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Summary A plantlet regeneration protocol was developed
for Pinus ayacahuite var. ayacahuite (Ehrenb.). Embryosfrom
mature seeds from ten provenances were cultured in a 16-h
photoperiod for 3 dayson amedium containing 30 mM sucrose
and 0.7% agar. Cotyledons from these embryos were subcul -
tured onto MCM medium (Bornman 1983) supplemented with
50 mM N©-benzyladenine and 90 mM sucrose for 2 weeks. Bud
development and shoot el ongation were maximized by subcul -
turing the explants on half strength AE medium (von Arnold
and Ericksson 1981), supplemented with 60 mM sucrose and
0.05% activated charcoal every 30 days. Seed source had a
significant effect on the responses of the embryos to the bud
induction protocol. For the provenance with the best response
to bud induction, about 79% of the cultured cotyledonsformed
buds, and each cotyledon formed a mean of 9.1 buds, so that
about 70 shoots could be induced from each seed. The best
rooting response (40% rooting) was obtained by treating the
shoots for 8 h with 100 miM naphthalene acetic acid.

Keywords: conifer, explant, hyperhydricity, micropropagation,
organogenesis, pine, provenances.

Introduction

Pinus ayacahuite var. ayacahuite Ehrenb. (Mexican white
pine) isfound at elevations of 1800 to 3200 m above sealevel
in El Salvador, Guatemala, Hondurasand M exico. The species,
which grows on fertile alfisols and andisol s where soil water is
seldom limiting (Dvorak and Donahue 1992), is becoming
endangered because its wood is used extensively for rustic
furniture, roofing shingles, wood carvings and firewood and
because expansion of crop industries and cattle grazing hasled
to deforestation (Donahue et al. 1991).

Pinus ayacahuite is propagated from seeds; however, the
seedlings need along nursery period before they can be trans-
ferred to the field, because they abruptly enter aresting stage
at a shoot height of approximately 100 mm. In addition, when
planted in the field, the seedlings remain in this pseudo-grass

stage for 3 to 4 years before exhibiting the rapid shoot growth
spurt that typifies seedlings of most pine species (W.S. Dvorak,
unpublished results). Difficultiesin the cultivation of this spe-
ciesresulting from the long seedling phase are compounded by
the difficulties in achieving genetic improvement by conven-
tional tree breeding methods, which are generaly long-term
and laborious (Mohammed et a. 1986, Thorpe and Patel
1986). As an dternative, vegetative propagation of mature
treesis aso difficult and has alow success rate (Thorpe and
Harry 1990).

Invitro techniques may bypassthe problemsassociated with
irregular seed cone production, long life cycles and vegetative
propagation. Invitro clonal propagation can be used to produce
plantlets of desirable genotypes, thereby accelerating the se-
lection, breeding and testing cycle (Thorpe et a. 1991). It also
complementsfield conservation banks and seed banks. Finaly,
emerging methods of recombinant DNA technology in combi-
nation with clonal propagation could create opportunities to
modify the conifer genome, e.g., for disease resistance (Attree
etal. 1991).

Plantlet regeneration in conifers occurs by organogenesis
and somatic embryogenesis, with the former being the pre-
dominant route (Thorpe et a. 1991). Plantlet formation by
organogenesis is a multistaged process consisting of severa
distinct steps that include: (1) establishment or bud induction,
or both; (2) bud and shoot devel opment and multiplication; (3)
rooting of developed shoots; and (4) hardening of plantlets.
The objective of this study was to develop a protocol for
plantlet regeneration of P. ayacahuite by the organogenic
route, based on the empirical approach outlined by Thorpe and
Patel (1984), inwhich thevariousfactorsknown to beinvolved
in in vitro organogenesis are systematically examined.

M aterials and methods

Plant material

Seeds of Pinus ayacahuite (M exican white pine) were used as
the source of mature embryosfor al of the experiments. Seeds
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were obtained through the Central Americaand Mexico Conif-
erous Resources Cooperative (CAMCORE), from 10 locations
in Honduras, Guatemala and Mexico that extend over an area
of more than 5° in latitude and a wide range of atitudes to
almost 1000 m (Table 1). The seeds also varied in shape, color
and size. Because only a small sample of seeds from each
provenance was available, seeds were pooled, based on their
geographic location, into three groups by mixing an equal
amount of each provenance in its respective group (Table 1).
Only seeds of Group 1 were used for the experiments, but the
response of each provenance to the protocol developed was
tested at the end of the study.

Establishment of sterile culture and culture conditions

The most efficient procedure for sterilizing Mexican white
pine seedswasto hydrate the seedsfor 48 h under cold running
tap water and then sterilize them with a solution of 30%
commercial bleach (6% NaOCI) and four drops of Tween per
100 ml for 15 min. The seedswere then rinsed threetimeswith
sterile water and stratified in sealed sterile petri dishes for
7 days at 4 °C. Stratified seeds were sterilized for 15 min
followed by threerinseswith sterilewater. The seed coatswere
removed with forceps under sterile conditions in a laminar
flow hood, and the megagametophytes were resterilized for
15 min. Following three rinses with sterile water, the embryos
were placed on asucrose medium consisting of 30 mM sucrose
and 0.7% agar (Difco Bacto-agar) for 3 days, after which the
cotyledons were removed and placed on bud induction me-
dium + benzyladenine (BA). Because germination was not
synchronous, it was necessary to culture the dissected embryos
on sucrose medium to obtain enough embryos at a similar
stage (Muriithi et al. 1993). Only hard, well-hydrated embryos
were used for the experiments.

