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Abstract In order to develop a more efficient genetic
transformation system for cacao somatic embryos, the
effects of polyamines and f-lactam antibiotics on somatic
embryogenesis, hygromycin as selective agent, and different
factors affecting uidA gene transfer have been evaluated. The
polyamines putrescine, spermidine, and spermine signifi-
cantly improved secondary somatic embryogenesis in cacao.
Spermine at 1,000 uM provided the best responses,
increasing 6.7 x the percentage of embryogenic callus and
2.5x the average number of embryos per embryogenic cal-
lus. The f-lactam antibiotics timentin and meropenem, used
for Agrobacterium tumefaciens counter-selection, had a non-
detrimental effect on secondary somatic embryogenesis,
depending on their concentration, whereas the commonly
used f-lactam cefotaxime inhibited it, irrespective of the
tested concentration. Hygromycin showed a strong inhibi-
tory effect on secondary somatic embryogenesis of cacao,
impairing completely the embryo production at 20 mg 17",
Following the criterion of GUS activity, the best conditions
for T-DNA transfer into cotyledon explants from primary
somatic embryos of cacao were a sonication of the explants
for 100 s, a 20-min incubation period in Agrobacterium
solution, an Agrobacterium concentration of 1.0 (ODgq),
and cocultivation of the explants on tobacco feeder layers.
These findings will have important implications for studies
on functional genomics of cacao.
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Abbreviations

2,4-D  2,4-Dichlorophenoxyacetic acid
BAP 6-Benzylaminopurine

DKW  Driver and Kuniyuki medium

ED Embryo development medium

GUS p-Glucuronidase

hptIl Hygromycin phosphotransferase II

PCG Primary callus growth medium

SAAT  Sonication-assisted Agrobacterium-mediated
transformation

SCG-2 Secondary callus growth medium

SE Somatic embryogenesis

TDZ Thidiazuron

WPM  Woody plant medium

Introduction

Theobroma cacao L. (cacao) is a tropical perennial tree,
native to rainforest of the Amazon basin, which has been
cultivated since pre-Columbian times (Hurst et al. 2002).
Mayas used its seeds (cocoa beans) in ritual drinks and also
as currency. Today, cacao seeds are the sole source of
cocoa powder and butter, which are important ingredients
used in the chocolate, pharmaceutical, and cosmetic
industries. Cacao is grown as a component of complex
agroecosystems in several developing countries, providing
both economic and ecological benefits to the farmers and
the producing countries (Wood and Lass 1985; Lobao
2007).
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Despite its importance, cocoa production is seriously
affected by a number of pests and diseases, with average
annual losses estimated as much as 40% worldwide (Fulton
1989). Genetic improvement of cocoa for disease resis-
tance through conventional sexual hybridization has yiel-
ded only limited success. It is mainly due to the narrow
genetic base and prolonged generation time of the crop
(Kennedy et al. 1987). Consequently, biotechnological
approaches such as genetic transformation provide a
powerful means for introducing new traits that are difficult
to obtain via traditional breeding. Genetic transformation
provides also a valuable tool for functional genomics
studies of cacao candidate resistance genes.

A reliable protocol for genetic transformation and gen-
eration of transgenic cacao plants has been established only
recently (Maximova et al. 2003). This protocol employs
Agrobacterium-mediated transformation of cotyledon seg-
ments from primary somatic embryos (SEs), originally
obtained from floral tissue explants, followed by regener-
ation of secondary SEs. Despite this recent achievement,
cacao transformation still remains inefficient. The main
problems are the low transformation efficiency and low
numbers of regenerated transgenic plants.

Because the transformation method developed by
Maximova et al. (2003) has a potential to consistently and
reproducibly generate transgenic cacao plants, the objec-
tive of the present study was to improve this method by the
evaluation of different factors affecting somatic embryo-
genesis and transformation efficiencies in cacao. Specific
variables analyzed included type and concentration of
polyamines and f-lactam antibiotics, hygromycin concen-
tration, sonication-assisted Agrobacterium-mediated trans-
formation (SAAT), incubation period in Agrobacterium
solution, Agrobacterium concentration, and composition of
the cocultivation medium, which have not been studied in
cacao yet. This study enabled us to optimize the cacao
transformation protocol for application in functional anal-
ysis of candidate resistance genes using the elite cacao
clone “TSH 565°.

