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SUMMARY

The development of efficient tissue culture systems for cacao holds the potential to contribute to the improvement of this
tropical crop by providing a rapid and efficient vegetative propagation system for multiplication of elite genotypes. It may

also find application in facilitation of germplasm movement across quarantine borders, enhancement of germplasm
conservation via cryo-preservation, and development of genetic transformation systems. Somatic embryogenesis using floral
tissue explants was previously the only tissue culture procedure for regeneration of cacao. We report the development of a

secondary embryogenesis system utilizing primary somatic embryo cotyledon explants, which results in up to a 30-fold
increase in somatic embryo production compared to primary somatic embryogenesis. The influence of genotype on the
efficiency of the system was evaluated. To understand the cellular origins and developmental pathways operative in this

system, we investigated the morphological changes occurring over time using light and scanning electron microscopy.
While primary embryos arise from clusters of cells forming embryonic nodules, secondary embryos arise predominantly
from the division of single cells, in a pathway reminiscent of zygotic embryogenesis. These results have important

significance to the application of tissue culture to cacao improvement programs.
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INTRODUCTION

Theobroma cacao is a tropical tree, with origins in the Amazon
basin, currently cultivated throughout the tropics to supply the
global demand for cocoa. Although not well documented, a high
degree of yield variation is a generally observed characteristic of
cacao worldwide. This is in part due to the predominant use of seed
propagation in this mostly self-incompatible and highly heterozygous
tree crop (Figueira and Janick, 1995). A recent study of the early
yield of five high-producing cacao families grown in full sun in
Puerto Rico indicated that 2—3% of the trees in a population
accounted for more than 60% of the yield (Irizarry and Rivera,
1998).

Through plant breeding, improvement via additive genetic gain is
rapidly lost, as farmers propagate plants through seeds, and
segregation results in a highly heterozygous population of plants.
Vegetative propagation systems could provide a means to capture
such additive genetic gain. Although vegetative propagation systems
including grafting and rooted cuttings are used in some countries,
they have not been widely adopted in developing countries.
Additionally, the dimorphic architecture of the cacao tree and the
predominance of plagiotropic material in the field had made these
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traditional propagation techniques inefficient and costly (Figueira
and Janick, 1995). Furthermore, it is widely thought (although
definitive data supporting this belief are not available) that
plagiotropic rooted cuttings, which lack taproots and require
extensive formative pruning, do not perform well in the field,
especially during early establishment and during dry seasons or in
high winds.

Modern biotechnology offers a suite of new approaches to speed
up the development and deployment of genetically improved
genotypes. These include enhancing breeding programs with
quantitative the
introduction of novel genes through genetic engineering and rapid
propagation of clean stock through tissue culture (Timmis, 1998).

trait mapping and marker-aided selection,

The main advantages of tissue culture methods include the
possibility of rapidly generating asexually propagated, uniform
plants with highly valued genetic traits. Additionally, for cacao,
somatic embryogenesis offers a system for the clonal production of
orthotropic plants with normal dimorphic architecture and taproot
formation. The production and testing of disease-free materials and
germplasm conservation via cryo-preservation are other important
potential contributions of plant tissue culture to the improvement,
preservation and distribution of cacao germplasm.

Cacao tissue culture research has focused on somatic
embryogenesis  (SE), which has been developed in several
laboratories. The first report of cacao SE was by Esan (1977), who

described a method using immature zygotic embryo tissue explants.
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Similar methods were later reported by others (Pence et al., 1979;
Villalobos and Aguilar, 1990). However, while a step forward, these
methods did not produce clonal material that replicates the genotype
of the source tree, and thus, genetic gain is lost. Subsequently,
increased efforts were directed towards the development of tissue
culture systems from somatic tissues including leaves (Litz, 1986),
nucellus (Chatelet et al., 1992; Figueira and Janick, 1993; Sondahl
et al., 1993, 1994) and floral explants, including petals and
staminodes (Lopez-Baez et al., 1993; Alemanno et al., 1996a, b,
1997). These systems, while partially successful in producing
somatic embryos, were still of limited usefulness, being applicable to
only a few genotypes and suffering from low conversion rates. More
recently, an efficient SE method was reported which was capable of
propagating a wide variety of cacao genotypes (Li et al., 1998).
Primary somatic embryos were produced from floral explants at high
frequencies using thidiazuron (TDZ) and 2,4-dichlorophenoxyacetic
acid (2,4-D). With optimization of conversion media, large numbers
of plants were successfully acclimated and grown to sexual maturity
(Traore, 2000). Field-testing of SE-derived plants produced using
these methods has been initiated at field sites in St. Lucia, Brazil and
in West Africa.