Except where noted otherwise, the pH of the medium used
was adjusted to 5.7 £ 0.1 before autoclaving at 121 °C and 20
to 25 ml of medium was poured into each sterile plastic petri

Table 1. Classification of seeds of Pinus ayacahuite according to their
geographical distribution.

Provenances Latitude Geographical
/longitude zone
range
Group 1 Chuipachec 14°07¢to Southern Mexico
Palestina 16°44¢N Guatemala
LasTrancas and Honduras
Pan del Rancho 87°49¢to
Buenavista 92°36¢W
El Porvenir
Group 2 Ixtlén 17°09¢to Central Mexico
Nundaco 17°50¢N Oaxaca
Concepcién and
96°21¢to
97°38¢W
Group 3 Los Cubes 20°23¢N, Northern Mexico

98°24¢W Hidalgo

plate (90" 15 mm). After inoculation, petri disheswere sealed
with household plastic wrap and maintained at 25+ 1 °Cina
16-h photoperiod provided by Sylvania Gro-Lux F40T12 Gro-
WS lights at a photon flux of 60-80 mmol m™2s™2,

Bud induction

The effects of conditions known to affect bud induction (e.g.,
hormone concentration, exposure time to the hormones, age of
explant, and salt formulation) were analyzed in separate ex-
periments, following published procedures (Thorpe and Patel
1984).

Unless otherwise specified, the following conditions were
used for al experiments. For bud induction, the cotyledons
were cultured for 15 days on bud induction medium consisting
of MCM (Bornman 1983) supplemented with 10 mv N8-ben-
zyladenine (BA) and 90 mM sucrose. The explants were then
transferred to bud development medium consisting of MCM
medium containing 60 mM sucrose but no hormones for
30 days. For bud growth and shoot elongation, the explants
were subcultured every 30 days on half strength MCM (half
strength of the major salts) supplemented with 60 mM sucrose
and 0.05% activated charcoal (SigmaNo. C4386). Day Orefers
to thetimewhen the explantsweretransferred to bud induction
conditions.

Explant selection In preliminary experiments, sterile mega-
gametophytes were placed on sucrose medium in a 16-h pho-
toperiod for 0, 1, 4, or 7 days. Subsequently, whole embryos
were cultured on bud induction medium for 15 days and then
transferred to bud development medium for 30 days. Ten
embryos were used per treatment, and they were evaluated at
Day 45. In a parallel experiment, cotyledons from embryos
growing for 3 days on sucrose medium were cultured under
bud induction and development conditions and evaluated at
Day 45.

Effect of stratification Sterile, hydrated seedsfrom Los Cubes
provenance were stored for O, 1, 9 or 16 days at 4 °C. After
stratification, the embryos were treated as specified above.
Cotyledons were evaluated at Days 45 and 75.

Medium Four basal media were tested at both full and half
strength of their macronutrient composition: SH (Schenk and
Hildebrandt 1972, as modified by Reilly and Washer 1977),
MCM, QP (Quoirin and LePoivre 1977), and AE (von Arnold
and Ericksson 1981). After bud induction, at Day 15, each
treatment was transferred to the corresponding modified bud
development medium containing half strength of the major
saltsand cultured for 30 days. Subsequent transferswere made
every 30 days to the same medium containing 0.05% of acti-
vated charcoal. Explants were evaluated at Days 45 and 75.

Effect of BA concentration Cotyledons of 3-day-old cultured
embryos were treated with BA at 0, 1, 5, 10, 50, 100, 500 or
750 mM for 15 days. Cotyledons were then transferred to bud
development medium for 30 days. Thereafter, the explants
were subcultured every 30 dayson AE medium at half strength
of themgjor salts, instead of MCM medium. Cotyledons were
evaluated at Days 45, 75 and 105.
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Effect of BA exposuretime Cotyledons from 3-day-old em-
bryos were cultured on bud induction medium supplemented
with 50 M of BA for 0, 7, 14, 21 or 28 days. Cotyledonswere
then cultured as specified for the BA concentration experiment.
Cotyledons were evaluated at Days 45, 75 and 105.

Effect of explant age To evaluate the effect of explant age on
bud induction, cotyledons from embryos growing on sucrose
medium for O, 1, 2, 3, 4, 6, 8 or 12 days were compared.
Fifty mM BA wasused for budinduction. Cotyledonswerethen
cultured as specified for the BA concentration experiment, and
evaluated at Days 45, 75 and 105.

Provenances Seedsfrom each of the provenances were com-
pared for their responseto bud induction and devel opment. Bud
induction medium was MCM at full strength supplemented
with 50 mM BA for 15 days. Cotyledons were then cultured as
specified for the BA concentration experiment and evaluated
at Day 105.

Bud growth

Medium The bud growth medium refers to the medium used
from Day 45 until the shootsreached 0.5 cm and were separated
from the cotyledons. The same media used for bud induction
were tested, but only at half strength of the major salts, and in
the presence of 0.05% activated charcoal and 60 mM sucrose.
Explants were evaluated at Days 75 and 105, i.e., after 30 and
60 days of culture on bud growth medium, respectively.