Materials and methods
Plant material

Unopened immature flower buds about 4-5 mm long from
the field-grown elite cacao clone ‘TSH 565 were period-
ically collected early in the morning at CEPEC/CEPLAC
(Centro de Pesquisas da Comissdo Executiva do Plano da
Lavoura Cacaueira, Ilhéus, Bahia, Brazil). The immature
flowers were stored in sterile water on ice during
transportation.
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Agrobacterium strain and plasmid

The disarmed Agrobacterium tumefaciens strains EHA105
(Hood et al. 1993) containing the plasmid pPCAMBIA1301
(http://Wwww.cambia.org.au) was used in experiments of
Agrobacterium transformation. This plasmid contains the
chimeric genes uidA (GUSint) and hygromycin phospho-
transferase Il (hptIl), driven by the CaMV 35S promoter.

Tissue culture and Agrobacterium transformation

Immature flower buds were surface-sterilized by immer-
sion in 70% (v/v) ethanol, for 1 min and 30 s, followed by
20 min in a 2.5% (v/v) sodium hypochlorite solution con-
taining 0.1% (v/v) Tween-20 and then five rinses in sterile
distilled water. Explants were prepared according to the
methodology described by Li et al. (1998). Briefly, the
flower buds were sliced perpendicular to their longitudinal
axis at a position 1/3 of the flower length from the base
using a sterile scalpel blade. The petal tissues were
extracted through the opening at the cut end using a sharp
sterile forceps. Petal bases were used as explant source.

Petal base explants were placed into Petri dishes con-
taining 30 ml of PCG medium (Li et al. 1998), with the
abaxial surface in contact with the medium. Cultures were
maintained in the dark at 27 & 2°C for 2 weeks, then
transferred for another 2 weeks in a secondary callus
growth medium (SCG-2). PCG medium contained the
DKW basal salt (Driver and Kuniyuki 1984) supplemented
with 250 mg 17" glutamine, 200 mg 1~' myo-inositol,
20 g 17! glucose, 2 mg 17! 2,4-D, 0.005 mg 1~' TDZ, and
2 g 17! phytagel, pH 5.8. SCG-2 medium consisted of
Woody Plant Medium (WPM) and Gamborg’s vitamins,
20 g 17! glucose, 2 mg 17! 2,4-D, 0.05 mg 1”! BAP, and
2.2 g 17! phytagel, pH 5.7. Somatic embryos were induced
by transfer of floral tissue-derived calli from SCG-2 med-
ium to embryo development (ED) medium. ED medium
was composed of DKW salts and vitamins, 30 g 17"
sucrose, 1 g 17! glucose, and 2.0 g 17! phytagel, pH 5.7.
Cultures were subcultured every 2 weeks in ED medium
under the same incubation conditions described above.
During the ED culture period, a large number of somatic
embryos developed.

Secondary somatic embryogenesis was induced as
described by Maximova et al. (2002). Briefly, mature pri-
mary embryos with light yellow developed cotyledons
were selected for secondary embryogenesis. The cotyle-
dons were cut with a scalpel into approximately 4-mm?
pieces and subcultured for 2 weeks in SCG-2 medium for
callus induction. Thereafter, the explants were transferred
to ED medium and sub-cultured every 2 weeks for induc-
tion of secondary somatic embryos. The regenerated
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embryos were grown to maturity and their cotyledons
excised and cultured for tertiary and quaternary embryo
production as described by Maximova et al. (2002).

