ice in crops.
Current and
Crops. John

1995) Trans-
enes. In: Pro-
ce on Coffee
pp. 853-859.
orging a new
[ opening the
. Proceedings
. September
i/ /www.asic-

2 large-insert
iy and three
search in rice
FJenetics 105,

ffeec on the

re Journal of

, W and
ase signaling
unology 13,

and Sano, H.
racterization
lved in the
lants.  Plant

ency somatic
luencing cal-
regeneration
n Culture 44,

our, M. and
lucoronidase
\ into coffee

) Glufosinate
on in coflee
Aogy-—Plant

Yee breeding
‘eds.) Coffee:
pp. 184-201.
wijo Moraes,
A., Marino,
Giglioti, E.,
2ira, G.A.G.

EST-based
liysiology 18,

‘fvation  and
imbryogenic

explants by
197,

Siela N. Maximova', Tan C. Lock? and Mark J. Guiltinan'

! Department of Horticulture, Pennsylvania State University, University Park, PA, USA,
?Malaysian Cocoa Board, Sabah, Malaysia

1. IMTRODUCTION

Cacao, Theobroma cacao L., is a small understory
tree believed to have evolved in the lowland
rainforests of the Amazon basin (Wood and
Lass, 1985; Bartley, 2005). Today, cacao is
grown throughout the humid tropics, often in
agroforestry ecosystems with other fruits and
commodity crops. The production of dried seeds
of cacao (cocoa beans) supports an international
market of approximately 3 million tons, with two-
thirds being processed into cocoa powder and
cocoa butter, and the remaining one-third used
for cocoa liquor (the flavor and color component
of chocolate) (Wood and Lass, 1985). Cocoa is
the major export commodity of several countries
in West Africa (68% of world production),
including Ivory Coast, Cameroon, Nigeria, and
Ghana. Other major cocoa exporters include
Ecuador, Venezuela, Brazil, Panama, Costa Rica,
Dominican Republic, Malaysia, and Indonesia.
Worldwide, approximately 5-6 million small-
holder farmers grow 95% of the worlds’ production
providing an important source of cash to otherwise
primarily subsistence farmers. World cocoa export
commerce is $5 to $6 billion/year and in the
United States alone, the use of cocoa and cocoa
butter in chocolate manufacturing, cosmetics, and
other products drives an approximately $70 billion
dollar market providing over 60 000 jobs (Morais,
2005). In addition, US chocolate production also
uses large amounts of sugar, nuts, and milk valued

at approximately $3 billion per year in receipts to
American farmers.

Cacao is grown in some of the world’s most
important biodiversity hotspots (Piasentin and
Klare-Repnik, 2004). With a long life cycle,
predominantly cultivated under shade trees, there
are many environmental benefits of cacao culti-
vation such as watershed and soil conservation,
provision of habitat for birds and other animals,
and provision of buffering habitat for protected
wild rainforest regions (Rice and Greenberg,
2003; Ruf and Zadi, 2003). With these benefits
in mind development agencies such as United
States Agency for International Development
(USAID), Conservation International (CI), The
World Wildlife Federation (WWTF), and the World
Cocoa Foundation have formed alliances to
promote sustainable cacao production (Guyton
et al.,2003).

Overwhelmingly, plant pathogens present the
major challenge to sustainable cacao farming
throughout the world. It is estimated that pests and
diseases reduce the potential crop by an estimated
810000t annually (30% of world production)
and individual farm losses can approach 100%
(Keane, 1992; Bowers ¢t al.,2001). In one example,
Witches” broom disease resulted in a decrease
of production in Southern Bahia, Brazil, from
300000t in 1989 to 130000t 10 years later, for an
estimated loss of $220 million each year (Pereira
et al., 1990). This caused a cascade of widespread
social disruption among small-holder growers
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potassium nitrate and 2.5pM the amino acids
arginine, glycine, leucine, lysine, and tryptophan
increased the conversion rate to 92%. In addition
- to the media composition, it was observed that
the morphological characteristics of the mature

embryos are important factors for the success of

the conversion. Two different classes of embryos
(I and II) were first described by Li ef al.
(1998) based on morphological appearance. Type
I embryos displayed yellow translucent color and
larger cotyledons compared to type II embryos
that had ivory white color and small cotyledons.
The conversion of type II embryos resulted in
higher conversion rate to plants. Plants produced
by this method were transplanted to soil in a
greenhouse with 100% humidity and 70% shade
(approximately 100 umolm™2s~"). Humidity was
maintained by misting for [0severy 15 min. After
4 weeks the misting was omitted and plants were
successfully maintained to maturity at 60-65%
humidity with 50% shade (250500 pmolm=2s~")
(Maximova et al., 2005). Plants produced by dif-
ferent genotypes are in the process of field evalua-
tion in Saint Lucia, Ecuador, and Puerto Rico.

2.2 SE Research and Genetic
Transformation Studies of Cacao at the
Malaysian Cocoa Board, COCOA
Biotech Center

Various explant sources (leal, stem, young shoots,
seed, flowers, etc.) from different commercial
cocoa clones planted in Malaysia were evaluated
for their potential for SE using previously
published protocols (Aguilar ef al., 1992; Figueira
and Janick, 1995; Alemanno ef al., 1996). From
these, only seed, cotyledon tissue, and flower
organs regenerated somatic embryos (T.C. Lock,
unpublished data). Young cotyledon tissues (white
to pale purple color) were more reactive compared
to older cotyledon tissues (T.C. Lock, unpublished
data). Although somatic embryos were produced
from cotyledons, this source was not suitable
for clonal propagation due to the fact that
cotyledon tissue is a product of fertilization and
is genetically different from the source materials.
Further experiments were conducted with flower
parts—anther filaments, staminodes, and pelals
(Tan and Furtek, 2003). Similar to the results
reported by Li ef al. (1998), the best regeneration

TATION CROPS, ORNAMENTALS AND TURF GRASSES

was recorded for staminode tissues (Figure 1). The
genotype of cocoa was also an important factor
for the success of embryogenesis as genotype-
specific variations in the response were observed.
Additionally, the time of the year when flowers
were collected from the field and introduced
in culture affects the embryo production (T.C.
Lock, unpublished data). It was observed that
alter occurrence of a distinct dry period followed
by a wet season, floral tissues performed better
during SE. However, there is no actual data
recorded that correlate the climatic conditions with
embryogenesis rate and future experiments need to
be conducted to verify these observations.