Sucrose concentration  Cotyledonswere cultured for 15 days
on bud induction medium (MCM medium, supplemented with
90 mM sucrose and 10 nM BA), and then transferred to bud
development medium consisting of MCM medium supple-
mented with 30, 60 or 90 mM sucrosefor thefollowing 30 days.
Thereafter, the cotyledons from each treatment were trans-
ferred to half strength AE supplemented with 0.05% activated
charcoal and 30, 60 or 90 mM sucrose for the following
60 days, with subculture to fresh medium after 30 days.

Shoot elongation

Medium For shoot elongation, four basal media (AE, QP, SH
and MCM) weretested at half strength of the major salts. Each
medium was supplemented with 60 mM sucrose and 0.05%
activated charcoal, and the explants were subcultured every
30 days. Shoots were planted in sterile glass storage jars (100
80 mm) containing 75 ml of agar-solidified medium. During
subculture, the base of the stem was cut to remove any callus
formation. The shoots used were those that were already sepa-
rated from the cotyledon and were 2 cmtall. Shoot growth and
physical appearance were evaluated 30, 60, 90 and 120 days
after initiation of the experiment.

Hyperhydricity We examined the effect of using 0.5% Gel-
rite® (Scott Labs., Carson, CA) in place of 0.7% agar on the
development of shoot hyperhydricity. Two-cm shoots were
cultured on half strength MCM supplemented with 60 mM
sucrose.

Rooting

Gdlritetreatment For root induction, 2 cm shoots were cul-
tured on one-quarter strength of MCM medium (1/4 MCM,
pH 5.0) containing 100 mM of indolebutyricacid (IBA), 30mM
sucrose and 0.4% Gelrite for O to 12 days and then transferred
to peat:vermiculite (1:1). In another experiment, shoots were
cultured for 9 days under the above conditions, and then
transferred to medium solidified with 0.4% Gelrite. In each
case, treatments were replicated four times, and each replicate
consisted of six plants.

Liquid treatment of shoots A filter-sterilized solution (pH 5.0)
of 1 mM IBA, naphthalene acetic acid (NAA) or indoleacetic
acid (IAA) was used to immerse the bases of the shoots for O,
4, 8, 12 or 24 h. The shoots were then placed in half strength
AE medium (pH 5.0) supplemented with 60 mM sucrose and
solidified with 0.4% Gelrite.

Shootswere a so incubated in asolution (pH 4.5) containing
100 MM NAA or 1 mM IBA for O, 2, 4 or 8 h, and then
transferred to half strength GD medium (Gresshoff and Doy
1972) supplemented with 30 mM sucrose, 0.05% activated
charcoal, and 1% agar.

Incubation of shoots with auxins  Shoots were incubated for
15 days with either IBA at 4, 20, 100, or 500 mM or NAA at
0.8, 4, 20 or 100 niM, or with acombination of both hormones,
20 mM IBA plus 0.8 or 4.0 M NAA for 15 days. The root
induction medium was half strength GD medium containing
60 mM sucrosesolidified with 0.7% agar. For root devel opment
and elongation, the treated shoots were transferred to half
strength GD medium containing 60 mM sucrose, 0.05% acti-
vated charcoal and 1% agar, but no hormones. The pH of the
medium for both stages was 4.5 before autoclaving. Each
treatment was replicated twice and each replicate consisted of
five shoots. All rooting treatments were evaluated after a total
of 60 days.

Data analysis

All data were subjected to an analysis of variance (ANOVA)
based on a complete randomized experimental design. Means
were separated by L SD for an equal number of replications as
described by Little and Hills (1978).

The bud induction results were evaluated based on the per-
centage of responding explants and the mean number of buds
per explant at Days 45, 75, 105 or 195 of culture. Although our
aim was to increase both the number of explants responding
and the mean number of buds per explant, in many instances
the two parameters were negatively correlated and decisions
based on one parameter were often inaccurate. For this reason
the bud formation capacity (BFC) index and the shoot elonga-
tion capacity (SEC) index were used. These indices incorpo-
rate both parameters and often were used to determine the best
treatment. Standard errors of the means are presented in each
Table.

BFC index = (Mean no. of buds per cotyledon forming
buds) (% cotyledons forming buds) /100.
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SEC index = (Mean no. of budsof a specific size per
cotyledon forming buds) (% cotyledons
forming buds)/100.

All experiments, which were repeated at least twice, con-
sisted of at least three replications (plates or jars). Each repli-
cation had nine explants. When cotyledons were used as
explants, the eight or nine cotyledons of each embryo were
distributed randomly among the treatments, giving one cotyle-
don per treatment.

Results and discussion

Aseptic culture establishment

No contamination was observed if intact seeds were treated
with 10 to 50% commercia bleach for 15 min before being
cultured on sucrose medium. If the seed coat was removed and
the megagametophyteswere cultured, some bacterial contami-
nation was observed; however, if the megagametophytes were
also sterilized, 100% sterile embryos were obtained. There-
fore, the double sterilization procedure—30% commercial
bleach for 15 min, followed by threerinseswith sterilewater—
was adopted for the remaining experiments.

