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Abstract Theobroma cacao L., an economically impor-
tant crop for developing countries, can be experimentally
propagated by somatic embryogenesis. Because of their
potential roles in embryogenesis, a gene candidate strategy
was initiated to find gene homologues of the members of
the leafy cotyledon family of transcription factors. A homo-
logue of the leafy cotyledonl-like gene, that encodes the
HAP 3 subunit of the CCAAT box-binding factor, was
found in the cocoa genome (7cLIL). The translated peptide
shared a high amino acid sequence identity with the homol-
ogous genes of Arabidopsis thaliana, Phaseolus coccineus
and Helianthus annuus. TcLIL transcripts mainly accumu-
lated in young and immature zygotic embryos, and, to a
lesser extent, in young and immature somatic embryos. In
situ hybridization specified the localization of the tran-
scripts as being mainly in embryonic cells of young
embryos, the meristematic cells of the shoot and root apex
of immature embryos, and in the protoderm and epidermis
of young and immature embryos, either zygotic or somatic.
Non-embryogenic explants did not show TcL1L expression.

L. Alemanno - C. Sanier - M. Rio - J.-L. Verdeil - P. Montoro (D<)
Centre de Coopération Internationale en Recherche Agronomique
pour le Développement, CIRAD, UMR DAP, TA A-96/03,
Avenue Agropolis, 34398 Montpellier Cedex 5, France

e-mail: pascal.montoro@cirad.fr

M. Devic - J. Guilleminot

Laboratoire Génome et Développement des Plantes,
University of Perpignan, UMR 5096, 52 Avenue Paul Alduy,
66860 Perpignan Cedex, France

N. Niemenak

Laboratory of Plant Physiology,

Department of Biological Science,

Higher Teachers’ Training College,

University of Yaoundé I, P.O. Box 47, Yaoundé, Cameroon

Ectopic expression of the TcLIL gene could partially rescue
the Arabidopsis lecl mutant phenotype, suggesting a simi-
larity of function in zygotic embryogenesis.

Keywords Embryogenesis - Gene expression - HAP3 -
Leafy cotyledonl-like - Theobroma cacao - Transcription
factor

Abbreviations

SERK  Somatic embryogenesis receptor kinase
BBM  Baby boom

LEC  Leafy cotyledon

ABI3  Abscisic acid insensitive3

SSEE  Secondary somatic embryogenic explants
VYSE Very young somatic embryos

YSE  Young somatic embryos

NEE  Non-embryogenic explants

RT Reverse transcriptase
PCR  Polymerase chain reaction

Introduction

Theobroma cacao L., exclusively cultivated in the inter-
tropical area of the world, is a major source of income for
developing countries. According to Eskes (2000), 70% of
cultivated trees result from unselected material propagated
by seeds. Because of the high heterozygous nature of seed-
lings in a given field, only 2-3% of the trees in a population
of high-yielding families account for 60% of the yield (Iriz-
arry and Rivera 1998). Somatic embryogenesis is one way
of increasing yields, homogenizing cocoa production,
hence smallholder incomes, by propagating elite material.
Since the production of the first cocoa somatic embryo
(Esan 1974), it has been possible to produce somatic
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embryos and plantlets from a large number of genotypes
(Maximova et al. 2002). Based on this procedure, field tri-
als were established to evaluate this new planting material
(Figueira and Alemanno 2004). The morphogenetic pro-
cesses of zygotic and somatic embryogenesis have been
described (Alemanno et al. 1996, 1997; Maximova et al.
2002). Despite those improvements, the efficiency of the
process is not sufficient for a scaling-up step. Moreover,
many genotypes remain recalcitrant to somatic embryogen-
esis (Figueira and Alemanno 2004).

Plant zygotic embryogenesis is classically divided into
two distinct phases: the early morphological processes dur-
ing which embryonic cell types, tissues and different
organs, including the meristems, are formed; and the late
maturation phase during which the fully developed embryo
accumulates storage reserves, and enters the desiccation
and dormancy state. Since the beginning of the genomic
era, more information has become available about genes
involved in the early and late phases of embryogenesis in
the Arabidopsis thaliana model species. Such genes were
discovered either from loss-of-function mutants or from the
study of genes differentially expressed during embryogene-
sis. In the latter strategy, somatic embryogenesis appeared
to be a powerful and convenient tool (Boutilier et al. 2002),
especially for early phases of zygotic embryogenesis where
the embryos are very small, with reduced accessibility.
Several groups of genes can be distinguished according
their expression during the embryogenesis stages: early
embryogenesis, morphogenesis and/or maturation.

Somatic embryogenesis receptor kinase (SERK) was
identified from in vitro somatic embryos of carrot (Schmidt
etal. 1997), Dactilys glomerata (Somleva et al. 2000) and
A.thaliana (Hecht et al. 2001), for which it was shown to
play a key role in somatic embryogenesis induction. In
A. thaliana, ectopic expression of this gene enhanced the
embryogenic capacity of already embryogenic culture cells
(Feher et al. 2003; Verdeil et al. 2007). It was also expressed
during early embryogenesis in A. thaliana (Hecht et al.
2001). This gene encodes a protein that is part of the recep-
tor-like kinase-LRR family (Schmidt et al. 1997). The LRR
domains likely play a role in signal perception and transduc-
tion during somatic embryogenesis induction (Schmidt et al.
1997; Hecht et al. 2001). Competent cells may contain an
inactive receptor, activated by the presence of the proper
ligand to switch on the embryogenic programme (Hecht
et al. 2001). Recent in vivo isolation of the SERK1 signal-
ling complex has provided supportive evidence for a role in
the brassinolide signalling pathway (Karlova et al. 2006).