For induction of PSE, unopened flower buds
(4-6mm in length) were collected from the
field and rinsed with tap water. The flowers
were then sterilized in 70% ethanol for 5min
followed by 20min in 10% commercial bleach
(5.25% (v/v) sodium hypochlorite) and 0.10%
sodium dodecylsulfate (SDS) solution, and 20 min
in 1% bleach and 0.10% SDS solution. Buds
were rinsed three times for 5Smin in sterile
reverse osmosis water. Staminodes were dissected
in sterile conditions and cultured on somatic
embryo induction medium (MIM41n). MIM41n
consisted of DKW basal salt (Duchefa, Biochemie
BV, The Netherlands), 20gl~! glucose, MS
vitamins, 2mgl™' of 24-D, 0.1gl™" N°-[2-
1sopcnLcnyl]adcnme (2-iP), 500 mg 1" glutamine,
and 2 g1~ Phytagel (Sigma), pH 5.8. Calli were
formed after 2-3 weeks of culture on MIM41n
media (Figure 1b). After 4-8 weeks, the calli
were transferred to embryo differentiation media
(MEM22a) consisting of DKW basal salts, MS
vitamins, 50mgl™' and 2gl~! Phytagel, pH
5.5. Newly formed somatic embryos (Figure 1c)
were separated [rom the cali and subcultured
onto differentiation media for another 4-6
weeks. Secondary embryos (Figure 1d) were
formed spontaneously on MEM22a medium
and after culture on MEM22a supplemented
with 0.0l mgl=" 2-iP and 0.0l mgl™! kinetin.
The mature somatic embryos produced were
approximately 40 mm long with distinct shoot
and root apices. These were introduced into
conversion media (MGM) consisting of one-
fifth strength DKW basal salts, 5gl~' sucrose,
10g!™! glucose, 100 mgl~" myo-inositol, 2 mg 1™
glycine, 2.251"' Phytagel (Sigma), pH 5.8. MGM
medium was dispensed onto 250ml glass jars
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Figure 1 Somatic embryogenesis of Theobroma cacao. (a) Unopened flower bud, scale bar = 1.6 mm, (b) callus from staminode,
sale bar = 1 mm, (c) primary somalic embryos [rom callus, scale bar = 2 mm, (d) secondary somatic embryos from primary embryo,
scale bar = 0.9mm, (e) plantlel from somatic embryo, scale bar = 10mm, () plantlets in light culture room, scale bar = 5cm,
(g) cylological analysis of root tips from plantlet, scale bar = 10 mm, (h) somatic embryo derived plants established under ex virro

conditions, scale bar = 21 cm

(Biocraft, Singapore) and covered with Suncaps
(Sigma) for ventilation. The conversion cultures
were kept under light (16 h photoperiod, daylight
fluorescent tubes, 25 mmolm™>s~') at 25 & 2°C
(Tan and Furtek, 2003). Roots usually appear
after 3 weeks on conversion media followed by
leal development (approximately 4 to 8§ weeks on
conversion media). Once a healthy root system and
dark green leaves were developed, the plantlets
were translerred to ex vitro conditions (Figures
le and f). Embryogenesis was most successful
for genotypes QHI1560, KKM19, PBCI137, and
KKM4 (commercial clones in Malaysia). The
percentages of embryos producing explants (0%
to 50%) varied greatly with the season and age of
the source plants, and the genotypes. Between 5%
and 15% of the somatic embryos were converted
to plantlets.

To test for mutations and somaclonal variation
as a result of the SE, SE-derived plants were ana-
lyzed and compared (o the explant source plants
by molecular fingerprinting and morphological
characterization. Two- to three-year-old somatic
embryo-derived plants and their mother plants
were fingerprinted using 39 different microsatellite

markers (T.C. Lock, unpublished data). Genomic
DNA was isolated from young, fully expanded
leaves from somatic embryo-derived plants and
mother plants using DNeasy 96 Plant kit (Qiagen).
Polymerase chain reaction (PCR) amplification
of the target sequences was performed using
Applied Biosystems 96-Well GeneAmp Y PCR
System 9700. Each reaction contained 1U of Tag
polymerase, 10ng cocoa DNA, 0.2mM dNTP
mix, 2mM MgCl,, 1 x reaction buffer, and 2 pmol
of fluorescently labeled primers in total volume of
20 ul. The PCR conditions applied were: 94 °C [or
4 min. followed by 30 cycles of 30s at 94°C, 30s
at 50°C, and [ min at 72°C. One to 10 dilutions
were made from each PCR product and 1 pl from
each sample was mixed with [ul ROX in an
individual tube. The samples were denatured at
95°C for 3—-5 min, cooled on ice, and fractionated
by capillary electrophoresis using Amersham
MegaBACE 500 analysis system. The SSR profiles
were analyzed using GENOTYPER software
(Applied Biosystems, Foster City, CA). The
genolyping analysis demonstrated no diflerences
between the somatic embryo-derived plants and
the flower source plants. Additional cytological
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analysis of root tips from the somatic embryo-
derived plants and the source plants revealed an
equal chromosome count of 2n = 20 (Figure
1g) (T.C. Lock, unpublished data). Preliminary
morphological examination of leaves and flowers
also showed no differences from the mother plants
(Figure 1h).

Agrobacterium-mediated transformation exper-
iments were conducted with untreated staminode
tissue, 3-week-old calli from staminodes, zygotic
and somatic embryo pieces. The Agrobacterium
strain used in the transformation was AGL1 carry-
ing vector pGPTV-Kan: contains neomycin Phos-
photransferase II (np/1l) (kanamycin resistance)
gene and B-glucuronidase (GUS) reporter gene
(Becker ef al., 1992). The Agrobacterium was incu-
bated for 48 h at room temperature (approximately
28°C) in 523 medium with 50 mg =" rifampicin,
50mgl~! tetracycline, S0 mg1~" carbenicillin, and
100 uM acetosyringone. The calli were inoculated
with the Agrobacterium suspension (1.00D
at 600nm) for 30s, blotted on sterile paper
towels, and were then cultured on MEM22a
medium with mgl™" cefotaxime and 250 mgl™!
augmentin for 7 days. Subsequently, the calli were
transferred to MEM22a medium with 250 mg 1™
cefotaxime, 250 mg 1~ augmentin, and 100 mg1™'
paromomycin for selection. After approximately
5 weeks, the calli and newly developed somatic
embryos were histochemically stained for GUS
expression. The blue color observed indicated
the development of putatively transformed calli
(Figure 2a). Additionally, the formation of
chimeric somatic embryos was observed (Figure
2b) (Tan et al., 2001), which could be due
to the possible multicellular origin of the
primary embryos (Maximova e/ a/., 2002). Similar
results were observed after transformation of
callus derived from zygotic and somatic embryo

pieces (data not shown). Additionally, biolistics
transformation was carried out using pVDHG65
and 3-week-old staminode calli using BioRad
PDS-1000/He system. The vector construct used
included a triple caulifiower mosaic virus (CaMV)
35S promoter fused to a GUS gene (Tan el al.,
1999). The GUS histochemical staining resulted
in the formation of approximately 40-50 blue
spots per 3mm? of callus as an indicator
of transient expression. The number of blue
spots observed decreased over time and no
differentiation of transgenic somatic embryos was
recorded.

