbiological parameter for compost maturity
evaluation. Species diversity seems to be correlated with stability of the end prod-
uct (Beffaet al, 1996b). Furthermore, the degree of maturity of the compost
affects its successful utilization in agriculture. Immature composts induce high
microbial activity in the soil some time after their incorporation, causing oxygen
deficiency and a variety of indirect phytotoxicity problems to plant roots (Zucconi
et al, 1981a,1981b; Inbaat al, 1990). Maturity tests are discussed in detail by Ita-
vaaraet al (2002) and Insam and de Bertoldi (2003). Benefits of compost applica-
tion, such as suppression of diseases caused by soilborne plant pathogens, in agri-
cultural and horticultural crops have been reported previously (Lacey, 1973;
Hoitink and Fahy, 1986; Dick and McCoy, 1993; Hoitink and Boehm, 1999;
Ryckeboeret al, 1999; Ryckeboer, 2001).

AN INVENTORY OF COMPOST MICROORGANISM S

The majority of the microorganisms described in Tables 3 and 4 were isolated by
culturing of extracts on agar media. Approximately half of the listed species in both
tables grows at high temperatures. Most of the reported actinomycetes are ther-
mophilic or thermotolerant, while most of the reported fungi are mesophilic.
Knowledge on specific functions of taxonomic groups and species is still fragmen-
tary. In cases where evidence for certain degradation capacities during a compost-
ing process is clear, this is indicated in Tables 5 and 6.

The inventory contains 155 species of prokaryotes (of which 33 strains were
reported as actinomycetes) belonging to 66 genera, and 408 fungal species of 160
genera. The majority of isolates (approximately 80 species of prokaryotes and 295
fungal species) had been isolated from (source-separated) municipal, kitchen, grass,
yard and agricultural wastes or their respective composts. Thirty-three species of
prokaryotes and 82 fungal species were found in mushroom compost, while 121 fun-
gal species were isolated from vermicompost. Eighteen species of prokaryotes and
18 fungal species have been found in manure. Sixteen species of prokaryotes and 12
fungal species were isolated from bark or bark compost, while 26 species of fungi
have been found in straw or straw compost. A few more species of prokaryotes were
found in sewage sludge and moldy hay, while a few fungal species are reported in
grape marc, peanut shells and other food wastes. Some of the substrates also includ-
ed considerable amounts of shredded newspaper or leaves. All these materials were
major or minor input components of the composting process.
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It needs to be emphasized that within the genera, different species may show
different reactions for one or more of the substrates and also that within a species
great differences may exist between different isolates.

CONCLUSIONSAND OUTLOOK

Several of the organisms may find applications as potential biocontrol agents of
soilborne plant pathogens, among them bacteria (Table 3)Fleygbacterium
balustinum Bacillus subtilis Bacillus cereusand Pseudomonas fluorescens
(Hoitink and Fahy, 1986; Hoitink, 1990; Phae and Shoda, 1990;Rlae1990;

Wei et al, 1991; Asaka and Shoda, 1996; Nakasdkal, 1996; Raupach and
Kloepper, 1998; Ryckeboet al, 1999; Ryckeboest al, 2002b) and fungi (Table

4) such agrichodermaspp.,Gliocladium virensandPaecilomycespp. (Domsch,
1960a; Hoitink and Boehm, 1999; Ryckeb@tral, 1999; Ryckeboeet al.,
2002b). Potential human pathogens Algaligenes faecalis, Clostridiuspp. and
Aspergillus fumigatuéEastwood, 1952; Von Klopotek, 1962; Fergus, 1964; Chang
and Hudson, 1967; Stutzenbergéral, 1970; Kane and Mullins, 1973; Knoesel
and Resz, 1973; Malik and Sandhu, 1973; Feretcal, 1979; Strom, 1985b;
Campbellet al, 1990; Beffeet al, 1996a; Lott Fischest al, 1996) are also listed

in Tables 3 and 4.

From the literature and the brief survey of the degradation capacities of
prokaryotes and fungi listed above we can conclude that the ability to degrade
monosaccharides, starch and lipids is almost universal among fungi and prokary-
otes (Bothaet al, 1990). Hemicelluloses and cellulose are also relatively fast
degraded. More complex natural polymers (e.g. lignin and keratin), wood (ligno-
cellulose), synthetic polymers (e.g. bioplastics) and hydrocarbons are mostly
degraded by specialists of a limited number of genera. However, these abilities are
mostly determined with single species tests, which often underestimate degradation
capacities. Several reports on mixed populations clearly illustrated the synergistic
effects of various organisms (Waksman and Hulpoi, 1939; Golueke, 1992;
Tuomelaet al, 2000). Furthermore, the use of indicator substrates is also ques-
tionable. For example, the use of a substrate such as carboxymethyl cellulose
(CMC) as an indicator of cellulolytic acitivity may be far removed from the natu-
ral situation where the substrate is much more complex, e.g. lignocellulosic mate-
rial in which lignin and cellulose must be depolymerised simultaneously
(Deschampst al, 1981; Davist al, 1992).

Most publications were targeted on a few species and on their specific activi-
ties. Indeed, there are only a few microbiological studies in which a full process
was followed in detail (Von Klopotek, 1962; Strom, 1985a, 1985b; Busiff.,
1996b; Ryckeboesgt al, 2003; Van Gestdt al, 2003).