Agrobacterium-mediated transformation was performed
as described by Maximova et al. (2003). Cotyledons pieces
from primary somatic embryos were mixed in Agrobacte-
rium solution (OD adjusted to 0.5 at 600 nm), sonicated for
30 s at 20 KHz and 80% amplitude (Sigma Ultrasonic
Processor, USA), followed by 10 min of incubation at
25°C and 50 rpm agitation, and then blotted dry with
sterile filter paper to remove the excess bacteria. The
explants were transferred to a modified SCG medium, for a
2 days co-cultivation period at 25 + 2°C in the dark.
Following co-cultivation, the explants were transferred to
fresh solid SCG medium containing 20 mg 1~ hygromycin
(Sigma Chemical Co., USA) for hptll selection and
500 mg 17" cefotaxime (Sigma Chemical Co., USA) for
Agrobacterium counter-selection. After 1 week of incuba-
tion in SCG medium at 27 4+ 2°C in the dark, transient
expression of GUS was assayed histochemically by stain-
ing the explants with X-GLUC (Sigma Chemical Co.,
USA), according to Jefferson et al. (1987).

Factors evaluated
Polyamines

In order to evaluate the effect of polyamines on regenera-
tion of secondary somatic embryos, cotyledon explants
were cultured on SCG-2 and ED media containing different
concentrations (1, 100, and 1,000 uM) of putrescine (Put),
spermidine (Spd), and spermine (Spm). Polyamines were
filtered through 0.22 pm filter (Fischer Scientific) and then
separately added to the culture media after autoclaving and
cooling.

p-Lactam antibiotics

Three f-lactam antibiotics, cefotaxime sodium salt (Cef;
Ceftriax IM, Sigma Pharma, Brazil), meropenem trihydrate
(Mer; ACS Dobfar, Brazil), and timentin (Tim; SmithKline
Beecham Pharmaceuticals, USA), were used in the present
study to evaluate their effects on somatic embryogenesis of
untransformed cotyledon explants. Either 250-500 mg 17
cefotaxime (Cef), 6.25-12.5 mg 1! meropenem (Mer), or
150-300 mg 1" timentin (Tim) were applied to standard
SCG-2 and ED media, devoid of polyamines, for regener-
ation of secondary somatic embryos. These concentrations
were based on the in planta antiagrobacterial activities and
phytotoxicities (Ogawa and Mii 2005). The antibiotics were
dissolved in water, filter-sterilized, and added to the med-
ium after autoclaving and cooling.

Hygromycin as a selective agent

For the experiments testing hygromycin as a selective
agent, untransformed cotyledon explants were cultured on
standard SCG-2 and ED media containing 0, 5, 7.5, 10, 15,
or 20 mg 17! hygromycin, aiming to identify the most
suitable concentration for selecting transformed secondary
somatic embryos.

Factors affecting uidA gene transfer

For improvement of the Agrobacterium-mediated trans-
formation protocol, four different factors were evaluated
for their effects on uidA gene transfer. Different treatments
were compared for each factor, as follows: (1) the explants
were sonicated for 0, 50, 100, 150, 200, 250, or 300 s in
Agrobacterium solution (Ultrasonic processor, 20 kHz,
Sigma, USA); (2) the explants were incubated for 0, 10, 20
or 30 min in Agrobacterium solution; (3) incubation was
done in ODgyy at 04 (~2 x 108 cfuml™), 0.6
(~3 x 10% cfu ml™Y), 0.8 (~4 x 10 cfu ml™"), or 1.0
(5 x 10® cfu mlfl) Agrobacterium concentration, and;
(4) 2-days cocultivation was performed on cocultivation
medium supplemented with 0, 25, 50, 100, or 200 uM
acetosyringone (AS) or tobacco feeder layers (Horsch et al.
1985). Following the order of the experiments described
above, the best treatment identified in the previous exper-
iment was used as parameter to set up the next one.

Experimental design and statistical analysis

Experiments of polyamines, hygromycin, and f-lactam
antibiotics were performed with 25 explants per Petri dish,
five Petri dishes per treatment, and repeated at least twice.
The percentage of embryogenic calli over the total number
of cultured explants, representing the frequency of
embryogenic calli and average number of embryos per
explant were determined 2 months after culture initiation.
The transformation experiments were performed with 100
explants per treatment and repeated at least twice. Tran-
sient expression was evaluated after 7 days on selective
SCG-2 medium based on percentage of GUS positive
(GUS+) explants under a dissecting microscope. The data
were subjected to polynomial regression (linear, quadratic,
and cubic levels). Statistical analysis was performed with
the software BIOESTAT (Universidade Federal do Para,
Brazil), which tested the experiments as a completely
randomized design. Data of frequency (%) were arcsin\/ X
transformed prior to statistical analysis. Analysis of vari-
ance (ANOVA) was applied and for means comparison
Bonferroni’s test was employed, with a critical value of
P = 0.05.
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Results and discussion
Establishment of primary SE
Petal explants from the elite cacao clone ‘TSH 565