2.3 Agrobacterium-Mediated Cacao
Transformation: Protocol Development
and Expression of Genes with Potential
Agronomic Importance

2.3.1 Genetic transformation protocol

development

Prior to year 2000 only one research publication
could be found reporting attempts at cacao
transformation. In this study, cacao leaf strips
were inoculated with Agrobacterium tumefaciens
carrying a vector with GUS and np/Il genes
(Sain et al., 1994). The experiment resulted in
the format/ion of transformed callus cells, but
no transgenic plants were regenerated. In 1996,
the Pennsylvania State University Cacao group
began a program dedicated to the development
of a reliable genetic transformation protocol
based on the recently established SE tissue
culture system described above. The development
and optimization studies included evaluations of
different vectors and reporter genes, various selec-
tive antibiotics, different somatic embryo tissues,

Figure 2 Genelic transformation of Theobroma cacao L. (a) Pactially transformed callus, scale bar = 0.9mm, (b) pitative
transformed callus, scale bar = 0.9 mm, (¢) putatively transformed somatic embryos, scale bar = 0.8 mm, (d) partially transformed

somatic embryo, scale bar = 0.7mm
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and the potentials of particle bombardment and
Agrobacterium-mediated methods (Guiltinan and
Maximova, 2000; Traore, 2000; Antunez de
Mayolo et al., 2003; Maximova ef «al., 2003). To
assess the potential of the biolistic method, cells
grown in suspension cultures and somatic embryo
cotyledon tissues were bombarded with 1 pm gold
particles in a helium-driven PDS-100/He system
(Traore, 2000). The gold particles were coated with
pBI221 DNA containing GUS and nptIl genes
(De Block et al., 1984). Three days after treatment
GUS expression was evaluated and large numbers
of blue spots were observed in the callus and
the cotyledon tissue. However, no embryos were
ever regenerated from these experiments (Traore,
2000). This method is considered a useful and
quick method to check for construct expression
in cacao cells prior to use in further attempts at
stable transformation, but highlighted the need for
improvement of cacao regeneration systems.

Thus, after several years of optimization of the
SE system, attempts were made for Agrobacterium-
mediated transformations using somatic embryos
as explant sources. A major contribution to the
development of the protocol was the ultilization of
the green fluorescent protein (GFP) reporter gene
(Chalfie ef al., 1994). The ability to observe green
fluorescence as an indication of transformation
events within 48 h after Agrobacteriunm inoculation
greatly increased the early screening capabilities
(Maximova ef al., 2003). Additionally, the in-
corporation of GFP allowed the nondestructive
observation ol the explants throughout the entire
culture period including the detection of the
transgenic somatic embryos that were regenerated
in low frequencies. This permitted relatively
rapid optimizations of the many variables in the
protocol.

Anpother important variable optimized was
the selective antibiotic used in the regeneration
medium. To select the best antibiotic for npfll
resistance of transgenic cacao cells, the effect
of different types of aminoglycoside antibiotics
including paromomycin, neomycin, kanamycin,
and geneticin at concentrations of 125, 150, 175,
and 200mgl~! was evaluated. The number of
GFP expressing explants and the total number
of GFP expressing areas were recorded at 1,
2, and 3 weeks after bacterial inoculation. The
highest percentage of expressing explants (49%)
and the highest total number of GFP areas (64)
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was observed after application of geneticin at
125mgl~" (S.M. Maximova and M.J. Guiltinan,
unpublished data). Thus, this antibiotic was
selected for further experiments subsequently
adjusted to a concentration of 50mgl~! for
2 weeks after inoculation (Maximova et al.,
2003). A similar approach was exploited for
selection of the Agrobacterium counter-selection
antibiotic (Antunez de Mayolo et al., 2003).
For this study, it was necessary to evaluate the
effect of the applied antibiotics on SE and in
eliminating Agrobacterium in the regeneration
culture after the initial co-cultivation period of
48h. Different antibiotics were supplemented
to the regeneration medium in four different
concentrations (100, 150, 200, and 300mgl™").
The antibiotics included: from the cephalosporin
class—cefotaxime and moxalactam, and from
the penicillin class—amoxicillin and carbenicillin.
The percentage of explants lost to Agrobacterium
overgrowth was evaluated in addition to the
effect of the antibiotic type and concentration
to the average number of embryos produced in
the absence of Agrobacterium inoculation. As a
result moxalactam at 200 mg1~! was selected as
the most promising antibiotic that assured that
no explants were lost to bacterial overgrowth
and in fact imcreased the average number of
primary and secondary embryos produced per
explant by threefold compared to no antibiotic
controls (Antunez de Mayolo et al., 2003). This
increase of regeneration efficiency could be due to
a possible auxin response of the tissue to one of the
several breakdown components of moxalactam,
phenylacetic acid, which is a naturally occurring
auxin (Webber and Yoshida, 1979).

As a result of combining high efficiency SE with
Agrobacterium-mediated transformation using a
GFP reporter gene, transgenic 7. cacao plants
were obtained and grown to maturity (Maximova
et al., 2003). With optimization ol the protocol,
the numbers of transgenic plants recovered [rom
a single experiment increased from one in early
experiments to a high of 10 independent transgenic
plants. All binary vectors utilized included the
Bint9 backbone (Bevan, 1984), npdl (De Block
et al., 1984) and EGFP (Clontech, Palo Alto,
CA) genes both under the control of EI2-Q
constitutive promoter, a very highly expressed
derivative of CaMV 35S promoter (Mitsuhara
et al., 1996). Additionally, pGH00.0131 included




Tobacco Matrix Attachment regions (MARSs)
(Spiker and Thompson, 1996) flanking the transfer
DNA (T-DNA) region. The presence of the
MARSs contributed to increased GFP fluorescence
in primary transgenics and stable and uniform
GIP expression among the tertiary somatic
embryos propagated from the cotyledons of
primary transgenics (Maximova et al., 2003).
The physiological and morphological observa-
tions of the transgenic cacao plants produced
indicated that genetic transformation events and
transgene expression did not cause any detectable
pleiotropic phenotypic changes. On occasion
gene silencing was observed during reiterative
embryogenic multiplication (S.M. Maximova and
M.J. Guiltinan, unpublished data). Many mature
somatic embryos were converted to plants and
transferred to greenhouse conditions for [urther
evaluation. Ten transgenic plants from the first
established transgenic lines were closely observed
during a period of 5 months and their growth
parameters were recorded and compared to ten
nontransgenic somatic embryo-derived control
plants (Maximova et al., 2003). The parameters
measured were height, stem diameter, number
of leaves, and total leal area. No significant
differences were recorded among the plants for
any of the parameters. After approximately 1.5
years of growth in the greenhouse, the transgenic
plants developed flowers exhibiting bright GFP
expression. The flowers were pollinated with pollen
from nontransgenic 7. cacao genotype Catongo.
The pods produced from this crosses exhibited
high levels of GFP fluorescence of all maternal pod
tissues including pod surface, exocarp, placental
tissues, and seed coal. Very high levels of GFP
fluorescence were observed in the cotyledons and
the embryos of the transgenic sceds. The GFP gene
in the T} generation from several of the transgenic
plants segregated as a single locus insertion (1:1
segregation ratio).

2.3.2  Expression of cacao TcChil gene in
transgenic cacao

As discussed in the introduction, cacao pests
and diseases are major constraints to sustainable
cacao production, and many of these are fungal
pathogens. With this in mind, the first gene
with potential agronomic importance that was
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introduced into cacao was a class I chitinase gene
(TcChil), encoding a potential antifungal protein
(Maximova ef al., 2006). The TeChil gene isolated
from T cacao encodes an endochitinase protein
(NCBI accession U30324 (Snyder, 1994; Snyder-
Leiby and Furtek, 1995)). The gene/protein
belongs to the pathogenesis-related (PR) protein
family and it was demonstrated to be expressed in
cacao [Tuit in response to fungal elicitor treatment
(Snyder-Leiby and Furtek, 1995). As a test of its
putative function in pathogen resistance, it was
hypothesized that the ectopic overexpression of
this gene i1 cacao would contribute to increased
resistance to fungal pathogens. The coding
sequence ol the chitinase gene was placed under
the control of the highly expressed constitutive
E12-Q promoter (Mitsuhara et al., 19906), the
same used to drive the EGFP and npfll genes
as described above. The gene was introduced into
cacao via the SE co-cultivation system described
above. Transgenic embryos were produced and
converted to plants (Maximova el al., 2003),
Clonally propagated plants from nine (ransgenic
lines were characterized for transgene integration
and expression, and in vitro and in vivo chitinase
activities were measured (Maximova ef al., 2006).