Another class of genes is exclusively expressed during
late embryogenesis abscisic acid insensitive3 (ABI3), ABI4,
ABIS5 (Giraudat et al. 1992; Finkelstein et al. 1998; Finkel-
stein and Lynch 2000). The role of those genes, identified
through loss-of-function mutant studies, involves the prepa-
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ration of embryos to desiccation and dormancy. Finally,
another group of genes, baby boom (BBM) and leafy cotyle-
don (LEC) genes, was found to be expressed in both early
and late phases of embryogenesis. BBM was isolated by a
subtractive hybridization approach with Brassica napus
microspore-derived embryos, while leafy cotyledon genes
were isolated from loss-of-function mutants in A. thaliana.
The protein encoded by the BBM gene showed similarity to
the transcription factors of the AP2/ERF family (Boutilier
et al. 2002). When expressed ectopically in A. thaliana and
B.napus, this gene induced somatic embryo formation.
Leafy cotyledon proteins are central regulators of both the
early and late phases of embryogenesis. They are defined
by mutations at three loci LECI, LEC2 and FUSCA3
(FUS3). They intervene in several functions: maintaining
suspensor cell identity, specification of cotyledon identity,
desiccation tolerance, synthesis and accumulation of stor-
age reserves and inhibition of germination (Harada 2001).
LEC] encodes a protein with sequence similarity to the
HAP3 sub-unit of CCAAT binding factors (Lotan et al.
1998). It was expressed in early stages of embryogenesis
and accumulated in the embryo proper, the suspensor and
the endosperm. Ectopic expression of the LECI gene in A.
thaliana seedlings was concomitant to other genes usually
activated during embryogenesis. Some plants were able to
give rise to embryo-like structures on their leaves, indicat-
ing that this gene was sufficient to induce somatic embryo
formation from vegetative cells (Lotan et al. 1998). LEC2
also encodes a transcription factor containing a plant spe-
cific B3 domain (Stone et al. 2001) and belongs to the same
gene family like two other regulators of seed maturation,
ABA insensitive 3 (ABI3) and FUSCA 3 (FUS3). B3 domain
confers DNA binding activity to these proteins (reviewed in
Harada 2001). Ectopic expression of LEC2 in transgenic
Arabidopsis induced the formation of somatic embryos and
organ-like structures, and induced embryonic characteris-
tics in vegetative tissues (Stone et al. 2001). More recently,
Kwong et al. (2003) identified genes encoding Arabidopsis
HAP3 subunits. One of them, closely related to LECI and
named LECI-LIKE (LIL), is required for normal embryo
development (Kwong etal. 2003). When ectopically
expressed, L/L can complement LEC! functions (Kwong
et al. 2003). LECI and LEC2 are considered to be transcrip-
tional regulators capable of establishing a cellular environ-
ment sufficient to initiate embryo development (Feher et al.
2003). They act synergistically together with ABI3 and
FUS3 to control multiple processes during seed develop-
ment (Parcy et al. 1997). However, some degree of hierar-
chy exists in this regulatory network. LECI (Kagaya et al.
2005) and LEC2 (To et al. 2006) exert their action, at least
partially, through ABI3 and FUS3. Furthermore, the recent
discovery of the role of FUS3 on the synthesis of ABA and
GA and the influence of its expression by auxin reconciles
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the well know requirement for hormones with the transcrip-
tional regulation in seed maturation (Gazzarrini et al.
2004).

Because LEC genes are essential regulators of the early
phases of embryogenesis in Arabidopsis, several studies set
out to extend those findings to the somatic embryogenesis
pathway as well as to other plant species. LECI was isolated
in maize (Zhang et al. 2002) and carrot (Yazawa et al. 2004)
and LECI-L was isolated from Phaseolus coccineus
(Kwong et al. 2003) and several other plants reported in the
NCBI Gene Database: Helianthus annuus lec1L (AJ879074,
AJ863113); Bixa orellana Lec 1 (AJ489457); Oryza sativa
Lecl (AY264284). Expression of LECI was demonstrated
during maize (Zhang et al. 2002) and carrot (Yazawa et al.
2004) somatic embryogenesis. More recently, Gaj et al.
(2005) showed that somatic embryogenesis capacity from
lec and/or fus mutants was highly reduced compared to wild
plants, suggesting that those genes are also essential for
somatic embryogenesis induction.

Given the recalcitrance of cocoa in somatic embryogene-
sis and current interest in cocoa genomics (Jones et al.
2002; Bennett 2003; Kuhn et al. 2003), we launched a gene
candidate strategy to isolate leafy cotyledon gene homo-
logues in 7. cacao. This study aims at the isolation and, the
structural and functional characterization of the T.cacao
gene homologous to the Arabidopsis thaliana leafy cotyle-
donl-like gene, named T.cacao leafy cotyledonl-like
(TcLIL). We characterized the TcLIL messenger RNA
(mRNA) in zygotic and somatic embryos at various stages
of development and in vegetative organs and tissues. Fur-
thermore, we studied if the TcLIL gene was able to restore
an Arabidopsis defective mutant.

Materials and methods
Plant materials

Zygotic embryos were harvested for gene isolation from
mature and immature pods of hand-pollinated 7T.cacao L.
IMC 67 (Upper-Amazon Forastero) x DHS 30 (Sdo Tomé
Hybrid) provided by CIAT (Centro de Investigdcad agron6-
mica e tecnolégica, Sdo Tomé-et-Principe). For gene
expression analyses, zygotic embryos were isolated from
pods of clone Sca-6 provided by Cameroonian and Brazil-
ian Institutes, and then separated into two batches: (1)
immature, consisting of a mix of stages Illlz, IVz, and Vz
respectively 80, 100 and 110 days after pollination as
described by Alemanno et al. (1997) and (2) mature corre-
sponding to stage VIIIz. Somatic embryos were produced
according to a two-step protocol consisting of primary
somatic embryogenesis (PSE) induced from staminodes of
immature flower buds, and secondary somatic embryogene-