To increase the efficiency of the method reported by Li et al.
(1998), we have developed a protocol for secondary embryogenesis
using cotyledon explants from primary somatic embryos. This study
was conducted to evaluate the potential of secondary embryogenesis
to increase the multiplication rate of this propagation method and to
compare embryo production of primary versus secondary embryo-
genesis. The results indicated that embryogenic capacity for both
primary and secondary embryogenesis exhibits a high degree of
genotypic variation. A study of the anatomy of embryo initiation and
development was completed. The histological analysis of early
stages of embryogenesis revealed a predominantly multicellular
origin of primary SEs, which was in contrast to a predominantly
unicellular origin for secondary SEs.

MATERIALS AND METHODS

Explant material. Tissue culture experiments were conducted with 14
different cacao genotypes at two different locations, The Pennsylvania State
University (PSU), University Park, PA, USA and CIRAD BIOTROP
Laboratory, Montpellier, France. At PSU, immature flowers from four
genotypes (UVE 1, 5, 9, and 22) were collected at Union Vale Estate, St.
Lucia and two genotypes were provided by Almirante Experimental Farm,
M&M Mars, Brazil (EEG 29 and TSH 565). Immature flowers were stored in
sterile water on ice during transportation. Cultures were also initiated from
greenhouse-grown Scavina-6 plants. The eight genotypes that were evaluated
at CIRAD were Lower Amazonian Forastero varieties (GU 143, GF 23, [FC 5,
and KER 1) and Upper Amazonian Forastero varieties (IFC 705, NA 32, NA
79, and Scavina-6). Floral material was collected from field-grown plants at
Paracou-Combi, French Guyana.

Tissue culture. Primary somatic embryos from cacao staminodes were
produced from all genotypes as previously described (Li et al., 1998).
Cotyledon explants for secondary embryogenesis were selected from primary
embryos (from staminodes). Only well-developed cotyledons that were light
yellow in color were used. The cotyledons were cut with a scalpel into
approximately 4 mm? pieces. Between 50 and 200 explants were cultured for
14-d on modified secondary callus growth medium (SCG) containing 2.4 wM
2,4-D and 1.4 M 6-benzylaminopurine (BA) (Li et al., 1998). The
modifications of SCG medium included substitution of kinetin with BA and
exclusion of the coconut water. After 14d culture on modified SCG the
explants were transferred and maintained on plant growth regulator- (PGR)
free embryo development medium (ED) (Li et al., 1998). At PSU, secondary
embryogenesis from Scavina-6 primary embryo cotyledons was initiated at 20

(W20), 22 (W22), 24 (W24), 26 (W26), and 28 (W28) wk after staminode
culture initiation. Cotyledons of primary embryos from UVE genotypes and
genotypes TSH 565 and EEG 29 were selected from 11-mo.-old staminode
cultures. The total number of embryos produced was counted every 2 wk for
up to 40 wk after culture initiation. Additionally, for genotype Scavina-6, the
number of normal embryos produced was recorded.

The mean number of total embryos produced per explant was calculated
for all genotypes. Data were analyzed using analysis of variance for a
completely randomized design with 16—23 levels of treatment (weeks after
culture initiation). We compared the means for the number of total versus
normal embryos produced per explant, normal embryos produced from
staminode versus cotyledon explants, and the number of normal embryos
produced from cotyledons initiated at different times after primary culture
initiation for Scavina-6. The differences among the means of the total number
of embryos produced for the six genotypes were also analyzed. Fisher
Protected LSD test at P << 0.05 level of significance was used for mean
separation (StatView5, SAS Institute Inc., Cary, NC).

At CIRAD the total number of embryos produced from eight genotypes via
primary and secondary embryogenesis was recorded every 2wk. The
percentage of embryo-producing explants and the mean number of somatic
embryos per explant were calculated. The differences among the means of the
genotypes for percentage of explants producing embryos and the mean
number of embryos produced per explant from primary and secondary
embryogenesis were analyzed by one-way ANOVA. Significance was
determined at P < 0.05 using ANOVA (StatView5).