Southern genomic DNA blot analysis revealed
multiple transgene insertion sites in eight of
the lines, and one line with a single insertion.
Expression/ of the 7eChil transgene was verified
by Northern blot (Maximova et «al., 2006) and
by quantitative real-time reverse transcription
polymerase chain reaction (Q-PCR) analysis. For
Q-PCR total leaf RNA was extracted [rom control
PSU-Sca6 plants, three chitinase transgenic lines
(T44.1, T56.2, and T6I1.7), and from one GFP
transgenic control line (T-31-GFP) (Maximova
et al., 2006). RNA (400ng) from each sample
(three individual samples per (ransgenic line)
was treated with DNAse 1 (0.2 units) (#2222,
Ambion, Austin, TX) in 20pl total reaction
volume with 60ng of yeast tRNA (Invitrogen,
Carlsbad, CA) by the manufacturer’s instructions.
The reactions were incubated for 30 min at 37°C,
then for Smin at 65°C, and immediately placed
on ice. The DNAse treated RNA (50 ng) was
added to High Capacity cDNA (complementary
DNA) Archive Kit mix (#4322171, Applied
Biosystems, Foster City, CA) to a final volume
of 20l and the reverse transcription reaction
was performed by the manufacturer’s instructions.
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Gene specific primers were synthesized at the Penn
State Nucleic Acid Facility with a MerMadel2
automated DNA synthesizer (Bioautomation,
Plano TX). Gene specific fluorescent probes were
synthesized by Biosearch Technologies (Novato,

CA). The fluorescent label used at the 5 end of

all cacao gene probes was 6-carboxyfluorescein
(6-FAM) and quencher at the 3’ end of all
gene probes was BHQ! (Biosearch). The total
volume of the PCR reaction was 25pul and the
mix included; 5ul of cDNA (~12.5ng), 12.5ul
2% TaqMan® Universal Master Mix (#4304437,
Applied Biosystems, Foster City, CA), 400 nmoles
of each primer, and 200 nmoles of probe. The
PCR reactions were run in 96 well thin-walled
PCR plates in an Applied Biosystems 7300
Q-PCR system (Foster City, CA) with the fol-
lowing reaction conditions: 2 min at 50 °C, 10 min
at 95°C, followed by 40 cycles of 15s at 95°C
and 1 min at 60°C. Each sample was amplified in
triplicate and the results were averaged. In addition
to the TeChil transgene, the expression of four
endogenous pathogenesis related (PR) genes in the
control and transgenic lines were also evaluated.
These genes were selected based on previous
results that indicated their involvement in defense
responses in cacao plants induced with chemical
elicitors (Verica er al., 2004). The genes included:
two additional PR3 chitinases genes—Class 4 and
Class 7; PR4-Osmotin; PRG6-Type I proteinase
inhibitorlike protein; and NPR [—a potential key
regulator in the signal transduction pathway that
leads to systemic acqujred resistance. The mean
expression of two cacao house keeping control
genes, actin and ubiguitin, were used to normalize
the data. Amplification efficiencies of all target
and reference genes were calculated from the
slopes of the dilution curves for each sample
(E = 10(!/slope) 1) (Bustin, 2004). Average
efficiency for each gene was then calculated and
used for efficiency data correction. The data nor-
malization, efficiency correction, statistical ran-
domization test, and relative transgenic/control
nontransgenic expression ratios were computed
using REST software (Pfaffl e al., 2002). Ratios
(lold difference) with p-values less than 0.05 were
considered significant (Table 1).

The results [rom the Q-PCR analysis indicated
a large increase in TcChil expression in all
lines containing the transgene (Table 1). The
fold difference compared to the nontransgenic

Table T Quantitative real-time reverse transcription
polymerase chain reaction analysis (Q-PCR) of gene
expression of TeChil transgene and selected pathogenesis
related genes. Total RNA was isolated from control PSU-Sca6
plants, transgenic line T31-GFP (expressing EGFP and nup(11
only), and three different transgenic lines containing the
TeChil gene. Differences in gene expression between the
transgenic and nontransgenic tissues are represented as
relative expression ratios (fold difference). The ratios were
calculated using REST software (Pfafll es al., 2002) based on
Q-PCR efficiencies and the mean crossing point (CP) values
of the samples [rom individual transgenic line versus the mean
CP values for PSU-Sca6 control nontransgenic samples.
Ratios with p-values less than 0.05 were considered significant
and listed in the table. When the transgenic samples were not
significantly different, they are recorded as not significant (Ns)

Gene name T31-GFP Td4.1 T56.2 T6l.7
TeChil Ns 1,555.5 5,053.6 8.8
TeChid Ns Ns 2.2 Ns
TeChi7 Ns —1.7 —1.5 -1.9
TeNPRI Ns Ns Ns Ns
TePR6 Ns Ns Ns Ns

samples varied from 8.8-fold for line T61.7 to
5053.6-fold for the highest expressing line T56.2.
Line T56.2 also demonstrated a 2.2-fold increase
in 7eChi4. Interestingly, a down-regulation of
between 1.5- to 1.9-fold was observed for the
TcChi7 gene in all lines overexpressing TeChil.
The in vitro endochitinase protein activity assay
also detected significant increases of chitinase
activity in all TeChil transgenic lines compared
to the control T31-GFP and nontransgenic lines
(Maximova et al., 2002). The levels of chitinase
activity in the three transgenic lines correlated
well with the expression levels of the transgene:
T61 had the lowest protein activity, followed
by T44 with intermediate activity and T56 with
the highest activity (Maximova et al., 2006).
The level of chitinase activity also corresponded
well with the in vive antifungal activity against
Colletotrichum  gloeosporioides, a pathogen of
economic importance for cacao in India and
Venezuela. To test the antifungal activity in vivo,
excised cacao leaves were challenged with spores
from C. gloeosporioides (Maximova et al., 2006).
The lines with the highest mRNA levels and
the highest in vitro chitinase activity were better
able to suppress the development of the fungus
and formed smaller necrotic lesions compared
to the lines with lower i vitro chitinase activity
and the control nontransgenic plants. This study
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demonstrated the utility of the transformation
system as a tool for gene functional analysis and
supports a functional role of the cacao TcChil
gene in pathogen resistance in cacao. While by
itself, overexpression of this gene is unlikely to
confer high level fungal pathogen resistance, it is
possible that combined with other resistance genes
via breeding, and pest management strategies, it
could contribute to an integrated approach for
enhanced pathogen resistance.