sis (SSE) induced from primary somatic embryos. Two
different genotypes, one grown in the greenhouse, UF667,
known to be non-embryogenic, and one grown in the field
(tree 29) in Cote d’Ivoire, known to be embryogenic were
compared (Li et al. 1998). This tree came from progenies of
Upper Amazon x Amelonado and Upper Amazon x Trini-
tario crosses selected by CNRA (Centre National de
Recherche Agronomique, Abidjan, Cote d’Ivoire). Explants
were sub-cultured successively on three different media:
first on PCG (primary callus growth) medium containing
2.4 uM 2,4-D and 22.7 nM TDZ (from day O to day 14),
second on SCG (secondary callus growth) medium contain-
ing 2.4 uM 2,4-D and 1.4 pM BA (from day 15 to day 29)
and third on ED (embryo development) medium depleted
of plant growth regulators where primary somatic embryos
regenerated (from day 30 to day 44). Secondary somatic
embryogenesis was induced on SSE medium from frag-
ments of cotyledon from primary somatic embryos of tree
29 only as described by Maximova et al. (2002). Explants
were sub-cultured every 2 weeks respectively on SCG and
ED media where secondary somatic embryos have been
regenerated. For RT-PCR experiments, UF667 non-
embryogenic primary calli, and tree 29 embryogenic
explants at different stages of secondary somatic embryo-
genesis, were frozen in liquid N, and stored at —80°C for
further RNA extraction. Samples from tree 29 were col-
lected at days 0, 7, 14 and 21 corresponding to secondary
somatic embryogenic explants (SSEE), at day 28 and day
42 for secondary somatic embryogenic explants bearing
very young somatic embryos (SSEE + VYSE), at day 72
both for young somatic embryos (YSE) which are globular
and cotyledonary embryos measuring less than 2 mm, and
for non-embryogenic explants (NEE). YSE consist of coty-
ledonary embryos measuring between 2 and 5 mm and cot-
yledonary embryos measuring from 5 to 10 mm. The same
explants were also fixed for in situ hybridization as
described later.

Arabidopsis heterozygous lecI-2 plants, Wassilevskija
(WS-2) ecotype, were obtained from the Nottingham Ara-
bidopsis Stock Centre (ID: N3867). The plants were grown
in soil or in Petri dishes under constant illumination at
22°C. Transformed seedlings were selected on Murashige
and Skoog medium (Murashige and Skoog 1962) supple-
mented with 100 mg 1~ kanamycin and 30 mg 1~! hygro-
mycin and transferred to soil after 2 weeks.

Isolation of RNA

Frozen samples were ground in liquid nitrogen and the pow-
der was suspended in an extraction buffer containing 4 M
guanidinium isothiocyanate, 0.24 M sodium acetate, 0.03 M
N-lauroyl sarcosine sodium salt, 22.5 mM PVP-40.000 and
14 mM p-mercaptoethanol. After initial centrifugation at
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10,000g for 30 min at 4°C, RNAs were purified onto a
cushion of 5.7 M cesium chloride by ultracentrifugation at
82,705g for 20 h at 20°C. RNA pellets were then resus-
pended in sterile water and quantified.

Reverse transcriptase PCR

One microgram of total RNA from each zygotic and
somatic embryo preparation was placed with 1 pl
oligo(dT);, VN (10 uM) and the volume adjusted to 11 pl
with sterile water. The mixture was incubated for 5 min at
70°C then chilled on ice. Four microlitres of 5x reaction
buffer, 2 ul 10 mM dNTP and 20 units ribonuclease inhibi-
tor were prepared and the volume was adjusted to 19 pl
with water, and incubated for 5 min at 37°C. Two hundred
units of RevertAid™ M-MuLV Reverse Transcriptase
(Fermentas, St Leon-Rot, Germany) were finally added and
the samples were incubated for 60 min at 42°C. The reac-
tions were stopped by incubation for 10 min at 70°C.
Remaining RNAs were degrade by adding 1 pl EDTA,
0.5M, pHS8 and 1 pul DNAase-free pancreatic RNAase
(5 pg/ml) and incubation at 37°C for 30 min. Reverse-tran-
scribed first strand cDNA was precipitated in EtOH and
resuspended in 150 pl TE buffer.

TcLI1L cDNA isolation and sequencing

Degenerate oligonucleotide primers were designed from
the best conserved regions among the Arabidopsis thaliana
LECI1 proteins (Stone et al. 2001; Lee et al. 2003): D2S1
(5'-CARGARTGYGTNWSNGARTWYATHWS-3'), and
D4R1 (5'-CCNARYTTNSWCATNGCCCA-3').

A PCR reaction was performed with 2 pl of single strand
cDNA. The PCR product was cloned in a pGEM-T Easy
Vector Systems I (Promega, Madison, WI, USA) and
sequenced. TcL1L full length cDNA was obtained by rapid
amplification of ¢cDNA ends (RACE; BD Biosciences
Clontech, San José, CA, USA). The 5’ end of the TcL1L
c¢DNA was amplified using cDNA from zygotic embryos of
clone IMC67xDSH30 at various stages of development
with primer (5'-CDS primer A: 5'~(T),sN_;N-3, N = A, C,
GorT;N_; = A, Gor C) and BD SMART II™ A Oligonu-
cleotide (5'-AAGCAGTGGTATCAACGCAGAGTACGC
GGG-3') provided in the kit. Two 5’-end sequences were
obtained with the TcLecl140T7-SPb-R (5'-TTGCGCT
GCTCACGTTGGCAGCG-3") /UPM primer pair.

After analysis of the sequences of 3" and 5" RACE-PCR
products, primers TcLecl40FL-S (5'-ACGCGGGGACC
CTCTTAAT-3") and TcLecl40FL-R (5'-TTTAGATGGT
AATAAGGCT-3") were designed to amplify a full-length
cDNA. The full-length cDNA was purified and cloned into
the pGEM-T vector followed by sequencing using both the
T7 and SP6 primers.
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Sequence analysis

Sequences were analysed using bioinformatics software
available on NCBI databases such as Basic Local Align-
ment Search Tool (BLAST; Altschul et al. 1997).

Southern-blot analysis

Genomic DNA was isolated from 7. cacao leaves as
described by Risterucci et al. (2000). Given that one Hin-
dIII site exists in the cDNA sequence, 2 g of T. cacao
DNA (4 million copies of genomic DNA) were digested for
24 h at 37°C with HindIIl. Digested DNA was fractionated
by electrophoresis on a 0.8% agarose gel, transferred to a
Hybond-N" filter (Amersham, Buckinghamshire, UK) and
hybridized with a [**P]-labelled 780 bp cDNA Tc-LECI-
like HindIll fragment. Hybridization was performed at
65°C overnight in 50 mM Tris-HCI buffer (pH 8), 5x SSC
(pH 7.4), 10 mM EDTA (pH 8), 10% dextran sulphate, 1%
Denhardt reagent, 0.2% SDS and denatured salmon sperm
DNA. Membranes were washed twice, 1 and 30 min,
respectively, at 65°C in 2x SSC, 0.5% SDS, and then
45 min at 65°C in 1 x SSC, 0.5% SDS.