enlarged two to three times their original size within
1 week of cultivation on PCG medium. Callus formation

over the entire explant was apparent by the end of the
culture period on SCG-2 medium. About 2 weeks after
transfer the explants to ED medium, the presence of two
morphologically distinct types of clustered cells was evi-
dent. The first type consisted of elongated cells and whitish
appearance (Fig. 1a). Since roots instead embryos usually
developed from this type of cell cluster, it was called

Fig. 1 Primary somatic embryogenesis and expression of the uidA
gene in cotyledon explants from primary somatic embryos of the
cacao elite clone “TSH 565°. a Rhyzogenic callus. b Embryogenic
callus with somatic embryos. ¢ Embryogenic callus with embryos at
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different developmental stages. d Embryogenic callus with milky and
translucent embryos. e Mature somatic embryo. f GUS assay
performed 7 days after Agrobacterium-mediated transformation.
Bars = 2 mm
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rhyzogenic callus. The second type consisted of round cells
and brownish appearance (Fig. 1b). These cell clusters
were often associated with somatic embryos.

Pre-embryonic protuberances started to emerge from the
surface of embryogenic calli, often in clusters, by the end
of 2 weeks cultivation on ED medium. Four weeks after
culture on ED medium, or about 2 months after culture
initiation, the surfaces of some calli were covered with
somatic embryos of distinct morphology and develop-
mental stage (Fig. lc, d). Cotyledons from mature primary
embryos (Fig. le) were used as explant source for the
experiments performed in the present study.

Effects of polyamines on secondary SE

Polyamines significantly affected secondary SE in cacao
(Fig. 2). All polyamines and their tested concentrations,
with exception of Put at 1 uM, increased both the per-
centage of embryogenic callus (Fig. 2a) and the average
number of embryos per embryogenic callus (Fig. 2b), as
compared to the control treatment (absence of polyamines).
The general trend observed was a higher morphogenic
response as the concentration of each polyamine increased
in the culture medium. However, the highest percentage
of embryogenic callus and numbers of embryos per
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Fig. 2 Effects of the exogenous polyamines putrescine (Put), sper-
midine (Spd) and spermine (Spm) on the secondary somatic
embryogenesis of cacao. a Percentage of embryogenic callus. b

Average number of embryos per embryogenic callus. Data are from
two independent experiments. Means followed by the same letter are
not statistically significant by Bonferroni’s test (at 5% of probability)
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embryogenic callus were obtained in culture medium
supplemented with Spm at 1,000 pM.

Polyamines, mainly Put, Spd and Spm, are an important
group of naturally occurring low molecular weight, poly-
cationic, aliphatic amines present in all plant cells, which
have been implicated in several important cellular pro-
cesses, including cell division, DNA replication and pro-
tein synthesis (Bais and Ravishankar 2002). A number of
studies have demonstrated that increased polyamine bio-
synthesis proceeds or accompanies SE in several plant
species and that inhibition of its biosynthesis leaded to
delayed or reduced SE (Montague et al. 1979; Fobert and
Webb 1988; Robie and Minocha 1989; Minocha et al.
1991, 2004; Garrido et al. 1995; Helleboid et al. 1995;Paul
et al. 2009; Wu et al. 2009). Moreover, induction of SE via
application of exogenous polyamines or overexpression of
polyamine biosynthesis genes provides strong evidence
about the involvement of polyamines in SE (Bastola and
Minocha 1995; Kevers et al. 2000; Niemi et al. 2002;
Silveira et al. 2006; Steiner et al. 2007; Paul et al. 2009;
Wu et al. 2009). However, the exact mechanism whereby
polyamines exert their effect on SE still is not clear. Our
data show that exogenous application of polyamines is a
simple method to improve regeneration in Theobroma
cacao and, therefore, increase the efficiency of the genetic
transformation protocol, as it has already been shown in
other plant species. The beneficial effect of Spm on
somatic embryo formation has been imputed to the
enhancement of DNA amplification, increased lag time of
somatic embryo formation, and/or suppression of the pro-
tein secretion from cells (Takeda et al. 2002).