2.3.3 Biotechnology for CPB resistance
in cocoa

Conopomorpha cramerella, the CPB is one of the
most important pests of cacao. Currently CPB
alfects almost all cocoa producing provinces in
Indonesia. By 2000, CPB had infested 60000 ha,
inflicting losses of $40 million per year (ICCO,

2006). Losses in cocoa yield depend on the age of

the infested pods and the degree ol infestation. The
youngest pods are most susceptible to infection,
and with increase in the insect pressure it was
estimated that the losses could reach 93% on
the individual plantations (Lumsden, 2003). In
2006, an outbreak of CPB was also reported in
Papua New Guinea where according to a US
State Department report, cacao represents the
second largest export product (Merrett, 2006).
From January to May 2006, CPB caused a
21% decrease in cacao export of Papua New
Guinea compared to 2005. Methods for CPB

control include: cultural practices, application of

pesticides, biocontrol, use of resistant/tolerant
planting materials, and use of pheromones. The
effectiveness of any of these methods is hindered
due to the fact that the CPB larvae are protected
inside the cocoa pod almost hall of their life cycle.
The selection and breeding efforts for resistance
to CPB are mainly directed toward plants with
improved physical characteristics of the pod. These
include hardiness and thickness of sclerotic layer,
husk thickness and smoothness of pod surface
(Lumsden, 2003; Teh et al., 2006). Although a
few clones have been identified as moderately
resistant to CPB, in general cacao breeding is a

long and slow process and the introduction of

new varieties is especially difficult considering the
small-holder production systems in the developing
countries. Thus, engineering resistance to CPB

in transgenic plants could potentially benefit the
cacao producers.

The potential candidate genes are those encod-
ing for the production of Bacillus thuringiensis
toxins (Bf). Bt-toxins are natural proteins with
insecticidal activity against lepidopteran insects
and are also considered harmless to humans and
most higher organisms (Schnepf et al., 1998).
Different Br toxins have been evaluated for their
activity against CPB larvae (Santoso ef al., 2004),
Twelve different purified Cryl class Br toxins were
added to CPB artificial diet and fed to CPB larvae.
The larvae mortality was observed every day for 3
days. Application of a single dose of 100 ng cm™ of
four different 51 toxins resulted in approximately
20-50% larvae mortality.

With the goal to produce transgenic cacao
including Bt toxin genes with potential resistance
to CPB, a collaborative research project was estab-
lished between the Plant Research International,
Wageningen, The Netherlands and the Indonesian
Biotechnology Research Institute of Estate Crops,
Bogor, Indonesia (Chaidamsari, 2005). The Br
toxin gene selected was SN 19 hybrid gene encoding
aprotein consisting of domains T and IIT of Cry/Ba
and domain II of Crylla (Naimov et al., 2001).
The sequences of domains T and III of the gene
were modified by PCR site directed mutagenesis
to increase its expression in plants (Chaidamsari,
2005). Binary vectors pSN48, pTC4, pTC9, and
pTCI12 contained different versions of the gene
containing modifications of one, two, or all three
domains of the gene. Vector pTCl13 included a
control nonmodified gene SN/9. The constructs
were first introduced in transgenic Arabidopsis
thaliana ecotype WS as a model system to rapidly
evaluate the expression and effectiveness of the
Bt transgenes. Larvae of two insect species, Pieris
rapae and Plutella xylostella, were fed with leaves
from transgenic plants containing the various
constructs and larvae mortality was observed.
Depending on the vector, between 25% and 86% of
the plants evaluated caused 100% larvae mortality
for both the insect species. The largest percentage
of plants causing 100% mortality was recorded for
pSN4S containing synthetic domains I and IIL
The analysis ol protein content of these plants
indicated that SN48 constituted 0.01-0.1% of the
total soluble protein.

Transformation vectors pMHS58 and pMHS59
were constructed for transformation of cacao.
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Vector pMHS58 contained the SNI9 gene with
synthetic domains I and I encoding fragments
(comparable with pSN48) and vector pMH59
contained modifications of all the three domains
of SN19. Both genes were placed under the control
of the CaMV 35S promoter. Agrobacterium
transformations were performed with somatic
embryos derived from staminodes of clone Sca6.
After recovery of transgenic somatic embryos,
secondary embryos were transferred to PCG
medium (Li e al., 1998) to allow callus formation.
Calli were maintained on the same medium for
5 months and Br protein levels evaluated by
immunoassay. Preliminary data demonstrated that
calli transformed with pMH58 showed the highest
protein content/expression levels, ranging from
0% to 1.4% of total soluble protein, while pMHS59
ranged from 0% to 0.2% (Chaidamsari, 2005).

Because CPB primarily affects the pods and
specifically enters through the pod wall, it would
be advantageous to utilize promoters to drive Bt
expression only in the pod wall. Thus as part of
this study, Chaidamsari (2005) also identified the
TeLeas gene as primarily expressed in the inner
pod wall and somewhat in the outer pod wall
but not in pulp, beans, and leaves. The putative
TeLeas promoter was characterized and the
promoter activity was verified in tomato as a model
species. Further production and evaluation of
transgenic plants producing Bt toxins under tissue-
specific promoters are necessary to demonstrate
the success and potential application of this
technology for cacao.

3. FUTURE ROAD MAP

The future of transgenic cacao is currently
uncertain. The use of this system for studying
gene expression and protein function has been
demonstrated but with the current protocols,
the efficiency and expense of this method is
prohibitive to most laboratories. Helerologous
model plant systems such as Arabidopsis and
tomato may prove to be much better species for
the study of cacao gene function. However, precise
investigations of molecular interactions may be
limited in heterologous expression systems due (o
subtle differences between species. Therefore in the
future, advanced studies of cacao gene function
will ultimately require improved and more efficient

cacao transformation methods. Higher transfor-
mation efficiencies, faster regeneration methods,
and tissue-specific and regulated promoters are all
required.

In addition to its utility as a method to study
gene function in cacao, transformation holds a
huge potential to contribute to the improvement
of insect- and disease-resistant lines of cacao or
for development of other desirable- traits such
as drought, cold, and herbicide resistance, etc.
However, before commercial lines of cacac with
desired traits are even considered, the societal,
legal, and ethical issues involved must be carefully
thought-out. By far, the largest impediment to
the development of these technologies and to
the application of genetic engineering for cacao
improvement is the public perception of the
potential ethical and biosafety issues surrounding
this field. The perception of chocolate as a luxury
food, and its association with children makes
cacao biotechnology especially sensitive to public
scrutiny. Because of this, research to develop this
technology for cacao has suffered from lack of
funding, and thus has lagged well behind other
plant species such as corn, rice, and soybean.
Furthermore, because cacao is grown in the
developing countries, issues surrounding IP rights,
farmer rights, and biosalety protocols in these
countries are currently highly variable and not
clear in many cases.

However, lact remains that cacao germplasm
does not contain resistance genes for many of the
opportunistic pathogens that inflict huge losses
to farmers in many countries where cacao has
been introduced. Integrated pest management
approaches are being employed to address these
problems; however, implementation of these
methods requires educating millions of poor
farmers who may not have the time or resources
to apply them. Clearly, genelically encoded
traits such as those made possible with trans-
genesis would be a powerful tool to help solve
the problems facing cacao farmers today. The
paradox between public hesitance and farmers’
needs will play out in the future as cacao pathogens
continue to spread [rom country to country and
new pathogens invade the cacao fields.

In the future, native gene transformation
(transformation with gene sequences originating
only from the same plant species) and gene
targeting methods need to be developed which




be adapted to cacao.