Light microscopy. Bright field images of embryos were taken with a
Nikon SMZ-4 dissecting microscope equipped with 3 CCD video camera
system (Optronics Engineering, Goleta, CA). The video camera was
connected to a Macintosh computer with NIH Image 1.6 image processing
and analysis software.

Scanning electron microscopy (SEM). Five to eight staminode and
cotyledon explants were sampled at 0, 5, and 30 d after culture initiation. The
explants were fixed in 2.5% paraformaldehyde and 1.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.2) (Electron Microscopy Science, Fort
Washington, PA) for 2 h at room temperature under vacuum and stored at 4°C
overnight. The specimens were washed three times in 0.1M sodium
cacodylate buffer, post-fixed in 1% osmium tetroxide (Electron Microscopy
Science) in 0.1 M sodium cacodylate buffer and dehydrated through a graded
alcohol series (25%, 50%, 70%, 85%, 95%, and 100% X 3) for 15 min each
step. Samples were stored overnight at 4°C in 100% ethanol and critical-point
dried using liquid carbon dioxide in a Polaron E3000 critical-point dryer
(Energy Beam Sciences, Agawam, MA). Dried explants were mounted onto
aluminum stubs (Electron Microscopy Science), coated with gold and
palladium in a BAL-TEC SCDO050 sputter-coater (Boston, MA) and examined
with a JEOL (JSM 5400) scanning electron microscope at 5-10kV
accelerating voltage. Digital images were collected using PGT’s IMIX-PC
system (Princeton Gamma-Tech, Inc., Princeton, NJ). At 30d after culture
initiation different tissue samples were selected from staminodes and
cotyledons (three samples each) and the diameter of 28 individual cells per
treatment was measured using the same image-processing system.
Additionally, at 30d after culture initiation the sizes of 10 primary and 10
secondary globular embryos from different tissue samples ware measured.
The data were analyzed using an unpaired ¢-test with an equal number of
samples and unequal variances. For this analysis, significance was
determined using half the usual degrees of freedom (Snedecor, 1948).

Histological analysis. Samples from primary (Scavina-6) and secondary
explants (Scavina-6, KER 1, and GU 143) were collected every 4d after
culture initiation. They were fixed for 24 h in phosphate buffer (0.2 M, pH 7.2)
containing 2% paraformaldehyde, 1% glutaraldehyde and 1% (w/v) caffeine
at 4°C. After dehydration in an alcohol series: 70% for 60 min; 95% for
15min; 95% for 30 min; and 100% for 15 min; samples were subsequently
embedded in Technovit 7100 resin (Kulzer, Wehrheim, Germany). Three-pm
thick sections were cut using an LKB Historange microtome (Leica,
Heidelberg, Germany). A double stain PAS- (periodic acid—Schiff) naphthol
blue-black was used. Proteins were stained with naphthol blue-black (Fisher,
1968) and polysaccharides stained red with PAS (Martoja and Martoja,
1967). Images were collected using Leica DMRXA microscope and camera.

Rusurrs

Efficiency of primary and secondary embryogenesis. Embryonic



254 MAXIMOVA ET AL.

Fic. 1. Embryonic structures observed during primary and secondary embryogenesis of cacao. Representative embryos from genotype
Scavina-6: A, normal embryo; B, fasciated embryo; C, abnormal embryo-like structure (bar = 1 mm).

structures produced from staminode and cotyledon explants were
separated into three morphological categories—normal embryos
(Fig. 1A4), fasciated embryos (Fig. 1B) and abnormal embryo-like
structures (Fig. 1C). Normal embryos later converted to plants with
high success rates (data not shown). Fasciated embryos consisted of
two or more fused embryos with multiple cotyledons (Fig. 1B), very
few of which converted to plants. Abnormal embryo-like structures
were formed in groups, missing apical meristem development and
lateral symmetry, and never developed into plants (Fig. 1C).