Analysis of TcLIL expression by RT-PCR analysis

The semi-quantitative RT-PCR analyses were carried out as
described by Zegzouti etal. (1999). The TcLecIL cDNA
was amplified using primers TcLec1L-RT-S: (5'-CGAGCC
AGAAAGAGATGGAA-3’") and TcLeclL-RT-R: (5'-TGA
TGACCCTGCATTGGATG-3'), generating a 600 bp frag-
ment. Primers were designed from a 7. cacao actin gene
sequence (C. Lanaud, CIRAD, pers. communication):
TcActin-KZ-S: (5'-GCGTCGTCGTTTTCTGCTTC-3")
and TcActin-KZ-R: (5'-CAGGAGCAACACGGAGT
TCA-3"). A 380 bp TcActin cDNA was amplified concomi-
tantly with TcLec/L cDNA and used as the internal stan-
dard. To obtain the same actin intensity signal, TcActin
primers were added to the PCR reaction 3 or 5 cycles after
the beginning of TcLecIL clone amplification. Samples
were subjected to 30 or 32 cycles. In addition, PCR amplifi-
cation was performed with total RNA extracts without
reverse transcription as a negative control.

Localization of TcLIL expression by mRNA in situ
hybridization

Probe synthesis

Specific primers were designed for PCR amplification of
the specific region of 18S ribosomal RNA (RibHis-P-Up:
5'-CCGACCCTGATCTTCTGTGAAGGG-3’, RibHis-P-
Down: 5'-CCAAGTCAGACGAACGATTTGCACG-3'
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for 18S ribosomal RNA probe) and Lecl-like cDNAs
(TcLecl-1His-P-Up: 5'-GATGGTAATAAGGCTAAG-3',
TcLecl-1His-P-Down: 5'-GAACGTGGTTCGATCAGA-3’
for Lecl-L probe). The same primers including RNA Poly-
merase T7 promoter sequence 5'-GCGAAATTAATACG
ACTCACTATAGGGAGA-3" were also designed: namely
RibT7His-P-Up: 5'-CCGACCCTGATCTTCTGTGAAG
GGGCGAAATTAATACGACTCACTATAGGGAGA-3',
RibT7His-P-Down: 5'-GCGAAATTAATACGACTCAC
TATAGGGAGACCAAGTCAGACGAACGATTTGCAC
G-3'; TcLecl-1T7His-P-Up: 5'-GCGAAATTAATACGA
CTCACTATAGGGAGAGATGGTAATAAGGCTAAG-3',
TcLecl-1IT7His-P-Down: 5'-GCGAAATTAATACGACT
CACTATAGGGAGAGAACGTGGTTCGATCAGA-3'.
Finally, one primer corresponding to the T7 end was also
designed: E-T7His: 5'-GCGAAATTAATACGACTCAC-3'.
Sense and reverse probes were synthesized in two steps: an
initial PCR was performed with one primer P-Up or one
primer T7-P-Down, and one primer P-Down and one
primer T7-P-Up. PCR was carried out with 2 ng of DNA
solution, which was supplemented with 1x reaction buffer,
1.5 mM MgCl,, 10 mM each of dATP, dCTP, dGTP and
dTTP, 0.4 uM each of 5’ and 3’ oligonucleotide primers
and 5 U Taq polymerase, and then adjusted to a final vol-
ume of 50 pl. Samples were subjected to 1 cycle of 3 min at
95°C, 35 cycles (95°C, 30 s; 55°C, 30 s; 72°C, 1 min) and 1
cycle of 7 min at 72°C. Amplification products were frac-
tionated by 1% agarose gel electrophoresis. A second PCR
was performed using “100 times” dilutions of the first PCR
products, E-T7 primer and primer P-Up or P-Down, to
obtain the desired probe: sense or reverse. PCR was carried
out with 1 ul of DNA dilution, which was supplemented
with 1x reaction buffer, 1.5 mM MgCl,, 10 mM each of
dATP, dCTP, dGTP and dTTP, 0.4 uM each of 5’ and 3’
oligonucleotide primers and 5 U of Taq polymerase, and
then adjusted to final volume of 50 pl. Samples were sub-
jected to 1 cycle of 3 min at 95°C, 35 cycles (95°C, 30 s;
56°C, 30s; 72°C, 1 min) and 1 cycle of 7 min at 72°C.
Amplification products were fractionated by 1% agarose
gel electrophoresis. After purification in ethanol, the frag-
ments were used to generate sense and reverse digoxigenin-
labelled transcripts by in vitro transcription (T7 MAXI-
Script Kit, Ambion, Austin, TX, USA). Final purification of
the probes was done using ethanol precipitation. The final
lengths of the different probes were: ribosome probes
(150 bp); lec1-like probes (400 bp).

Zygotic and somatic embryogenesis explants were fixed
in paraformaldehyde 4%, potassium phosphate buffer
(10 mM, pH 7.2) overnight at 4°C, dehydrated in ethanol
series and butanol, and embedded in Paraplast X-TRA
(Labonord, Templemars, France). Cross sections (8 pwm)
were placed on silanized slides (Dako, Trappes, France).
Nucleic probes for TcLECIwere specifically designed to