REFEREMNCES

33, 163-172.

Pathology 52, 168-180.

20, 1195-1197.

will eliminate many of the concerns regarding the
precision and safety of transgenic technologies.
These breakthroughs will be as important for
cacao as for any other plant species. Manipulation
of the key transcription factors that regulate plant
growth and development as well as responses
to biotic and abiotic stress will lead to novel
approaches to crop improvement, but a much
deeper understanding of the basic mechanisms of
plant molecular biology is required before this can

ACKNOWLEDGMEMTS

The authors would like to thank Marna Yandeau-
Nelson and Joseph Verica for their careful reading
of this manuscript and helpful suggestions.

Aguilar, M., Villalobos, V. and Vasquez, N. (1992) Production
of cocoa plants (Theobroma cacao L.) via micrografting
of somalic embryos. fn Vitro Cellular and Developmental
Biology—Planr 28, 1519.

Alemanno, L., Berthouly, M. and Michaux-Ferriere, N. (1996)
Histology of somatic embryogenesis from floral tissues
cocoa. Plant Cell, Tissue and Organ Culture 46, 187-194.

Alemanno, L., Berthouly, M. and Michaux-Ferricre, N.
(1997) A comparison between Theobroma cacao L. zygotic
embryogenesis and somatic embryogenesis [rom floral
explants. In vitro Cellular and Developmental Biology—~Plant

Antunez De Mayolo, G., Maximova, S.N., Pishak, S. and
Guiltinan, M.J (2003) Moxalactam as a counter-selection
antibiotic for  Agrobacterium-mediated
and ils positive effects on Theobroma cacao somatic
embryogenesis. Plant Science 164, 607-615.

Appial, A A., Flood, J., Archer, S.A. and Bridge, P.D. (2004)
Molecular analysis of the major Phytophthora species on
cocoa. Plant Pathology 33, 209-219.

Appiah, A.A., Flood, I, Bridge, PD. and Archer, S.A.
(2003) Inter- and intraspecific morphometric variation and
characterization of Phytophthora isolates [rom cocoa. Plant

transformation

Bartley, B.G.D. (1994) A review of cacao improvement:
fundamentals, methods and results. Proceedings of the
International  Workshop on Cocoa  Breeding  Strategies.
Kuala Lumpur, Malaysia, pp. 3-16. http://ingenic.cas.
psu.edu/proceedings.hitm.

Bartley, B.G.D. (2005) The Genetic Diversity of Cacao and its
Utilization. CABI, Wallingford.

Becker, D., Kemper, E., Schell, I and Masterson, R. (1992)
New plant binary vectors with selectable markers located
proximal to the left T-DNA border. Plant Molecular Biology

96 TRANSGEMIC PLANTATION CROPS, ORMAMENTALS AND TURF GRASSES

Bennett, A.B. (2003) Out of the Amazon: Theobroma cacao
enters the genomic era. Trends in Plant Science 8, 561-563,

Bevan, M. (1984) Binary Agrobacterium vectors for plant
transformation. Nucleic Acids Research 12, 8711-8721.

Bowers, JLH., Bailey, B.A., Hebbar, PK., Sanogo, S.
and Lumsden, R.D. (2001) The impact of plant dis-
eases on worldwide chocolate production. http://www,
plantmanagementnetwork.org/pub/php/review/cacao/.

Bustin, S.A. (ed)) (2004) A4A-Z of Quantitative PCR.
International University Line, La Jolla.

Chaidamsari, T. (2005) Biotechnology {or cocoa pod borer
resistance in Cocoa. Ph.D. Thesis, Wageningen University,
Wageningen, The Netherlands.

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W. and Prasher,
D.C. (1994) Green Huorescent protein as a marker for gene
expression. Science 263, 802-805.

Chatelet, P, Michaux-Ferriere, N. and Dublin, P. (1992)
Potentialites embryogenes du nucelle et du tegument interne
de graines immatures de Cacaoyer (Theobroma cacao L.).
Comptes rendus de I’ Académie des sciences. Série 3, Sciences
de la vie Paris, France 315, 55-62.

Chowdappa, P., Brayford, D., Smith, J. and Flood, J. (2003)
Molecular discrimination of Pliytophthora isolates on cocoa
and their relationship with coconut, black pepper and
bell pepper isolates based on rDNA repeat and AFLP
fingerprints. Current Science 84, 1235-1237.

Clement, D., Risterucci, A.M., Motamayor, J.C., N’goran, J.
and Lanaud, C. (2003) Mapping QTL for yield components,
vigor, and resistance to Phyrophthora palmivora in
Theobroma cacao L. Genome 46, 204-212,

Day, R.K. (1986) Population dynamics of cocoa pod borer
Acrocercops cramerella. lmportance of host plant cropping
cycle. In: Pushparajah, E. and Chew, PS. (eds.) Cocoa and
Coconuts: Progress and Outlook. Incorporated Society of
Planters, Kuala Lumpur, pp. 255~263.

De Block, M., Herrerra-Estrella, L., Van Montagu, M., Shell,
1. and Zafmbryski, P. (1984) Expression of foreign genes
in regenerated plants and their progeny. EMBO Journal 3,
1681--1689.

Dias, L.A.S. (2001) Melhoramento genético do cacaueiro.
Universidade Federal de Vicosa, Vicosa, Brazil. Translation
(2005) by Cornelia Elisabeth Abreu-Reichart, Vicosa, M.G.,
Brazil; aided by the editor and Peter Griffee of FAO and
supported by FAO.

Driver, LA. and Kuniyuki, A.H. (1984) In vitro propagation of
Paradox walnut rootstock, HoriScience 19, 507-509.

Efombagn, M.LB., Marelli, LP., Ducamp, M., Cilas, C,
Nyasse, S. and Vefonge, D. (2004) Ellects of fruiting traits
on the field resistance ol cocoa (Theobroma cacao L.)
clones to Phytophthora megakarya. Phytopathology 152,
557-562.

Engels, J. (1981) Genetic Resources of Cacao, A Catalogue of
the CATIE Collection. Turrialba, Costa Rica.

Esan, E.B. (1977) Tissue culture studies on cacao Theo-
broma cacao L: a supplementation of current research.
Proceedings of the Fifth International Cacao  Research
Conference. Cocoa Research ‘Institute, Ibadan, Nigeria,
pp. 116-125.

Eskes, A. (2005) Proceedings of the International Workshop
on Cocoa Breeding for Improved Production Systems. In:
Bekele, F., End, M.J. and Eskes, A.B. (eds.) INGENIC and




broma cacao
¢ 8, 561-563.
ws for plant
11-8721.
Sanogo, S.
f plant dis-
hitp://www,
ew/cacao/.
tative  PCR,

v pod borer
n University,

and Prasher,
irker for gene

in, P (1992)
nnent interne
na cacao L),
‘e 3, Sciences

rod, J. (2003)
ates on cocoa

pepper and
t and AFLP

., N'goran, J.
.components,
palmivora  in

sa pod borer
lant cropping
s.) Cocoa and.
ed Society of

au, M., Shell;
foreign genes
BO Journal 3,

do cacaueiro.
il. Translation
Vicosa, M.G.,
: of FAO and

yropagation of
17--509.
1., Cilas, C;
fruiting traits
wa cacao L)
athology 152

Catalogue of.

cacao Theo:
rent researchy
wao  Research
dan, Nigerid,

nal Workshop
n Systems.. [n:
NGENICand

COCOA 97

the Ghana Cocoa Board, Accra, Ghana, October 2003.
http://ingenic.cas.psu.edu/proceedings.htm

Evans, H.C., Holmes, K.A. and Reid, A.P. (2003) Phylogeny of
the frosty pod rot pathogen of cocoa. Plant Pathology 52,
476-485.