The total number of embryonic structures produced reached a
maximum between 28 and 32wk after primary culture initiation
(Fig. 24). No significant differences in the total number of embryos
per explant were observed from week 22 to week 38. At that time the
maximum number of embryonic structures produced from a single
explant ranged from 12.5 to 23. However, only a small portion of the
total number of these were normal embryos (Fig. 24). The mean
number of total embryonic structures formed per staminode was
13.8, compared to 2.86 normal embryos; these means were
significantly different (P < 0.0001). A minimal number of normal
embryos were observed during the first 12 wk after culture initiation.
The largest increase (8-fold) in the production of normal embryos
was observed between weeks 12 and 14 after culture initiation.
Statistical analysis indicated that there were no significant
differences in the number of normal embryos from week 24 to
week 38, suggesting that the system had reached maximum normal
embryo production at 12 wk after culture initiation.

The number of normal embryos per explant was significantly
higher (P < 0.0001) for cotyledons versus staminodes (Fig. 2B). The
number of normal embryos produced from cotyledons increased very
quickly and, at 10wk after secondary culture initiation, the
cotyledon explants had greatly exceeded the normal embryo
production of the staminodes.

Our results demonstrated that the efficiency of embryogenesis
from cotyledons was affected by the age of the staminode culture
used for explant source. Despite the observed morphological and
physiological similarities at the time of placement in culture, the
cotyledon explants selected at different times after staminode
culture initiation produced variable numbers of normal embryos

(Fig. 2C). At 20wk after cotyledon culture initiation there were no
significant differences between cultures W20 and W22 (P <
0.7586), or W26 and W28 (P < 0.5637). The maximum number of
embryos was produced from W24 culture and was significantly
higher than the other four cultures (P < 0.01). At 40 wk the average
number of embryos produced per cotyledon from the W24 culture
was significantly different only from W20 and W22 (P < 0.0220,
P < 0.0140) due to increased standard errors for W26 (SE = 38.16)
and W28 (SE = 44.99).

Evaluation of embryogenic potential of staminode and cotyledon
explants from different cacao genotypes. To evaluate the effect of
genotype on embryogenesis frequency, cotyledon explants from six
different genotypes were cultured for secondary embryo initiation
and the number of embryos produced was counted every 2wk
(Fig. 2D). All genotypes produced embryos and the formation of
embryos was first observed between 4 and 6wk after culture
initiation. The peak in embryo production for all genotypes was
between weeks 8 and 18. After week 18 few new embryos were
formed. Analysis of variance indicated that cotyledon embryogenesis
varied among genotypes. Genotype UVE 1 produced significantly
more embryos per explant (5.571) compared to the other five
genotypes (P < 0.01) (Fig. 2D). UVE 5 and TSH 565 produced very
low numbers of embryos (0.282 and 0.236). Overall, multiplication
rates ranged from 1 to 11.2 embryos per explant.

Primary embryos were produced in cultures initiated from eight
genotypes at CIRAD and a significant level of variation was also
observed between different genotypes (P < 0.01) (Table 1). During
staminode embryogenesis the genotype Scavina-6 produced both the
highest percentage of embryogenic explants (75%) and total number
of embryos per embryogenic explant (42) (Table 1). The genotype
IFC 5 exhibited low embryogenic potential, with only 6% of explants
producing embryogenic cultures with an average of only four
embryos per explant. Overall, an approximately 10-fold difference in
efficiencies was observed between Scavina-6 and IFC 5 (Table 1).

Similarly, all genotypes tested produced secondary embryos, and
significant genotype effects were also observed (P < 0.01) (Table 1).
In some cases, the percentage of explants producing secondary
embryos was higher than observed for primary embryogenesis (KER
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Fic. 2. Dynamics of primary and secondary embryogenesis. Primary and secondary embryos were produced from six genotypes at Penn
State University. The total number of embryos produced was recorded every 2 wk after culture initiation. For Scavina-6, the number of
normal embryos produced was also recorded. A, Average number of primary total and normal embryos produced per explant from Scavina-6.
B, Average number of primary and secondary normal embryos produced per explant from Scavina-6. C, Average number of secondary
normal embryos produced per explant from Scavina-6. Five different secondary cultures were initiated at 2-wk intervals using the same
primary culture starting at 20 wk after primary culture initiation. D, Average number of secondary embryos produced from six cacao
genotypes. Significance was determined at P < 0.05 using ANOVA. APCI, after primary culture initiation.