reach a length >300 bp. Probes for ribosomal 18S were
used as controls. Sense and antisense probes were labelled
with UTP-digoxigenin during transcription. Labelling
efficiency was estimated by dot blotting on membrane with
a phosphatase alkaline conjugate antibody raised against
digoxigenin (Roche Diagnostics, Meylan, France). Slides
were dewaxed, rehydrated, and then incubated for 40 min
in proteinase K (2 pg ml~!) at 37°C. A probe concentration
of 2 pg/ml was used in an overnight hybridization of tissue
sections at 45°C in 10% dextran sulfate, 1 x Denhart solu-
tion, 50% formamide, 1 g ul‘l tRNA, and 2x SSC buffer.
Post hybridization washing at graded stringency (2x SSC
at 50°C and 1x SSC at 55°C) was followed by detection.
Slides were first pretreated with a blocking solution (Roche
Diagnostics) to prevent nonspecific binding of antibodies
then incubated with antidigoxigenin mouse antibody
(Roche Diagnostics). Two developing system were used a
Vector Blue Development and a Alexa488 Fluorescent
Development. Both, immunochemical and fluorescent
detection of transcripts were used as complementary meth-
ods. For the Vector blue development, slides were incu-
bated with antibody [1:500 dilution of anti-DIG combined
with alkaline phosphatase (Roche, Basel, Switzerland) for
1 h at 30°C] and washed (PBS for three times 10 min at
30°C, colour development buffer 100 mM Tris-HCI pH 8.2
for twice 5min at 30°C). Hybridization signals were
detected with Vector® Blue Alkaline Phosphatase Substrate
Kit II (Vector Laboratories, Burlingame, CA, USA).
Slides were observed with a DMRXA microscope (Leica,
Wetzlar, Germany) under white light. For the Alexa488
Fluorescent Development, slides were incubated with a
mouse anti-DIG antibody and then with an anti-DIG FluoP-
robes 488 antibody IgG (rom Interchim) at room tempera-
ture. Sections were mounted in Mowiol. Fluorescence was
detected using a confocal laser-scanning microscope (argon
488-nm laser; Zeiss 510 Meta). Specificity of labelling was
checked by spectral analysis.

Transformation of Arabidopsis lec/ mutant

The full-length TcLIL cDNA inserted into the pGEM-T
vector was digested by Sall and Pvull and introduced into
the pENTR2B gateway (Invitrogen, Carlsbad, CA, USA)
vector at the Sall-EcoRV sites by ligation. The TcL1Lp
ENTR2B plasmid was recombined into the pH7WG2D vec-
tor allowing expression of TcLIL cDNA under the control
of the 35SCaMV constitutive promoter (Karimi et al. 2002).
The plasmid was transferred into Agrobacterium tumefaciens
strain C58C1. Heterozygous lec! plants were transformed
by the floral dip protocol of Clough and Bent (1998). Trans-
formants were selected on kanamycin for the presence of the
initial T-DNA that tags the lec/ mutation and on hygromy-
cin for the 35SCaMV:TcL1L construct. The genotype of the
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transformants was determined by PCR. Use of the lec1-2F:
(5'-GGTAGCTGATAGTGAGAGAAGGG-3') and lecl-2F:
(5'-AGGTCATGGACTGGGCCGTAAAC-3") primers that
amplify a fragment of 858 bp for the wild type copy of
LECI, discriminated between lecl/LECI or lecl/lecl
plants. The primers TcLec140B1RT-S: (5'-CGAGCCAG
AAAGAGATGGAA-3") and TcLecl40BI1T-R (5'-TG
ATGACCCTGCATTGGATG-3") were used to verify that
the cocoa gene was present. Siliques of the primary
transformants were opened under the binocular micro-
scope to score the seeds presenting a characteristic lec!/
phenotype. To analyse the embryo phenotype in the
lecI-2 mutant line and the primary lec/-2 transformants,
siliques at different stages of maturity were opened under
the binocular microscope in order to remove the imma-
ture seeds. The seeds were cleared in Hoyer’s solution
(2.5 g gum arabic, 100 g chloralhydrate, 5 ml glycerol in
30 ml of H,O) for 1 h to overnight and observed using
Nomarski optics on a Zeiss Axioskop2 microscope (Carl
Zeiss, Jena, Germany). The T2 seeds of individual trans-
formants were sown on kanamycin only to verify the
presence of the lec/-2 mutated allele and on hygromycin
only to estimate the number of copies of the TcL1L
T-DNA.

Results

Isolation and sequence analysis of a homologue of At leafy
cotyledonl-like full length cDNA from T. cacao L.

A full length cDNA sequence homologous to the A. thali-
ana leafy cotyledonl-like gene was isolated in 7. cacao by
a PCR-based approach (GenBank accession number
DN237955). We named it T. cacao leafy cotyledonl-like
(TcLIL). This partial cDNA sequence of 491 bp was
isolated from first-strand cDNA derived from a mixture of
T. cacao zygotic embryos at various stages. Amplification
products of 5" RACE (579 bp) and 3’ RACE (484 bp) were
then only obtained from first-strand ¢cDNA synthesized
from immature zygotic embryos only. By sequence analysis
of RACE products, specific primers at the 5’ and 3’ ends
were designed and led to the isolation of a 917 bp full
length cDNA sequence. The full length cDNA contained a
639 bp open reading frame (ORF), 108 nucleotides of a
5'-untranslated region (UTR), and 170 of 3’-UTR. The ORF
encoded a putative peptide of 213 amino acids accounting
for a theoretical pI of 8.23 and a calculated molecular mass
of 24.01 kDa. The translated TcLIL nucleotide sequence
shared a high degree of identity, 76-78%, with Phaseolus
coccineus, Helianthus annuus and A. thaliana LECIL
(GenBank accession numbers AAN 01148, CAI 48078,
NP_199578, respectively). TcL1L cDNA encodes a puta-

@ Springer

tive transcription factor homologue, the CCAAT box-bind-
ing factor (CBF, also known as NF-Y) HAP3 (heme-
activated protein) subunit. The HAP3 subunit consists of
three regions, an amino-terminal A domain, a central B
domain, and a carboxyl-terminal C domain (Lotan et al.
1998). HAP3 subunits are well recognized by their central
B domain, a =95 amino acid region of the protein that is
conserved across eukaryotic organisms (Fig. 1). The trans-
lated amino acid sequence of TcL1L shares all the charac-
teristic features of the HAP3 subunit with high identity
(>94%) and high similarity (>98%) in the B domain of all
known LI1L. Sixteen residues, indicated in red in Fig. 1,
were conserved between TcL1L and the LEC1-type HAP3
subunits, including AfLL1L. The B domain possesses amino
acid residues required for interaction of HAP3 with other
CBF subunits and for the DNA-binding activity of the CBF
complex, thus, sharing sequence identity with the histone
like-transcription factor domain H2B, a structurally con-
served region consisting of four o helices («1, o2, «3 and
aC) connected by two short loops (Fig. 1, L1, L2 and L3).
In this domain, Lee et al. (2003) showed that Asp (D) resi-
due at position 55 in Arabidopsis plays an important role in
the LEC function. Southern hybridization of HindIIl
digested cocoa genomic DNA with TcLIL cDNA revealed
the presence of a single gene in the 7. cacao genome
(Fig. 2). Two additional slight bands may reflect partial
hybridization with genes sharing homology with TcLIL,
such as LECI or LEC2.