Most of the former research was performed using culturing techniques (Kane
and Mullins, 1973; Finstein and Morris, 1975; Nakasstkal, 1985a; Strom
1985a, 1985b; Hardy and Sivasithamparam, 1989; [Za\at, 1991; Beffaet al,
19964a; Choi and Park, 1998). It is estimated for soils that less than 1% of the viable
microbiota is cultivable with current techniques (Torseikal, 1990). For com-
posts the percentage is unknown, and molecular techniques suggest that also in
composts numerous microorganisms prevail that currently cannot be isolated (Ivors
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et al, 2000). Peterst al.(2000) characterised several prokaryotes in a composting
pile containing shredded maize plants, straw-bedded horse manure and wood
chips, by direct analysis of DNA, i.e. without culturing on agar media. In this com-
posting pileAzotobacter salinestris, Bacillus badius, Bacillus coagulans, Bacillus
fusiformis Bacillus smithij Clostridium stercorariunsubspthermolacticun{syn.:
Clostridium thermolacticuiy Geobacillus caldoxylolyticugsyn.: Bacillus cal-
doxylolyticug, Geobacillus stearothermophiluésyn.: Bacillus stearother-
mophilug, Geobacillus thermocatenulat(syn.:B. thermocatenulatysGeobacil-

lus thermoleovorangsyn.: B. thermoleovorar)s Lactobacillus confused.acto-
bacillus panis Pseudomonas citronelloli$’seudomonas stutzeftreptomyces
thermodiastaticusStreptosporangium vulgard hermobispora bisporgsyn.:
Microbispora bispord, Thiobacillus denitrificangB. denitrificang and Xan-
thomonas campestrisere identified. However, of this list, onB. badius B.
coagulans B. smithij G. stearothermophiluandP. stutzeriwere reported yet in
composting materials after isolation on agar media (Table 3) (Strom, 1985b; Fer-
mor et al, 1979; Hoitink and Fahy, 1986; Fujio and Kume, 1991; Andrews and
Trevors, 1994; Koschinskgt al, 1998; Ryckeboeet al, 2003; J. Mergaert,
unpublished data).

From a few references we can conclude that the combination of cultivation-
dependent and -independent approaches will yield complementary, non-overlap-
ping information about the composition of the microbial community in compost
(Gurtneret al, 2000; Ivorset al, 2000; Dees and Ghiorse, 2001, Manetxal,

2001; van Elsast al, 2002).

Contradictory reports exist concerning the usefulness of targeted inoculation of
the starting material of composts to accelerate the composting process itself (Fin-
stein and Morris, 1975). However, several studies have shown that it is possible
under certain circumstances (Bagstam, 1979; Choi and Park, 1998). A better under-
standing of how the microbial communities change during composting and which
environmental conditions they require could facilitate controlled composting. Such
manipulations could be used to alleviate composting odours (Finstein and Morris,
1975), to increase available nutrients (Bedtaal, 1996b; Ivorset al, 2000), to
increase efficacy of biofiltration techniques for removing toxic organic compounds
from gaseous waste streams, e.g. benzene, toluene, xylenes and trichloroethylene
(Watwood and Sukesan, 1995; Tahraoui and Rho, 1998; Jetedy 1999), or
even, speculatively, open the possibility to produce desired secondary metabolites.
Composting could also be used to increase degradation of pesticides (Fogarty and
Tuovinen, 1991; Lemmon and Pylypiw, 1992; Micaeal, 1995, 1997a; Browat
al., 1997; Buyuksonmeet al, 2000), complex natural polymers, e.g. lignin
(Lynch, 1987; Requenet al, 1996, 1997; Chamurgt al, 2000; Tuomelat al,

2000), bioplastics (Mergaeet al, 1994a,1994b; Mergaert and Swings, 1996;
Kleeberget al, 1998; Ricket al, 1998) and (polyaromatic) hydrocarbons (McFar-
landet al, 1992; Berger and Schwartz, 1994; Civilini, 1994; Riggle, 1995; Kastner
et al, 1995; Silveira and Ganho, 1995; Civilini and Sebastianutto, 1996; étupe

al., 1996; Sukesan and Watwood, 1998; Létel, 1999; Van Gestalt al, 2003).
Among the various biological niches found during a composting process, there are
likely some that facilitate the degradation of xenobiotic compounds. Care, howev-
er, has to be taken that temperature dependent volatilization of compounds is not
mistaken as biodegradation (Van Gestedl, 2003).
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Polymers designed to undergo biological degradation are often proposed to
solve problems arising from plastic waste. Standardized test methods using mixed
cultures for the evaluation of biodegradability and compostability have been sug-
gested, includingn-situ composting tests as well as in vitro tests with pure cultures
(Kleeberget al, 1998). Examples of microorganisms reported to degrade bioplas-
tics such as poly(3-hydroxybutyrate) are also listed in Tables 5 and 6 (Detfield
al., 1965; Mergaeret al, 1994a,1994b; Mergaert and Swings, 1996).

Arelatively new research field is the use of composts as an organic carrier for
antagonists, i.e. microorganisms with biocontrol properties (Nakatakj 1996;
Ryckeboeret al, 2002b). Such manipulations could be used to better suppress
plant diseases (Kwaodt al, 1987; Phaet al, 1990; Hoitinket al, 1991; Grebust
al., 1994; Hoitink and Boehm, 1999; Ryckebetal, 1999). The establishment of
inoculated organisms requires abiotic factors to be at least within the tolerance
range, and the appropriate niche to be either unfilled or filled with less efficient
organisms (Finstein and Morris, 1975; Hoitink and Fahy, 1986).
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