1 and GF 23) and in other genotypes the percentage was lower
(Scavina-6). Overall, these results show that the methods we have
developed support embryogenesis in a wide variety of genotypes,
although efficiencies may vary with genotype.

Morphological comparison of developing somatic embryos. Prior
to culture initiation, staminode surfaces appeared smooth with large
numbers of long unicellular trichomes (Fig. 3A). After 5d of culture
multiple transverse parallel ruptures formed (Fig. 3B). Numerous
individual, swollen cells were observed emerging from the ruptures
(Fig. 3B, C). After 30d of culture, the calluses proliferating from the
staminode explants contained two morphologically distinct types of
clustered cells. The first type consisted of elongated cells (Fig. 3D),
which appeared white under a dissecting scope (not shown). Somatic
embryos never developed from this type of cell cluster. The second
type consisted of round cells approximately 40 pm in diameter
(Table 2; Fig. 3E). These cell clusters were often found in association
with somatic embryos (Fig. 3F). The sizes of primary embryos at the
globular stage ranged from 608 to 2122 wm (Table 2). Heart-shaped

embryos as well as poly-cotyledonous embryos were also observed
(Fig. 3F). Cotyledons of mature embryos had stomata and
multicellular trichomes (Fig. 3G, H). Primary embryo initiation
and development were highly asynchronous.

Cotyledon explants were excised from primary embryos and
reintroduced in culture on a secondary callus growth medium with
2,4-D and BA for induction of secondary embryogenesis. Five days
after culture initiation the surface of the cotyledons was ruptured
and swollen cells were observed emerging from the openings (Fig. 31,
J). The ruptures on the cotyledon surface did not occur in a
particular orientation (Fig. 3/). During secondary embryogenesis the
majority of calluses formed were similar to the second category
described above, with round, translucent-waxy-yellow cells, which
were often found in close association with large numbers of somatic
embryos (Fig. 3K, L).

Cell and embryo size were measured for staminode and cotyledon
explants (Table 2). The mean size of embryogenic cells from
cotyledons was 10 times larger (t = 22.97, P < 0.001) and showed
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TABLE 1

GENOTYPE RESPONSE OF CACAO STAMINODE AND SOMATIC EMBRYO COTYLEDON EXPLANTS DURING PRIMARY AND SECONDARY
EMBRYOGENESIS

Primary embryogenesis

Secondary embryogenesis

Explants producing

embryos £ SE (%)

Cacao genotype

Average number of
embryos per explant

Explants producing
embryos £ SE (%)

Average number of
embryos per explant

GF 23 10.0 £ 5.2 ¢ 9.0 =
GU 143 27.1 * 6.3 be 189 =
IFC 5 6.1 = 25¢ 4.0 =
1IFC 705 49 * 15¢ 8.7 =
KER 1 15.1 £ 6.8 ¢ 14.6 =
NA 32 9.2 * 53¢ 35.2 £
NA 79 372 £ 32b 159 =
Scavina-6 716 = 49a 42.9 +

2.5b 61.8 = 270a 8.8 = 1.7 ab
3.5 be 262 * 42b 20.8 *+ 4.7 ab
0.8 ¢ 204 = 1.3b 4.8 * 1.8b
2.2 be 176 £ 53b 10.2 £ 3.8 ab
3.1a 71.8 £ 15.6 a 247 £ 2.1 a
8.0b 23.6 £ 9.0b 129 = 2.7 ab
1.6 a 43.7 £ 6.2 ab 169 *= 4.6 ab
39a 204 * 21b 10.2 = 1.9 ab

Number of explants producing embryos and total number of embryos were counted every 2 wk until embryo production ceased (approx. 12 mo. after culture

initiation).

Data are presented as percentage of embryo-producing explants = standard errror (SE) and as average number of embryos per producing explant * SE. Values
that are significantly different within columns at the 5% level of significance are indicated with different letters.