Effects of f-lactam antibiotics on secondary SE

An efficient Agrobacterium-mediated transformation
method requires not only the development of a reliable
regeneration system, but also the use of antibiotics to
control bacterial growth that have negligible effects on
regeneration potential of the transformed cells. In the
present work, we have evaluated the effects of the novel -
lactams timentin and meropenem on secondary SE of cacao
in comparison to cefotaxime, a f-lactam antibiotic com-
monly used to suppress and eliminate Agrobacterium after
cocultivation. In general, it was observed a non-detrimental
effect of the antibiotics timentin and meropenem on SE,
depending on their concentration, whereas cefotaxime
clearly inhibited SE in cacao, mainly at 500 mg 17"
(Fig. 3). The percentage of embryogenic callus on culture
medium containing 150 mg 17! timentin or 6.25-
12.5 mg 1" meropenem did not significantly differ from
that obtained on the control treatment (culture medium
devoid of antibiotics) (Fig. 3a). However, cefotaxime sig-
nificantly decreased the percentage of embryogenic callus,

@ Springer

irrespective of the tested concentration. A similar result
was obtained for the average number of embryos per
embryogenic callus, whose treatments containing merope-
nem at 6.25 mg 1~' and timentin at 150 mg 17" did not
statistically differ from that without antibiotics (Fig. 3b).
Cefotaxime at 500 mg 17" gave the worst responses,
decreasing cacao somatic embryo production by 72%.

p-lactam antibiotics have commonly been used to sup-
press and eliminate Agrobacterium, since they specifically
inhibit prokaryotic cell wall synthesis and kill bacteria,
with little or no detrimental effect on eukaryotic plant cells
(Pollock et al. 1983; Asbel and Levison 2000). Unfortu-
nately, noticeable inhibitory effects of these antibiotics,
mainly carbenicillin and cefotaxime, on plant cell growth,
organogenesis and embryogenesis have been well docu-
mented (Nauerby et al. 1997; Ogawa and Mii 2005; Wie-
bke et al. 2006; Mendes et al. 2009). Recently, many f-
lactams have been developed to enhance and expand
antibacterial activity (Demain and Elander 1999). These
include timentin, a penicillin derivative (ticarcillin) cou-
pled with the f-lactamase inhibitor clavulanic acid, and
meropenem, a carbapenem antibiotic highly resistant to
degradation by f-lactamases and cephalosporinases. The
effects of these novel f-lactams on cacao SE have not been
evaluated yet. It has been previously shown that carbeni-
cillin, cefotaxime and amoxicillin had negative effects on
cacao SE, whereas moxalactam had a positive effect on
embryo regeneration (de Mayolo et al. 2003). Our data
demonstrate that timentin and meropenem can be also
antibiotics of choice to control Agrobacterium growth in
genetic transformation experiments of cacao.

Hygromycin as a selective agent in cacao

Kanamycin has been the only selective agent used in
genetic transformation of cacao to date (Maximova et al.
2003, 2006). However, the ineffectiveness of this antibiotic
as a selective agent in experiments of genetic transforma-
tion has been well known (Gutiérrez-E et al. 1997; Seabra
and Pais 1998; Humara and Ordas 1999; Niu et al. 2000; da
Silva and Fukai 2003; Velcheva et al. 2005; Shin et al.
2007; Tian et al. 2009). Therefore, we decided for the first
time to evaluate the antibiotic hygromycin as an alternative
selective agent in cacao transformation, aiming not only to
identify a more efficient antibiotic for recovering trans-
formed cacao somatic embryos, but also to test another
selective agent that could be used for re-transformation of
cacao plants already containing the nptll selective marker
gene. Cotyledon explants were cultured on media con-
taining several concentrations of the antibiotic, in order to
identify that most suitable for selection of transformed
somatic embryos. As shown in Fig. 4, hygromycin signif-
icantly and quadratically decreased the average number of
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Fig. 3 Effects of the f-lactam antibiotics cefotaxime (Cef), timentin
(Tim) and meropenem (Mer) on the secondary somatic embryogen-
esis of cacao. a Percentage of embryogenic callus. b Average number

embryos per embryogenic callus (F = 15.8, P < 0.05).
Based on these data, 20 mg 1~' hygromycin is the most
suitable concentration for use in genetic transformation
experiments of cacao.