Tc leafy cotyledonl-like is expressed in early zygotic
embryogenesis and at different stages of somatic
embryogenesis

TcLIL was strongly expressed in both immature zygotic
and immature somatic embryos (Fig.3). When RT-PCR
cycles were increased from 30-32, very low expression was
also observed in roots and cotyledons which lost capacity to
regenerate secondary somatic embryos (data not shown).
With regard to the somatic embryogenesis process, TcLIL
expression was recorded in fragments of cotyledon from
immature somatic embryos (SSEE d0), in the same frag-
ments bearing secondary embryos (SSEE + VYSE d28-42)
and in both immature (YSE d72) and developed regener-
ated embryos (SE d72). Interestingly, at the beginning of
secondary embryogenesis, when cotyledon fragments were
dissected, the initial low TcLIL expression decreased
within 7 days (SSEE d7, SSEE d14, SSEE d21). Expression
in fragments of cotyledon bearing embryos was probably
related to new embryo development since non-embryo-
genic cotyledon fragments (NEE d42-56) did not show any
expression, as did non-embryogenic primary calli (NEPC).
To conclude, TcLIL was preferentially and highly
expressed in somatic and zygotic embryo tissues, even
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Fig. 1 Comparison of the de- TcLlL ~MERGGFHGYRKLPNNTTSG--——-—-~ LKVPEMNMRMAEVNHTNNHSNSDDNECTVREQ
duced Theobroma cacao (Tc) PcL1L MERGGGFHGYHRLPIHPTSG-——-———— MQQPDMKQKQPDTTNT-—--TFTEDNECIVREQ
leafy cotyledon!-like protein HaLllL MERGGGFHGYHRLPTHPTSG MQQPDMKQKQPDTTNT-~--TFTEDNECIVRE
(TeL1L) and L1L from Phaseo- a QOFPDMKOKOQ ©
lus coccineus (PcL1L), Helian- AtL1L -MERGGFHGYRKLSVNNTTPSPPGLAANFLMAEGSMRPPEFNQPNKTSNGGEEECTVREQ
thus annuus (HaLL1L), and
Arabidopsis thaliana (AfL1L).
The B domain of the HAP3 sub-
unit of the CCAAT binding fac-
. C(,j g TcL1L DRFMPIANVIRIMRKILPPHAKIS DAKETIQECVSEYISFITGEANERCOREQRKTTTA
tor is framed in orange. The
histone fold motif (HBF) is in PcL1L DRFMPIANVIRIMRKILPPHAKIS DAKETIQECVSEYISFVTGEANDRCQREQRKTITA
italics. The underlining indi- HaLlL DRFMPIANVIRIMRKILPPHAKIS DAKETIQECVSEYISFVTGEANDRCQREQRKTITA
cates the consensus sequence AtL1L DRFMPIANVIRIMRRILPAHAKIS DSKETIQECVSEYISFITGEANERCQREQRKTITA
which interacts with the TATA-
binding protein. Residues B B o o T B R D R S S n e
unique to LE(;l—type HAP} sub- ai L1 a2 L2
families proteins are highlighted
in red. The positions of a-helices
and loops in the histone fold mo-
tif are indicated as blue crosses
and dashed lines, respectively. TcL1lL EDVLWAMSKLGFDDYIEPLTVYLHRYRELEG------ ERGSIRGEPLGKRAVDYG---AL
The Asp (D) residue which is PcLlL EDVLWAMSKLGEDDYIEPLTVYLHRYREFDGG-—---— ERGSIRGEPLVKRAAATADPGPF
critically required for the LEC
function is highlighted in green HaLlL EDVLWAMSKLGEFDDYIEPLTVYLHRYREFDGG----— ERGSIRGEPLVKRAAATADPGPF
(Lee et al. 2003) AtLIL EDVLWAMSKLGFDDYIEPLTLYLHRYRELEGERGVSCSAGSVSMTNGLVVKRPNGTMTEY
B O
a3 L3 aC
TcL1L SVAAFAPAFHMGHHHGFFGGGGAMGGYLKDASNAGS SQAAVANGEPFGHHK--—~
PcL1L GMGPFVPGFHMGHHNGFFGPASIAGFFKDPSSAAGQSGPAGFEPYAQCKD—-—-—
HaLlL GMGPFVPGFHMGHHNGFFGPASIAGFFKDPSSAAGQSGPAGFEPYAQCKD— -~~~
AtL1L GAYGPVPGIHMAQYHYRHONGFVFSGNEPNSKMSGSSSGASGARVEVEPTOQHKY

though its expression was higher during zygotic embryo-
genesis.