TABLE 2

CACAO EMBRYOGENIC CALLUS CELL AND PRIMARY/SECONDARY
EMBRYO SIZE

Single callus
cell diameter
(wm) * SE; variance

Tissue culture
explant type

Somatic embryo
size (wm) £ SE; variance

Staminodes 41 2; 90.85

+ 1193 = 191; 364 113.69
Cotyledons 402 = 16; 6839.55

907 *= 59; 31 619.31

At 30d after culture initiation the diameter of callus cells (n = 30) and
globular embryo (n = 10) size of primary and secondary tissue samples were
measured. The cell and embryo size variation were analyzed using an
unpaired -test with equal number of samples, unequal variances, with 27 and
9 degrees of freedom, respectively.

approximately 70-fold more variation then embryogenic cells
observed in staminodes. In contrast, the measured sizes of globular
primary embryos produced by 30-d-old cultures show approximately
10-fold more variation than did secondary embryos, although the
mean sizes were not significantly different (¢ = 1.36, P < 0.1896).

Origin of primary somatic embryos.
somatic embryogenesis, sectioning of staminode explants revealed
distinet layers of epidermal cells, parenchyma cells, vascular
bundles, and large vesicles full of mucilage (Fig. 44). After 10d of
culture, callus derived from active division of parenchyma and
epidermal cells was observed (Fig. 4B). After 2 wk growth on SCG
media, callus containing embryonic cells was visible (Fig. 4C). At
that time the calluses were composed of numerous meristematic
zones with diffuse division activity similar to that found in primary

Prior to induction of primary

meristems (Fig. 4D). After transfer to ED medium, the meristematic
cells accumulated a large number of protein globules and acquired
embryonic characteristics (Fig. 4E). The resulting callus was
frequently observed to fragment into embryonic masses, spatially
isolated from the surrounding cells (Fig. 4F). Subsequently, these
cellular groups developed into immature somatic embryos (Fig. 4G).
Thus, somatic embryos developing from staminode explants
appeared to originate primarily from multiple cells.

Origin of secondary somatic embryos. Cross-sections of cotyle-
don explants excised from primary somatic embryos prior to culture
revealed a single-layered epidermis with uniform cells. Well-defined
vascular tissue was interspersed among the parenchyma cells
(Fig. 4H). Some parenchyma and vascular bundle sheath cells
contained polyphenols (Fig. 4H). After transfer of the explants to ED
medium division of single epidermal cells was observed (Fig. 41).
The following continuous division led to formation of meristematic
nodules and friable calluses consisting of detached, dedifferentiat-
ing cells (Fig. 4J). Further development gave rise to globular
(Fig. 4K, L), heart (Fig. 4M), torpedo, and cotyledon stages similar to
zygotic embryogenesis (Fig. 4N). Secondary embryos were frequently
observed to be loosely attached to the parent tissue by a suspensor-

like organ (Fig. 4M).

Discussion

We developed a protocol for secondary embryogenesis that
utilizes primary embryos from somatic tissues. It is the first system of
this kind reported for cacao. The new procedure has the potential to
increase embryo production 30-fold and to help reduce its cost. The
system used in this study differs from prior work in the use of TDZ to
induce embryogenesis, and in its ability to regenerate various
genotypes (Li et al., 1998). The secondary embryos produced from
all genotypes were also more uniform and developed in shorter time
periods compared to primary somatic embryos. One limitation of the
protocol developed for cacao is that embryo production is confined to
the first 8—9mo. after culture initiation. Also, as in primary
embryogenesis, secondary embryogenesis efficiency was genotype
dependent. The results obtained for Scavina-6 indicated that further
optimization of the age of the primary culture used as a cotyledon
source for individual genotypes could improve efficiency.

Our results indicate that primary and secondary somatic
embryogenesis of cacao result from two distinct ontogenetic
pathways. Staminodes formed embryos of multicellular origin,
while embryos from cotyledons developed primarily from unicellular
origins. The formation of secondary embryos was greatly stimulated
by transfer of primary embryos to PGR-containing SCG media,
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FIG. 3. Scanning electron micrographs of various stages of primary and secondary embryogenesis of cacao. A—F, Primary (staminode)
embryogenesis; G—L, secondary (SE cotyledon) embryogenesis. A, Staminode at 0 d after primary culture initiation (APCI) (bar = 100 pm).
B, Staminode at 5d APCI (bar = 100 pm). C, Staminode at 5d APCI (bar = 10 pm). D, Non-embryogenic callus from staminode at 30 d
APCI (bar = 100 pm). E, Embryogenic callus from staminode at 30 d APCI (bar = 100 pm). F, Primary somatic embryos from staminode
at 30 d APCI (bar = 500 pm); GSE, globular-stage somatic embryo; TSE, torpedo-stage somatic embryo.G, Cotyledon at 0 d after secondary
culture initiation (ASCI) (bar = 50 pm). H, Cotyledon at 0 d ASCI (bar = 50 pm). I, Cotyledon at 5d ASCI (bar = 100 pm). J, Cotyledon
at 5d ASCI (bar = 10 pm). K, Embryogenic callus from cotyledon at 30 d ASCI (bar = 100 wm). L, Secondary somatic embryos from

cotyledons at 30 d ASCI (bar = 500 pum).