Factors affecting the uidA gene transfer

Developing of a reliable Agrobacterium-mediated trans-
formation method requires also the development of an
efficient procedure of T-DNA delivery into plant cells.
Besides the establishment of a protocol for genetic trans-
formation in the past few years (Maximova et al. 2003), a
systematic study of factors affecting the uidA gene transfer

of embryos per embryogenic callus. Data are from two independent
experiments. Means followed by the same letter are not statistically
significant by Bonferroni’s test (at 5% of probability)

in cacao has not been reported yet. In the present work, we
have evaluated the effects of SAAT, incubation period in
Agrobacterium solution, Agrobacterium concentration, and
composition of the cocultivation medium on the efficiency
of uidA gene transfer (Fig. 1f).

SAAT

SAAT affected T-DNA delivery to cells from cacao coty-
ledons. The transient GUS expression sharply increased
from O to 100 s SAAT and then decreased after longer
times of SAAT (Fig. 5a). Such a profile fitted better to the
cubic polynomial trend. It is important to note that no GUS
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Fig. 4 Effect of the antibiotic hygromycin on the secondary somatic
embryogenesis of cacao. The average number of somatic embryos per
embryogenic callus was evaluated 2 months after culture initiation.
R%# Significant at P s level

expression was detected in the absence of SAAT, using the
ordinary “dipping” method, demonstrating the relative
recalcitrance of cacao to the practices of Agrobacterium-
mediated transformation.

SAAT has been proved to be an efficient system of T-
DNA delivery to cells in a number of plants (Santarém
et al. 1998; Tang et al. 2001; Zaragoza et al. 2004; Bera-
nova et al. 2008; de Oliveira et al. 2009), especially those
that are typically more recalcitrant to Agrobacterium-
mediated transformation (Trick and Finer 1997). This
method involves subjecting the plant tissue to brief periods
of ultrasound in the presence of Agrobacterium. It creates
microwounding released from the cavitation of microbub-
bles causing minute visible wounds within and on the tis-
sue (Gaba et al. 2006). Such phenomena allow better
access and infection of plant cells by Agrobacterium
(Beranova et al. 2008). In addition, the wounded tissue
often produces inducers of the T-DNA transfer process,
caused by the secretion of more phenolic compounds,
enhancing the accessibility of putative cell wall binding
factor to the Agrobacterium during transformation (Stachel
et al. 1985). Our results show that these mechanisms are
essential for successful Agrobacterium-mediated transfor-
mation of cacao.

Incubation period

The transient GUS expression quadratically increased as
the incubation period of the explants in Agrobacterium
solution increased (Fig. 5b). The highest levels of GUS
expression were obtained when the explants were incu-
bated for 20-min in Agrobacterium solution. Shorter or
longer incubation times in Agrobacterium yielded lower
levels of GUS expression.
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In cacao, a 10-min incubation period of the explants in
Agrobacterium resuspension has been typically employed
(Maximova et al. 2003, 2006). However, experiments
comparing different incubation periods side-by-side have
not been reported in cacao. We demonstrate that higher
transformation rates can be obtained increasing the incu-
bation period of the explants in Agrobacterium for 20-min.

Agrobacterium concentration

The concentration of Agrobacterium increased linearly the
levels of GUS expression (Fig. 5c¢). The highest levels of
expression were observed at ODggy = 1.0 (x5 X 108
cfu ml™" Agrobacterium concentration). Lower levels of
GUS expression were obtained in lower Agrobacterium
concentrations.