Adventitious bud induction

Explant selection When explants of cotyledons and embryos
were cultured in the presence of 10 mM BA for 15 days, bud
formation always occurred on the side of the explant in contact
with the medium. However, as noted for Pinusradiata D. Don
(Aitkenet al. 1981), cotyledon explants had several advantages
over embryo explants. First, because buds formed only at the
surface of the explant in contact with the medium, and because
alarger surface areais exposed when cotyledons are dissected

from the embryo, more shoots were obtained per seed when
cotyledons rather than entire embryos were used (means of 40
versus 25). Second, most seeds had at least eight cotyledons,
which could be distributed among the various treatments. This
reduces variability, because most cotyledons from the same
embryo behave alike when cultured under the bud induction
conditions (data not shown). Therefore, we used cotyledons as
explants for the following experiments.

Medium selection The MCM at full strength produced the
highest mean number of buds per cotyledon, and it also yielded
the highest percentage of cotyledons forming buds (Table 2).
Shoot elongation was also highest at Day 45 with thismedium,
asreflected by the SEC index. However, although full strength
MCM was the best medium for bud induction, it was probably
not the best medium for bud elongation. For example, at Day 75,
half strength SH had the highest SEC index, and at Days 45
and 75 the mean number of buds per explant was almost the
same asfor MCM (Table 2).

Explant age Luetal. (1991) reported that explant age affects
bud induction. Embryos transferred directly to bud induction
medium or |eft on sucrose medium for 6 or more days before
being transferred to bud induction medium showed a signifi-
cant decline in the number of buds produced per cotyledon
compared with embryos cultured for 2 to 4 days on sucrose
medium before being transferred to bud induction medium
(Table 3). The percentage of cotyledons forming buds and the
BFC showed similar patterns.

The cotyledons elongated with time, and cotyledons from
1.24 to 1.44 mm in length produced the most buds. These
cotyledons corresponded to embryos maintained on sucrose
medium for 2 to 4 days. Cotyledons from embryos cultured for
3 dayson sucrose medium produced the most buds, about eight
buds per cotyledon by Day 105 (Table 3). Although some

Table 2. Effect of full and half strength (1/2) salt concentration on induction and elongation of buds on cotyledons of P. ayacahuite. Cotyledons
were harvested from 3-day-old embryos (Day 0) growing on asucrose (30 mM) and agar (0.7%) medi um, and cultured for 15 days on the medium
specified (treatments) supplemented with 10 mM BA and 90 mM sucrose. At Day 15 each treatment was transferred to the same medium
formulation for 30 days, but using only half strength of the major salts, without BA and with 60 mM sucrose. Subsequent transfers were made
every 30 days, onto the latter medium, supplemented with 0.05% of activated charcoal. Explants were evaluated at Day 45 and Day 75. Valuesare
means+ SE (n=81). Meansfollowed by the sameletterswithin columnsare not significantly different at P £ 0.01 according to the L east Significant

Difference Test.

Medial % CFB? No. of buds BFC index SEC index No. of buds SEC index
per cotyledon Day 45 >0.3cm per cotyledon >0.5cm
Day 45° Day 45 Day 75° 75 days

MCM 66.6 35+09a 2.28 0.38 39+08a 0.53

172MCM 61.1 22+06b 134 0.18 35+10ab 041

AE 55.5 18+0.7b 1.06 0.24 33+x13ab 0.36

12AE 518 18+0.7b 1.02 0.05 37+09ab 0.21

SH 42.6 18+06b 0.85 0.04 25+11b 0.24

1/2SH 574 24+06b 1.38 0.02 34+08ab 0.58

QP 259 09+03cd 0.26 0.02 1.0+05¢c 0.05

12 QP 229 06+02d 0.13 0.00 1.0+02c 0.00

1 MCM: Bornman 1983; AE: von Arnold and Ericksson 1981; SH: Schenk and Hildebrandt 1972; and QP: Quoirin and LePoivre 1977.

2 9% CFB = Percentage of cotyledons forming buds.
3 Excludes cotyledons without buds.
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Table 3. Effect of embryo age on the bud forming capacity of cotyledons of P. ayacahuite. Embryoswere cultured for various durationsin asucrose
and agar medium. After each period, the cotyledons were removed and cultured under bud induction conditions: MCM medium supplemented
with 90 mM sucrose and 10 nM BA for 15 days. The embryos were then transferred to the same medium but with 60 mM sucrose and without BA
for 30 days. Subsequent transfers were made every 30 days to AE supplemented with 60 mM sucrose and 0.05% activated charcoal. Cotyledons
were evaluated for bud formation and bud elongation at Day 75 and Day 105 of culture.Values are means + SE (n = 81). Means followed by the
same letters within columns are not significantly different at P £ 0.01 according to the Least Significant Difference Test.

Days Initial % CFB! No. of buds BFC index SEC index
cultured cotyledon per cotyledon? 0.1-05cm
in sucrose size (mm)

0 121 23.7 20+05de 0.65+0.19 0.27

1 124 59.3 6.4+22ab 425+ 101 211

2 1.26 68.2 75+32ab 579+1.85 345

3 1.40 78.2 79+12a 6.22+1.04 3.67

4 144 65.2 59+27ab 471+ 162 2.46

6 1.68 58.5 53+ 1.8bc 347+0.88 194

8 194 45.2 33+x1l1lcd 1.88+0.85 1.19
12 2.63 111 06+02e 0.14+0.08 0.07

1 9% CFB = Percentage of cotyledons forming buds.
2 Excludes cotyledons without buds.

cotyledons from embryos cultured for 0 to 12 days on sucrose
medium produced buds, most cotyledons died when they were
obtained from embryos cultured for O, 8 or 12 days on sucrose
medium (Table 3).