Figueira, A. and Alemanno, L. (2005) Theobroma cacao L.
Cacao. In: Litz, R.E. (ed.) Biotechnology of Fruit and Nut
Crops. CABI, Oxfordshire, pp. 639-669.

Figueira, A. and Janick, J. (1993) Development of nucellar
somatic embryos of Theobroma cacao. Acta Horticulturae
336, 231-238.

Figueira, A. and Janick, I (1995) Somaltic embryogenesis in
cacao (Theobroma cacao L.). In: Jain, SM., Gupta, PK.
and Newlon, R. (eds.) Somatic Embryogenesis in Woody
Plants. Kluwer, Dordrecht, pp. 291-310.

Flament, M.H., Kebe, 1., Clement, D., Pieretti, 1., Risterucci,
A.M., Ngoran, JA., Cilas, C., Despreaux, D. and
Lanaud, C. (2001) Genetic mapping ol resistance factors
to Phytophthora palimivora in cocoa. Genome 44, 79-85.

Guiltinan, M. (2007) Cacao. In: Pua, E. and Davey, M.
(eds.) Biotechnology in Agriculture and Forestry— Transgenic
Crops V. Springer, Berlin, pp. 497-518.

Guiltinan, M.J and Maximova, S. (2000) The Penn State
Program in the molecular biology ol cacao: applications
of biotechnology to the improvement of cacao. In:
Ziegler, G.R. (ed.) Confectionery Science II, Proceedings
of an International Symposium. The Pennsylvania State
University, University Park, PA, USA.

Guyton, B., Lumsden, R. and Matlick, B.K. (2003) Strategic
plan for sustainable cocoa production. Manufacturing
Confectioner 83, 55-60.

Hanna, A.D. (1954) Application of a systemic insecticide by
trunk implantation to control a mealybug vector of the
cacao swollen shoot virus. Nature 173, 730-731.

Herve, L., Djickpor, E. and Jacquemond, M. (1991)
Characterization ol the genome of cacao swollen shoot
virus. Journal of General Virology 72, 1735-1739.

Hughes, LA, Ollennu, L.A.A. (1994) Mild strain protection of
cocoa in Ghana against cocoa swollen shoot virus-a review.
Plant Pathology 43, 442-457.

ICCO website (2006) Pest & Diseases. http://www.icco.
org/about/pest.aspx.

Iwaro, A.D., Bekele, F.L. and Butler, D.R. (2003) Evaluation
and utilization of cacao (Theobroma cacao L.) germplasm
at the International Cocoa Genebank, Trinidad. Euphytica
130, 207-221.

Keane, P.I. (1992) Diseases and pests ol cocoa: an overview.
Cocoa pest and disease management in Southeast Asia and
Australasia. FAO Plant Production and Protection Paper
112, 1-12.

Lanaud, C., Kebe, ., Risterucci, A.M., Clement, D., N’goran,
LKA, Grivel, L., Tahi, M., Cilas, C., Pieretli, [., Eskes,
A.B. and Despreaux, D, (1996) Mapping quantitative (rail
loci (QTL) for resistance to Phytophthora palmivora in
T cacao. 12ih International Cocoa Research Conference.
November 1996, Salvador, Bahia, Brazil, pp- 99-105.

Li, Z., Traore, A., Maximova, S. and Guiltinan, M.J. (1998)

Somatic embryogenesis and plant regeneration from floral
explants of cacao (Theobroma cacao L.) using thidiazuron.

In vitro Cellular and Developmental Biology—Plant 34,
293-299,

Litz, R.E. (1986) Tissue culture studies with Theobroma
cacao. In: Dimick, P.S. (ed) Cacao Biotechnology
Symposium. Tropical Research and Education Cenler,
University of Florida, IFAS, Department of Food Science,
College of Agriculture, The Pennsylvania State University,
USA.

Lockwood, G. and Gyamfi, M.M.O. (1979) The CRIG Cocoa
Germplasm Collection with Notes on Codes Used in the
Breeding Programme at Tufo and Elsewhere. Cocoa Research
Institute, Ghana.

Lopez-Baez, O., Bollon, H., Eskes, A. and Petiard, V. (1993)
Embryogenése somatique de cacaoyer Theobroma cacao L.
a partir de picces florales. Compies rendus de I’ Académie des
sciences. Série 6, Paris, 316, 579-584,

Lumsden, R.D. (2003) USDA cocoa related
updates.  World Cocoa  Foundation.
worldcocoafoundation.org/about/research.

Maximova, S., Alemanno, L., Young, A., Ferriere, N.,
Traore, A. and Guiltinan, M. (2002) Efficiency, genolypic
variability, and cellular origin of primary and secondary
somatic embryogenesis of Theobroma cacao L. In vitro
Cellular and Developmental Biology—Plant 38, 252-259,

Maximova, S., Miller, C., Antunez De Mayolo, G., Pishak, S.,
Young, A. and Guiltinan, M.J, (2003) Stable transformation
of Theobroma cacao L. and influence of matrix attachment
regions on GFP expression. Plant Cell Reporis 21, 872-883.

Maximova, S.N.,, Marelli, 1P, Young, A., Pishak, S., Verica,
JA. and Guiltinan, M.J. (2006) Over-expression of a
cacao class 1 chitinase gene in Theobroma cacao L.
enhances resistance against the pathogen, Colletotrichum
gloeosporioides. Planta 224 (4), 740-749.

Maximova, S.N., Young, A., Pishak, S., Miller, C., Traore,
A. and Guiltinan, M.J. (2005) Integrated system [or
propagation of Theobroma cacao L. In: Jain, S.M. and
Gupla, PK.. (eds.) Protocol for Somatic Embryogenesis in
Woody Plants. Springer, Dordrecht, The Netherlands, pp.
209-227.

Merretl, N. (2006) Cocoa
New  Guinea with  Bitter
confectionerynews.com/news/.

Mitsuhara, 1., Ugaki, M., Hirochika, H., Ohshima, M.,
Murakami, T., Gotoh, Y., Katayose, Y., Nakamura, S.,
Honkura, R., Nishimiya, S., Ueno, K., Mochizuki, A.,
Tanimoto, H., Tsugawa, H., Otsuki, Y. and Ohashi, Y.
(1996) Efficient promoter cassettes [or enhanced expression
ol foreign genes in dicotyledonous and monocotyledonous
plants. Plant Cell Physiology 37, 49-39,

Morais, R.C. (2005) The gnomes of cocoa. Forbes, April 2005,
o112,

Motilal, L.A., Sounigo, O., Thevenin, J.M., Howell, M.H.,
Pieretti, 1., Risterucci, A.M., Noyer, LL, and Lanaud,
C. (2000) Theobroma cacao L.: genome map and QTLs
for Phytophthora palmivora vesistance. 13th Annual Cocoa
Research  Conference. October 2000, Kota Kinabalu,
Malaysia.