The number of Agrobacterium cells in the inoculum is
considered a critical factor in the efficiency of transfor-
mation, since an excessive number of bacteria can stress
plant cells and affect their regeneration potential, whereas
low concentrations can reduce the frequency of T-DNA
transfer (Michelmore et al. 1987; Curtis et al. 1999; Hu-
mara et al. 1999). In cacao, an ODy4,, of 0.5 (x2.5 x
10% cfu ml™") has been used in genetic transformation
experiments (Maximova et al. 2003). Our data show that
higher transformation rates can be obtained by increasing
the Agrobacterium concentration, although further inves-
tigations need to establish if the increased concentration of
Agrobacterium could negatively affect the regeneration
potential of the cells.

Cocultivation medium

The use of acetosyringone in the cocultivation medium has
been shown to increase Agrobacterium-mediated transfor-
mation frequencies (Birch 1997). Therefore, we performed
experiments aiming to investigate the effect of acetosy-
ringone in the cocultivation medium of cacao. Surprisingly,
the addition of this compound to the cocultivation medium
at different concentrations did not increase the transient
GUS expression (Fig. 5d). Acetosyringone is a phenolic
compound produced during wounding of plant cells that
induces the transcription of the virulence genes of A.
tumefaciens. Its positive role has been demonstrated in the
genetic transformation of several woody fruit species,
including apple (James et al. 1993), kiwifruit (Janssen and
Gardner 1993), citrus (Cervera et al. 1998), blueberry
(Song and Sink 2004), and almond (Costa et al. 2006). In
cacao, it has not been usually added to the cocultivation
medium (Maximova et al. 2003), but its role as transfor-
mation enhancer was not investigated. We have shown here
that acetosyringone does not affect the transformation
frequencies in cacao explants. A possible explanation for

this finding could be the naturally high production of
hydroxycinnamic amides which has been reported in cacao
explants during tissue culture phase (Alemanno et al.
2003). Such compounds are considered potent inducers of
the virulence (vir) genes mediating T-DNA transfer
(Berthelot et al. 1998).

It has been reported that the cocultivation of the explants
onto feeder layers, such as tobacco feeder layers, also
increased transformation frequencies in several species
(Horsch et al. 1985; McCormick et al. 1986; Fillatti et al.
1987a, b). Figure 5d shows that cocultivation of cacao
cotyledon explants on tobacco feeder layers increased the
transient GUS expression in comparison with explants
cocultivated on cocultivation medium without or with
different concentrations of acetosyringone. The feeder
layers also act as suppliers of vir-inducing compounds but,
in addition, certain auxins (mainly 2,4-D) present in the
feeder layers have been demonstrated to be beneficial for
the transformation frequencies when added to the coculti-
vation and/or pre-cultivation medium in plants such as
tomato (Fillatti et al. 1987a), carnation (Lu et al. 1991),
arabidopsis (Sangwan et al. 1992), petunia (Villemont et al.
1997), and citrus (Cervera et al. 1998; Costa et al. 2002).
Our results suggest that phytohormones, especially auxins,
in the solid tobacco feeder layer may play an important role
in increasing the transformation frequencies in cacao.

Optimized genetic transformation protocol

Overall, the results from this study indicated that all factors
analyzed affected secondary SE as well as the transfor-
mation frequencies in cacao. These experiments suggested
that a suitable transformation protocol for cacao should
include sonication of the explants for 100 s in A. fum-
efaciens solution at ODggy = 1.0, followed by 20-min of
bacterial incubation at 22°C and gentle agitation, and then
transfer of the explants to tobacco feeder layers for 48 h of
cocultivation, at 25°C in the dark. Following cocultivation,
the explants must be transferred to fresh media, according
to the somatic embryogenesis protocol as previously
reported (Maximova et al. 2003), containing 1,000 uM
spermine, 150 mg 17! timentin or 6.25 mg 1~' meropenem
for A. tumefaciens counter-selection and 20 mg 1~' hy-
gromycin for Apt selection.

In summary, efforts have been made to improve the
transformation protocol for cacao. It has been now applied
in functional analysis of candidate resistance genes
recently obtained from a 7. cacao—Moniliophthora per-
niciosa interaction EST (expressed sequence tags) library
(Gesteira et al. 2007). The hemibiotrophic fungus M. per-
niciosa is the causal agent of the cocoa’s witches’ broom,
one of the most important diseases of cacao in the western
hemisphere.
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