Yeung et al. (1981) proposed that the high bud-forming
capacity of cotyledons of Pinus radiata was related to the
undifferentiated state of cotyledonary cells at the time of cul-
ture (cf. Aitken-Christie et al. 1985). It is possible that most
cotyledonary cells of embryos kept in culture for six or more
days lose some ability to dedifferentiate and therefore are
unable to respond to the bud induction conditions. We ob-
served that older cotyledons produced shoots only from their
apical region, whichisthe growing point of the cotyledonsand
where mitotic activity continues longest.

Effect of BA concentration The concentration of N°-benzyl-
adenine (BA) significantly affected the number of buds pro-
duced per cotyledon (Table 4). Highest values were obtained
with50 M BA, with amean of about three budsbeing obtained
at Day 75. The BFC and SEC indices were also highest in
cotyledon explants treated with 50 M BA. Concentrations of
BA of 100 mM caused callus formation, whereas higher con-
centrations (3 500 M) caused death of the cotyledons. Con-
centrations of BA of lessthan 50 mM allowed the formation of
buds, but to a smaller extent.

Shoot elongation also seemed to be affected by the concen-
tration of BA; however, this effect was difficult to assess
because of the experimental design used. When BA was not
present, cotyledons developed as if they were attached to the
plant.

Effect of BA exposuretime The time of exposure to BA &f-
fected bud induction and bud development. Among the expo-
sure times examined, bud elongation at Day 105 was greatest
when the cotyledons were exposed to BA for 7 days, but fewer
buds were observed in this treatment (data not shown).

Table 4. Effect of N®-benzyladenine (BA) concentration on the ability
of cotyledons of P. ayacahuite to produce and elongate buds. Cotyle-
donsfrom 3-day-old embryos were cultured for 15 days with different
concentrations of BA (treatments) on MCM medium supplemented
with 90 mM sucrose. The cotyledonswere then transferred to the same
medium, for 30 days, but with 60 mM sucrose and without BA.
Subsequent transfers were made every 30 days to haf strength AE
medium supplemented with 60 mM sucrose and 0.05% activated
charcoal. Cotyledons were evaluated for bud formation at Day 75 of
culture. Values are means + SE (n = 54). Meansfollowed by the same
letters within columns are not significantly different at P £ 0.01
according to the Least Significant Difference Test.

BA %CFBY  No. of BFC index SEC index
(mv) buds per Day 75 0.1-
cotyledon 0.5cm
0 0 Oc 0 0
1 28.3 10+£05c 0.32+0.25 0.16
5 455 13+05¢c 0.67+0.35 0.30
10 46.0 18+ 0.6 bc 0.86+0.36 041
50 51.0 32+09a 1.78+0.92 1.05
100 40.7 25+11ab 1.30+£0.82 0.79
500 0 Oc 0 0
750 0 Oc 0 0

1 9 CFB = Percentage of cotyledons forming buds.

At Day 195 (Table 5), the highest number of buds corre-
sponded to the longest exposure to BA (28 days), however,
callusformation occurred under these conditions. Asthe expo-
sure time was reduced, a decrease in the number of buds was
observed, but no callus was detected. Exposing cotyledons to
BA for 21 days did not increase the number of buds produced
per cotyledon or change the BFC or SEC over the values
obtained after a 14-day exposure to BA, suggesting that it is
better to culture shoots in the presence of BA for 14 days than
for 21 days, because the culture time was reduced by 1 week,
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Table5. Effect of bud induction culture time on bud production and elongation of cotyledons of P. ayacahuite. Cotyledons from 3-day-old embryos
were cultured for different periods of time (treatments) on MCM medium supplemented with 50 mM BA and 90 mM sucrose. The cotyledonswere
then transferred to the same medium for 30 days but with 60 mM sucrose and without BA. Subsequent transfers were made every 30 daysto ahalf
strength AE medium supplemented with 60 mM sucrose and 0.05% activated charcoal. Cotyledons were evaluated for bud formation at Day 195
of culture. Valuesaremeans + SE (n = 81). Meansfollowed by the same letterswithin columns are not significantly different at P £ 0.01 according

to the Least Significant Difference Test.

Dayson BA % CFB? Presence of No. of buds BFC SEC index
calus after Day 195 index >0.5cm
0 0.0 no 0.00c 0.00 0.00
7 51.8 no 42+17b 250+1.14 1.31+£0.62
14 55.5 no 64+20ab 390+181 1.64+0.77
21 46.3 no 55+22ab 3.02+1.34 1.04+0.57
28 46.3 yes 75+19a 354+1.16 1.18+0.40

1 9% CFB = Percentage of cotyledons forming buds.

and long exposures to cytokinin have been associated with the
development of hyperhydric shoots. We conclude that expo-
sure to cytokinin is essential for bud formation, but that the
time of BA removal is important both to alow bud develop-
ment and to prevent callus formation.