Tc leafy cotyledonl-like expression is mainly localized
in embryonic and meristematic cells of young zygotic
and somatic embryos

To determine the localization of TcL1L RNAs in zygotic
and somatic embryos at different stages, we designed in situ
hybridization experiments (Figs. 4, 5). For each experi-
ment, different controls were used (data not shown): one
positive (reverse ribosome probe to verify the conservation
of the RNAs) and three negative controls (sense ribosome
probe; no probe to check the antibody link specificity; sense
L1L was used to check the specificity of the reverse L1L
link). Sense probes did not bind with the sections, showing
the specificity of the hybridization reactions (Fig. 4b, d).
Equivalent expression results were found either by using
Vector Blue or fluorescent detection of the RNAs. During
zygotic embryogenesis, L/L RNA was detected in all the
tissues and cells of the globular embryos (Stage 1z; Fig. 4a,
c) and young cotyledonary stages (Stage Ilz; Fig. 4e), and
especially in the young epidermis, the protoderm. At stage

IIz, during the embryo growth phase where cell divisions
and elongations took place, the gene was expressed every-
where but more in the root and shoot apex, in meristematic
cells (Fig. 4f). At stage V, when the embryo had reached its
final length, but was still immature (no reserves inside the
cells) expression drastically decreased and was restricted to
the meristematic cells of the shoot (Fig. 4g, h) and root
apex (Fig. 41, j). This expression pattern corresponded with
the results from RT-PCR analyses. During secondary
somatic embryogenesis, at day 0, very slight expression
was detected in cotyledonary explants excepted in the epi-
dermis (Fig. 5a). Expression then disappeared in the
explant, while oxidation increased up to the end of the
experiment (Fig. 5b). LIL transcripts were detected again
when young somatic embryos arose from the explant. Here
again, the signal was strongly observed in the protoderm of
young somatic embryos. As was found for zygotic
embryos, expression was located in all the cells of young
somatic embryos (Fig. 5c, d, e, f). Compared to the expres-
sion observed in zygotic embryos at equivalent stages, the
intensity was lower in somatic embryos. These results
confirmed what was previously assumed from RT-PCR
analyses. The variation in expression during somatic
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Fig. 2 Southern-blot analysis of TcLIL was carried out on cocoa
genomic DNA (lane I) and probe fragment as positive control (lane 2).
Genomic DNA was digested with HindIIl and fractionated by gel elec-
trophoresis. Fragments were hybridized with a 770-bp radiolabelled
EcoRI-HindlIll fragment from 7TcLIL cDNA

embryo growth was equivalent to what was observed for
zygotic embryos. In fully grown somatic embryos, LIL
expression was restricted to the shoot (Fig. 5g) and root
meristems (Fig. 5h). In non-embryogenic primary callus
obtained from staminodes, expression was detected is some
rare zones of internal meristematic tissue (Fig. 5i) even
though no detection was recorded by RT-PCR analyses.
Expression was so low that it could hardly be detected with
fluorescent probes (Fig. 5j).

Over-expression of Tc leafy cotyledonl-like gene in A. tha-
liana can rescue some aspects of Arabidopsis lec! defects

To assess the functionality of the protein encoded by
TcLIL, we used the mutant collection of Arabidopsis. In the
absence of a well-characterized //] mutant, we tested the
ability of TcLIL to suppress the lec/ mutation. Kwong
etal. (2003) had demonstrated that ectopically expressed
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Fig. 3 Analysis of the expression of TcLIL gene by semi-quantitative
RT-PCR in various organs: roots (R); leaves (L); flower buds (FB);
immature zygotic embryos (IZE); mature zygotic embryos (MZE); non
embryogenic primary callus (VEPC); secondary somatic embryogenic
explants (SSEE) day 0, day 7, day 14, day 21; secondary somatic
embryogenic explants (SSEE) bearing very young somatic embryos
(VYSE) day 28-42; young somatic embryos (YSE) day 72; non
embryogenic explants (VEE) day 72 and day 42-56. TcLIL: 30 ampli-
fication cycles Tc-Actin: 27 amplification cycles

Arabidopsis LIL could restore some LECI functions such
as desiccation intolerance. However, postembryonic
expression of LI/L conferred embryonic characteristics
to seedlings, which were mostly unable to develop
further. Heterozygous lecl/-2 plants were obtained by
Agrobacterium-mediated transformation harbouring the
35SCaMV::TcLIL construct. Thirty-two primary transfor-
mants were analysed after antibiotic selection and com-
pared to untransformed lecl/LECI plants. The lec] mutant
line was maintained as heterozygous since homozygous
lecl embryos are intolerant of desiccation and therefore,
unviable as dry seeds. The siliques of lecl/LECI plants
contained 25% lecl seeds, which could be easily distin-
guished from phenotypically wild type seeds. Mutant
embryos often displayed upright cotyledons with anlages of
trichomes, a reduced hypocotyle and large rounded cotyle-
dons (Fig. 6a) and were often viviparous (Fig. 6d). The
genotype of the lecl/LEC] transformed plants was assessed
by PCR. All of the plants were heterozygous for the lec!
mutation and contained the cocoa LIL transgene. In most
primary transformants, the ratio of seeds exhibiting the /ec
phenotype differed significantly from untransformed lecl/
LECI plants. In 11 plants, all the seeds displayed a wild
phenotype or presented a very similar wild-type seed phe-
notype. In 3 lines, the siliques contained only 1/16 of lec!
seeds, a result consistent with complementation by a single
locus of the 35SCaMV:TcLIL transgene. Collectively,
these data demonstrated that the TcL/L gene could comple-
ment the morphological defects of the lec/ embryos. In ten
lines, the number of seeds exhibiting a lec/ phenotype or
some aspect of the lec/ phenotype was much higher than in
untransformed lecl/LECI plants. The percentage of lecl
seed phenotype ranged between 40 and 100% depending on
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Fig. 4 Localization of TcLIL transcripts by in situ hybridization
during zygotic embryo development. The sections were probed using
either a Vector blue (a, e, f, g, i) or fluorescent RNA antisense probes
(c, h, j). Sense-labelled TcL1L RNA (b, d) was used as a negative control.
a, ¢ Globular zygotic embryo (Iz: 3-5 days after pollination) showing
a high specific signal with the antisense TcLIL probe. On the slide rep-
resenting the signal obtained with the fluorescent probe (c), the signal
appears inside the cell cytoplasm. e Cotyledonary zygotic embryo (Ilz:
28 days after pollination) showing a specific signal in all its cells with