followed by transfer to PGR-free ED media. However, at a much
lower frequency, primary embryos also produced new embryos by
repetitive embryogenesis without change in medium composition
(data not shown). The multicellular origin of primary somatic
embryos is similar to that previously reported by Alemanno et al.

(19964, b). Unicellular origin was also previously demonstrated for
the development of embryos from cacao immature zygotic embryos
(Pence, 1989). Other investigators have concluded that when
meristematic cells from borage or ginseng are involved in somatic
embryogenesis, embryos often originate from several cells (Quinn
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FiG. 4. Histological analysis of primary and secondary embryogenesis. A—G, Primary embryogenesis; H—N, secondary embryogenesis.
A, NA 79; transverse section of a staminode, 0 d after primary culture initiation (APCI) (bar = 140 pwm). B, Scavina-6, longitudinal section
of staminode 10d APCI (bar = 200 pm). C, Scavina-6, longitudinal section of an embryonic callus from staminode at 14d APCI
(bar =90 pm). D, Scavina-6, longitudinal section of a callus containing nodules with meristematic cells, 24 d APCI (bar = 270 pum). E,
Scavina-6, meristematic cells with increased protein content 32 d APCI (bar = 43 pum). F, Scavina-6, cellular masses formed as a result of
active cell division of meristematic cells, 35d APCI (bar = 280 pm). G, Scavina-6, primary somatic embryo, 35 d APCI (bar = 90 wm). H,
KER 1, transverse section of somatic embryo cotyledon, 0d after secondary culture initiation (ASCI) (bar = 140 pm). I, GU 143, first
somatic embryo divisions of epidermal cells, 21 d ASCI (bar = 26 pm). J, Scavina-6, second somatic embryo cell division cells, 21 d ASCIL
(bar = 13 pm). K, Scavina-6, globular-stage somatic embryo, 21 d ASCI (bar = 39 pm). L, Scavina-6, late globular-stage somatic embryo,
35d ASCI (bar = 130 pm). M, Scavina-6, heart- and torpedo-stage somatic embryos, 35d ASCI (bar = 570 pm). N, KER 1, somatic
embryo with developing cotyledons, 48d ASCI (bar = 310 pum). Abbreviations: EC, embryonic cells; EP, epidermis; MC, meristematic
cells; MV, mucilaginous vesicles; Nod, nodule; PC, parenchymatous cells; PG, protein globules; PP, polyphenolics; SE, somatic embryo;
VB, vascular bundle.
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et al., 1980; Choi et al., 1998). Conversely, cotyledons from
Trifolium repens could also form meristematic zones followed by
development of embryos with multicellular origin (Maheswaran and
Williams, 1985).

Our observations of the unicellular origin of cacao secondary
embryos are the first report of such a developmental pathway in
cacao. The pathway was very similar to those described for walnut
(Polito et al., 1989) and Korean ginseng (Choi et al., 1997). This
study also demonstrated a positive relationship between unicellular
origin and higher embryo conformity. The larger number of abnormal
embryos produced during primary somatic embryogenesis could be
the result of variation in the number of cells that participate in the
formation of each individual, and the possible lack of effective
spatial coordination during development.

We have described a procedure for producing cacao secondary
embryos that can be used to increase the efficiency and quality of
embryos produced in vitro. This is of potential utility in the clonal
propagation of elite genotypes of cacao for clonal breeding trials, and
for scale-up of new varieties for large-scale propagation programs.
Furthermore, the single cell origin of cacao secondary embryos offers
a system useful in the development of a genetic transformation
system. Long-term field conformity trials which monitor genetic
stability, morphology and yield from plants produced by these
methods are necessary to ensure the suitability of such plants in
production systems.
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