Explant pre-treatments  Stratification of seeds is known to
affect bud formation of embryo explants. Although the mecha-
nism underlying this response is not known, stratificationis a
common practicein conifer micropropagation, e.g., Pinusbru-
tia Ten. (Abdullah et al. 1985), P. contorta Dougl. ex Loud.
(Patel and Thorpe 1984), Picea engelmannii Parry ex Engelm.
(Patel and Thorpe 1986), and Larix occidentalis Nutt. (Harry
et al. 1991). When hydrated seeds of Pinus ayacahuite were
stratified for 9 or more days at 4 °C, the number of embryos
that produced bud-forming cotyledons increased from 63 to
83%, but stratification had no effect on the number of buds
produced per explant, although bud elongation seemed to
increase with stratification time (Table 6).

Bud growth and shoot elongation

For bud growth (Day 45 until the shoots are separated from the
explant) and shoot elongation (0.5 cm shoots until they reach
rootable height), the same four media used for bud induction
were tested at half strength, because a low ionic strength has

been shown to enhance bud and shoot elongation (K ulchetscki
etal. 1995). Although MCM, AE and SH were suitablefor bud
elongation (data not shown), half strength AE was chosen
because it produced significantly more rootable shoots
(>1.0cm) at Day 75. The best mediafor shoot elongation were
half strength AE and SH (data not shown). Both media gave
significantly greater shoot lengths than half strength MCM or
half strength QP. Half strength A E was sel ected because shoots
grown on this medium had a more vigorous appearance than
shoots grown on the other media. Thus, for both bud and shoot
elongation, half strength AE proved superior. The high total
nitrogen concentration of the AE medium may have favored
bud growth and shoot elongation.

All of the media tested had a similar total ionic strength,
ranging from 58.1 to 78.5 mM (full strength) and from 29.0 to
30.5 mM (half strength). lonic strength has been associated
with the growth response of plants in vitro (McCown and
Sellmer 1987) and the lower ionic strength of QP medium may
be associated with the poor response of explants on this me-
dium. However, MCM medium at haf strength has a lower
ionic strength than QP at full strength, and still gave a signifi-
cantly higher response in culture than QP. The differential
response may be associated with the concentration of specific
elements, the ratio between different components of the me-

Table 6. Effect of stratification of seeds on the ability of cotyledons of P. ayacahuite to produce and elongate buds. Sterile, imbibed seeds were
kept at 4 °C for different periods before culturing on sucrose—agar for 3 days. Excised cotyledons were transferred to bud induction conditions
(MCM medium with 90 mM sucrose and 10 mM BA for 15 days). Cotyledons were then transferred to the same medium with 60 mM sucrose and
evaluated for bud formation and bud elongation at Day 45 of culture. Values are means + SE (n = 54). Means followed by the same | etters within
columns are not significantly different at P £ 0.01 according to the Least Significant Difference Test.

Daysat % CFB! No. of buds BFC SEC index % Responding
4°C index >05cm embryos?

0 914 39+03a 3.60+0.33 0.23 63.2

1 97.7 33+04a 3.28+0.46 0.31 56.3

9 98.8 42+04a 4.23+0.33 0.79 83.3
16 9.4 45+04a 433+0.45 0.55 na®

1 9% CFB = Percentage of cotyledons forming buds.

2 Percentage of the total number of embryos cultured that yield bud forming cotyledons.

3 n/fa= Datanot available.
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dium or the organic components of each medium. The re-
sponse also seems to depend on the species, because QP and
MCM were better media for bud induction of Picea rubens
Sarg. and Larix decidua Mill. than SH and AE (Harry et al.
1991, Lu et al. 1991).

Sucrose  Sucrose has amajor role in the response of explants
to bud induction conditions. For Thuja occidentalis L. (Harry
et a. 1987) and Tsuga heterophylla (Raf.) Sarg. (Harry et al.
1994), 60 mM sucrose gave the best response, whereas for
Picea rubens (Lu et a. 1991) 90 mM was optimum. The best
response for Pinus ayacahuite was obtained when the sucrose
concentration was maintained at 90 mM during the whole
period of culture, or when it was reduced to 60 mM after
Day 45, asdemonstrated by the number of buds per cotyledon,
theBFC and the SEC indices(Table 7). Organogenesisisahigh
energy requiring process (Thorpe 1980), and the effect of the
reduction in sucrose concentration immediately after the bud
induction period coincideswith thisrequirement. Although the
appearance of hyperhydric shoots was associated with high
concentrationsof sucrose, it wasgenerally observed that reduc-
ing the concentration of sucrose to 30 mM caused asignificant
reduction in number of buds produced per cotyledon.

Hyperhydricity Hyperhydric shoots were observed as early
as Day 30 or 40 of culture. These shoots were dark green, and
the stems had a watery appearance. Hyperhydric shoots main-
tained in medium containing 0.7% agar initially grew more
than normal shoots, but eventualy their leaves turned brown
and only afew of these shoots were till alive after 60 days of
culture.

Because the type of gelling agent has been associated with
the appearance of hyperhydricity, we compared the response
of shoots growing on agar (0.7%) and Gelrite (0.5%). Hy-
perhydricity waslost in most shoots growing in Gelritein less

than 30 days, whereas 56% of the hyperhydric shoots main-
tained in agar died, and 10% remained vitreous after 60 days
of culture. Nairn et al. (1995) reported theisolation of chemical
components from Difco-Bacto agar responsible for hydric
control in P. radiata. A preliminary characterization of the
compound(s) indicated a cold-water-soluble, heterogeneous
agaroid-type xylogalactan bearing pyruvate and sulfate substi-
tuents.