Muller, E. and Sackey, S. (2005) Molecular variability analysis
ol five new complete cacao swollen shoot virus genomic
sequences. Archives of Virology 150, 53-606.

Naimov, S., Weemen-Hendriks, M., Dukiandjiev, S. and De

Maagd, R.A. (2001) Bacillus thuringiensis delta-endotoxin

Cryl hybrid proteins with increased activity against

research
http://www.

Infestation
Taste, at

Leaves  Papua
http://www.



98 TRANSGENIC PLANTATION CROPS, ORMAMENTALS AND TURF GRASSES

the Colorado potato beetle. Applied and Environmental
Microbiology 67, 5328-5330.

Nyasse, S., Despreaux, D. and Cilas, C. (2002) Validity of a
leal inoculation test to assess the resistance to Phytophthora
megakarya in a cocoa (Theobroma cacao L.) diallel mating
design. Euplytica 123, 395-399.

Opoku, LY., Akrofi, A.Y. and Appiah, A.A. (2002) Shade trees
are alternative hosts of the cocoa pathogen Phytophthora
megakarya. Crop Protection 21, 629-634.

Pence, V.C., Hasegawa, P.M. and Janick, 1. (1979) Asexual
embryogenesis in Theobroma cacao L. 3. American Society
Jor Horticulture Science 104, 145-148.

Pereira, JL., Ram, A., Defigueiredo, M. and Decalmeida,
L.C.C. (1990) First occurrence ol witches’ broom disease
in the principal cocoa-growing region of Brazil. Tropical
Agriculture, 67 188-189.

Plaffl, M.W,, Horgan, G.W. and Dempfle, L. (2002) Relative
expression software tool (REST) for group-wise comparison
and statistical analysis of relative expression results in real-
time PCR. Nucleic Acids Research 30, e36.

Piasentin, F. and Klare-Repnik, L. (2004) Biodiversity
conservation and cocoa agroforests. Gro-Cocoa 5, 7-8.

Pound, F.J. (1940) Witches’ broom resistance in cacao. Tropical
Agriculture 17, 6-8.

Pugh, T., Fouet, O., Risterucci, A.M., Brottier, P, Abouladze,
M., Deletrez, C., Courtois, B., Clement, D., Larmande, P.
and Ngoran, J.A.K. (2004) A new cacao linkage map based
on codominant markers: development and integration of
201 new microsatellite markers. Theoretical and Applied
Genetics 108, 11511161,

Queiroz, V.T., Guimaraes, C.T., Anhert, D., Schuster, 1., Daher,
R.T., Pereira, M.G., Miranda, V.R.M., Loguercio, L.L.,
Barros, E.G. and Moreira, M.A. (2003) [dentification of
a major QTL in cocoa (Theobroma cacao L.) associated
with resistance to witches’ broom disease. Plant Breeding
122, 268-272.

Rice, R.A. and Greenberg, R. (2003) The chocolate tree:
growing cacao in the forest. Natural History 112, 36-43.
Risterucci, A.M., Paulin, D., Ducamp, M., N’goran, JA.K.
and Lanaud, C. (2003) Identification of QTLs related
to cocoa resistance to three species of Phytophthora.

Theoretical and Applied Genetics 108, 168-174.

Ruf, F. and Zadi, H. (2003) Cocoa: From Deforestation to Re-
Sforestation, al Migratory Bird Cenlter, Smithsonian National
Zoological Park. http://nationalzoo.si.edu/ Conservatio-
nAndScience/MigratoryBirds/Research/Cacao/ rul.clm.

Sain, S.L., Oduro, K.K. and Furtek, D.B. (1994) Genetic
transformation of cocoa leaf cells using Agrobacterium
tumefaciens. Plant Cell, Tissue and Organ Culture 37,
342-351.

Santoso, D., Chaidamsari, T., Wiryadiputra, S. and De Maagd,
R.A. (2004) Activity of Bacillus thuringiensis toxins against

cocoa pod borer larvae. Pest Management Science 60,
735-738.

Schnepf, E., Crickmore, N., Van Rie, 1, Lereclus, D., Baum, J.,
Feitelson, J., Zeigler, D.R. and Dean, D.H. (1998) Bacillus
thuringiensis and its pesticidal crystal proteins. AMicrobiology
and Molecular Biology Reviews 62, 775-806.

Snyder, T. (1994) Isolation and characterization of a genomic
chitinase clone form Theobroma cacao L. Ph.D. Thesis, The
Pennsylvania State University, University Park, PA, USA.

Snyder-Leiby, T.E. and Furtek, D.B. (1995) A genomic clone
(Accession No. U30324) from Theobroma cacao L. with high
similarity to plant class I endochitinase sequences. Plant
Physiology 109, 338.

Sondahl, M.R., Sereduk, T.B., Chen, Z. and Bellato, C.M.
(1989) Somatic embryogenesis and plant regeneration of
cacao. Republic of South Africa, Patent No. 88§/3078.

Spiker, S. and Thompson, W.F (1996) Nuclear matrix
attachment regions and transgene expression in plants.
Plant Physiology 110, 15-21.

Tan, C.L., Davey, M.R., Lowe, K.C. and Power, JB. (1999)
Transformation studies in Theobroma cacao. Journal of
Experimental Botany 50, 67.

Tan, C.L. and Furtek, D.B. (2003) Development ol an in
vitro regeneration system {or Theobroma cacao from mature
tissues. Plant Science 164 (3), 407-412.

Tan, C.L., Lamin, K., Lee, M.T. and Furtek, D.B. (2001) Ex-
pression of the A-glucuronidase gene in floral-derived tissues
and somatic embryos of Theobroma cacao. 6th Symposium
of the Malaysian Society of Applied Biology—Biotechnology
in Malaysia. Petaling Jaya, Selangor, Malaysia.

Teh, C.-L., Pang, JT.-Y. and Ho, C.-T. (2006) Variation of
the response of clonal cocoa to attack by cocoa pod borer
Conopomorpha cramerella (Lepidoptera: Gracillariidae) in
Sabah. Crop Protection 25, 712-717.

Toxopeus, H. (1969) Cacao (Theobroma cacao). In: Fewerda,
E.P. (ed.) Outlines of Peremnial Crop Breeding in the Tropics.
Landbouwhogeschool, Wageningen, pp 79-109.

Traore, A. (2000) Somatic embryogenesis, embryo conversion,
micropropagation and [lactors affecting genelic transfor-
mation of Theobroma cacao L. Ph.D. Thesis, Department
of Food Science, The Pennsylvania State Universily,
University Park, PA, USA.

Verica, JA., Maximova, S.N., Strem, M.D., Carlson, JLE.,
Bailey, B.A. and Guiltinan, M.J. (2004) Isolation of ESTs
from cacao (Theobroma cacao L.) leaves treated with
inducers ol the defense response. Plant Cell Reports 23,
404-413.

Webber, A.J. and Yoshida, T. (1979) Moxalactam: the first of
new class of -lactam antibiotics. Moxalactam international
symposium. Reviews of Infectious Discases 4, 489-726.

Wood, G.AR. and Lass, R.A. (1985) Cocoa. Longman
Scientific & Technical, New York.