Hyperhydric shoots of P. ayacahuite seemed to originate
during the early stages of bud formation from buds that were
in contact with the medium. Normal shoots maintained in
media solidified with agar did not become hyperhydric during
culture. Therefore, it seems that, in addition to the chemical
component described by Nairn et al. (1995), there are other
conditions that affect the hydric control of shoots, e.g., injury
of shoots at excision, and position of the buds with respect to
the medium during the initial stages of bud development.
Gelrite allowed hyperhydric shoots of P. ayacahuite and P. ca-
nariensis Sweet ex K. Spreng. (Martinez Pulido et a. 1990),
but not P. radiata (Nairn et a. 1995), to revert to a normal
hydric state, indicating that hydric control may be species
dependent.

Provenances There were significant differences in the re-
sponses of explants from the different provenances to the
developed protocol (Table 8). Effects of provenance included
differencesin % CFB, the mean number of budsper cotyledons
and the percentage of hyperhydric shoots present. These dif-
ferences probably have a genetic base, because we observed
variations in seed shape and in the number of cotyledons per
embryo both within a provenance and between provenances.
Seed collection and storage could also have affected the re-
sponse, because seed from Concepcidn could not be sterilized
properly and sterile cultures could not be established. Shoot
formation was observed in explantsfrom eight of the 10 prove-

Table 7. Effect of sucrose concentration on bud elongation of Pinus ayacahuite cotyledonary explants. Cotyledons were harvested from 3-day-old
embryos growing on a sucrose (30 mM) and agar (0.7%) medium, and cultured for 15 days on MCM medium supplemented with BA (10 M)
and 90 mM sucrose (day 0 to day 15). Cotyledons were then transferred to the same medium but with 30, 60 or 90 mM sucrose and without BA
for 30 days (day 15 to day 45). Subsequently these cotyledons were transferred to half strength AE with 30, 60 or 90 mM sucrose and 0.05%
activated charcoal for the next 30 days (Day 45 to Day 75). Finaly, the cotyledons were transferred to the half strength AE with 0.05% activated
charcoal and the same concentration of sucrose used in the previous medium (Day 75 to Day 105). Shoots were evaluated at Day 105 of culture
for bud induction and bud elongation. Values are means + SE (n = 54). Means followed by the same letters within columns are not significantly

different at P £ 0.05 according to the Least Significant Difference Test.

Treatment sucrose® % CFB2 No. of buds BFC % Hyperhydric SEC index
(mM) per cotyledon index shoots 0.5-1.0cm
90"-30%-30%-30% 519 29+0.7b 158+ 0.70 50.2+9.3 0.27
90-60-30-30 63.0 36+14b 2.29+1.00 63.1+£130 0.24
90-90-30-30 77.8 50+03ab 3.93+0.60 79.3+£89 0.33
90-30-60-60 66.7 6.3+x14a 429+ 1.40 48.7+6.5 116
90-60-60-60 59.3 39+11b 248+ 1.10 49.0+82 0.58
90-90-60-60 70.4 6.6+03a 4.65 = 0.60 689+5.7 131
90-30-90-90 48.2 38+08hb 1.89+ 0.60 421+39 0.61
90-60-90-90 66.7 44+11ab 3.11+£1.40 60.4+129 0.53
90-90-90-90 81.0 6.5+06a 5.26+0.70 841171 145

1 wWXx¥2Z = gcrose concentration (mM) at, w: Day 0'to Day 15; x: Day 15 to Day 45; y: Day 45 to Day 75; and z: Day 75 to Day 105 of culture.

2 9% CFB = Percentage of cotyledons forming buds.

TREE PHY SIOLOGY ON-LINE at http://www.heronpublishing.com

1702 ‘€T 4800190 uo 15enb Aq Bio"sfeunolpioyxosAydaai woiy papeojumoq


http://treephys.oxfordjournals.org/

794 SABORIO ET AL.

nances examined, and explantsfrom five of the 10 provenances
produced morethan five buds per cotyledon. The mean number
of buds per cotyledon was highest for the Los Cubes and Las
Trancas provenances, both producing more than eight buds per
cotyledon after 105 days of culture, whereas Chuipachec and
Palestina only produced one and two buds per cotyledon,
respectively. We conclude that the method developed for this
species can be applied to the various provenances, but further
optimization is required for provenances exhibiting low re-
Sponses.

Rooting

Rooting in conifers is generaly difficult, and is considered a
major obstacle to successful micropropagation of conifers
(Mohammed and Vidaver 1988, Thorpe and Harry 1990). Up
to 20% rooting was achieved when shoots were treated for
2 weeks on a medium with 500 M of IBA, and up to 30%
rooting was achieved when shoots were treated with a combi-
nation of 0.8 or 4 "M NAA and 20 M IBA. In al of these
treatments, the roots obtained appeared normal, and no callus
formation was observed.

No rooting was observed when shoot bases were incubated
in1mM IBA, NAA or IAA for 0--8 h, followed by ex vitro or
in vitro culture, but callus developed in all cases, and was
accentuated with longer exposure to hormones. However,
when 100 mM NAA was added for 8 h, followed by in vitro
culture on half strength GD medium with activated charcoal
(0.05%), sucrose (30mM) and agar (1%), callusformation was
reduced, and up to 40% of the shoots rooted. Although these
rooting percentageswere similar to those obtained with several
other pines, they could severely limit the usefulness of the

protocol developed. The plantlets survived transfer to green-
house conditions.

Conclusions

A protocol for in vitro plantlet regeneration of Pinus ayaca-
huite was developed following the sequential stepwise ap-
proach outlined by Thorpe and Patel (1984). Bud induction
was obtained from embryos or cotyledons of mature embryos.
The age of the explant, the sucrose and cytokinin concentra-
tions and the exposure time to cytokinin all had critical effects
on bud induction. The best results were obtained under the
following conditions. After stratification of seedsfor 9 days at
4 °C, embryos were germinated on sucrose-agar for 3 days.
Cotyledonary explants were cultured on MCM medium with
90 mM sucrose and 50 mM BA for 14 days. Bud growth and
development (Days 15-45) and elongation of separated shoots
(after Day 45) were best on haf strength AE medium
(macroelements) supplemented with 60 mM sucrose and
0.05% activated charcoal, with 0.5% Gelrite being used in the
later subcultures. For rooting, shoot bases were incubated in
100 MM NAA for 8 h, followed by culture on half strength GD
medium with 30 mM sucrose, 0.05% activated charcoa and
1% agar. For the Los Cubes provenance, up to 9.1 + 1.7 buds
were obtained from each cotyledon, with 78.9% of the cotyle-
dons forming buds with a mean of 9.8 cotyledons per seed, it
was possible to obtain about 70 rootable shoots per seed after
15 weeks in culture. Up to 40% of rooting was obtained, and
therefore a yield of about 28 plantlets per seed was possible.
The mean response for al the responding provenances was
about 24.6 shoots in 15 weeks and 9.8 plantlets per seed in
about 23 weeks.

Table8. Comparison of 10 different provenancesof Pinus ayacahuite seedsto micropropagation in vitro. One hundred and twenty seeds from each
provenance were hydrated for 48 h under running tap water, sterilized and stratified for 7 daysat 4 °C. Then, the embryoswere cultured on an agar
and sucrose medium for 3 days. Cotyledons from the growing embryos were placed on the bud induction medium for 15 days (MCM, 90 mM
sucrose, 50 MM BA). The cotyledonswere then transferred to MCM medium with 60 mM sucrose for 30 days, and subsequent transfers were made
to half strength AE medium with 60 mM sucrose and 0.05% activated charcoal, every 30 days. Cotyledons were evaluated for bud induction and
elongation at Day 105. Valuesare means + SE (n=54). Meansfollowed by the sameletterswithin columnsare not significantly differentat P £ 0.01

according to the Least Significant Difference Test.

Provenance % CFB! % Respond- No. of cotyle- No. of buds BFC SEC index % Hyper-
ing embryos? dons per per cotyledon index 0.1-05 hydric
embryo (range) cm shoots
Palestina*® 189 225 7.3(6-8) 21+11d 154+ 0.84 ef 0.38d 18.0
Ixtlan 745 63.3 9.2 (6-12) 73+13ab 6.61 + 1.40 abc 201b 62.5
Porvenir* 40.0 475 8.7 (6-11) 55+20hc 480+ 1.82cd 1.75bc 401
Nundaco 444 358 8.7 (6-11) 38+14cd 3.67+1.40de 0.79cd 37.7
Los Cubes 789 83.3 9.8 (9-13) 91+17a 876+1.72a 222b 69.1
Plan del Rancho 35.6 60.8 9.3(8-11) 12+04d 0.94+0.38f 0.25d 40.9
Chuipachec* 45.6 375 7.6 (6-10) 58+19hc 5.07 + 1.80 bed 1.73bc 36.9
Las Trancas* 76.7 66.7 9.5(8-12) 86+13a 77514 353a 68.6
Buenavista® nat 0.01 na na na na na
Conception n/a 58.3 n/a n/a n/a n/a n/a

1 9% CFB = Percentage of cotyledons forming buds.

2 Percentage calculated from the number of embryos growing after 3 days of culture of the 120 seeds used for each treatment.

8 * = Seeds from Group 1 (see Table 1).
4 n/a= Datanot available.
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Although it is difficult to compare our results with those of
other studies, because of the differences in the minimum size
of shoots measured and the time in culture, nevertheless, our
findings agree with those obtained with similar pines. For
example, Pinus brutia produced 55 shoots per seed after
24 weeks (Abdullah et a. 1985), P. canariensis yielded
24 shoots per seed after 15 weeks (Martinez Pulido et al.
1990), and P. roxburghii Sarg. gave about 25 shoots per seed
after 15 weeks (Muriithi et al. 1993). In contrast, P. radiata,
probably the most prolific shoot-forming system in conifers,
produced over 180 rootable shoots per seed after 13 weeks
(Aitkenet a. 1981). However, it must be recognized that shoot
multiplication, which was not thoroughly evaluated in this
study, and rooting ability vary greatly with species, and there-
fore the ultimate number of plantlets formed will differ corre-
spondingly.
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