the line. In those plants, 40% of the seed defects were mild,
such as twisted seeds (Fig. 6¢) or a partially developed root
apex with normal cotyledons (Fig. 6b), while those defects
only amounted to 11% of the seed phenotype in non-trans-
formed lecl/LECI plants. This dominant effect of the
ectopic expression of a LIL transgene had already been
observed with the Arabidopsis LIL gene on germination
(Kwong et al. 2003). Finally, eight plants had the same
ratio of lec! to wild type seeds as untransformed lecI/LECI
plants, suggesting that the transgene was inactive in those
plants. The T2 seeds of each transformant were analysed on
germination. All the lines produced T2 seeds that were, for
most of them, able to germinate on hygromycin (selection

the antisense TcLIL probe. f Cotyledonary zygotic embryo (Illz:
80 days after pollination) showing a low specific signal in all its cells
with the antisense TcL1L probe. g, h, i, j Cotyledonary zygotic embryo
(Vz: 110 days after pollination) showing a specific signal restricted to
some cells of the shoot apical meristem (g, h) and to some cells of the
root meristem (i, j) with the antisense TcL1L probe. No significant sig-
nal was detected with the TcLIL sense probe, results shown for 1z
Globular zygotic embryos (b, d). SAM shoot apical meristem; RAM
root apical meristem. Scale bars 250 pm, except 500 um (f)

for the TcLIL transgene) and seemingly develop normally.
Several minor defects were observed on the cotyledons.
The cotyledons were either misshapen or supernumerary
(data not shown). A closer examination of the T2 seedlings
showed that the leaves were slightly abnormally shaped and
exhibited cotyledonary traits. An example is presented in
Fig. 6h—k. The first leaf (Fig. 6i) had a shape and thickness
similar to a cotyledon (Fig. 6j) and produced a smaller
number of trichomes. The second leaf (Fig. 6k) had a rela-
tively normal morphology though contained less chloro-
phyll. In some instances, we also noticed that a few seeds
did not fully germinate and exhibited morphological
defects (Fig. 6g—i) similar to those observed by (Kwong
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Fig. 5 Localization of TcLIL
transcripts by in situ hybridiza-
tion during secondary somatic
embryogenesis from cotyledon
sections. The slides were probed
using either a Vector blue [(a, b,
e, f, i) or fluorescent RNA anti-
sense probes (¢, d, g, h, j)].a A
low signal was detected in the
cells of a cotyledon section of a
somatic embryo, except in the
epidermis, with the antisense
TcLIL probe. b After 7 days of
culture, the expression of TcLIL
completely disappeared. ¢, d, e, f
TcLIL expression was observed
again in very young globular so-
matic embryos. g, h In older ful-
ly grown secondary somatic
embryos, the expression of
TcLIL was, as in zygotic embry-
os, restricted to the shoot (g) and
root apex (h). i, j Very low
expression of TcL1L observed in
meristematic zones of non
embryogenic UF667 callus. Ep
epidermis; SAM shoot apical
meristem; RAM root apical mer-
istem. Scale bars 30 um (a),
250 pum (b, g, h, i, j), and 60 pm
(c,d, e, f)

et al. 2003) with LIL or with LECI (Lotan et al. 1998).
Comparable results were obtained on a non-selective
medium, confirming that the inability to germinate was not
due to the presence of the antibiotic. The root pole did not
develop (Fig. 6e) or its growth was limited (Fig. 6f). The
cotyledons did not expand (Fig. 6e—g) and the new leaves
were reduced and abnormally shaped (Fig. 6f, g).

Taken together, our results demonstrated that 7cLIL
shares some of the AtLECI and AtLIL functions. Expres-
sion of TcLIL during embryogenesis was able to rescue the
morphological defects of lec! seeds. However, TcLIL was
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not as efficient as the Arabidopsis LECI and LIL genes in
conferring embryonic characteristics to seedlings. As for
AtLIL, ectopic expression of TcLIL did not result in the
production somatic embryos on seedlings.

Discussion

During embryogenesis, the basic patterns of plant structures
are established and the functional embryo domains are
determined. To understand the molecular mechanism
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Fig. 6 Phenotypes of seeds and
seedlings of Arabidopsis lec]
plants expressing the TcLIL
gene. a—d images of cleared
seeds. a, d, Typical images of
upright lec/ embryos with anla-
ges of trichomes on the cotyle-
dons (a) and viviparous root pole
(d). b, ¢ Seeds of lec] plants
containing the 35SCaMV:TcLIL
transgene showing an embryo
with fairly normal morphology
(b) or folding defects (c). e-h,
Four-day-old seedlings contain-
ing the 35SCaMV:TcLIL con-
struct and exhibiting various
morphological defects. e, f Seed-
lings arrested soon after germi-
nation. g Close-up view of
seedling in f showing the lack of
cotyledon expansion (C), a coty-
ledon-like organ (Cl) at the shoot
apex and the dual embryonic and
vegetative morphologies of the
hypocotyle (the white arrow
indicates the limit between the
two regions). h Minor defects
visible on the leaves of most
35SCaMV:TcLIL seedlings. i-k
Close-up view of the cotyledon
(i), the first (j) and second leaf
(k). Trichomes are marked by an
asterisk in a and b. Bar 50 pm

underlying embryogenesis, isolation of the relevant genes is
essential. Apart from its agricultural and economic impor-
tance, the study of cocoa embryogenesis can result in
advances in our understanding of cell differentiation,
growth and development in a recalcitrant tropical plant.
Molecular characterization of Arabidopsis mutants has
highlighted several genes that regulate embryogenesis
(review in Feher et al. 2003). Application of Arabidopsis
molecular knowledge to crop species is becoming a chal-
lenge.

In this paper, we report on the characterization of TcLIL,
a homologue of AtLIL, that encodes a 213 amino acid poly-
peptide with sequence similarity to the HAP3 subunit of the
CCAAT binding transcription factor, also called CBF or
NF-Y (Lotan et al. 1998). The TcLIL conceptual translation
product showed sequence similarity with the putative L1L
protein isolated from Phaseolus coccineus (Kwong et al.
2003), Helianthus annuus (Fambrini et al. 2006) with 68%
amino acid identity; and from Arabidopsis with 60% amino

acid identity. The central B domain of 7cL1L (amino acid
49-138) displayed substantial sequence identity (>94%)
with the central B domain in the L1L and HAP3 subunits of
the CCAAT-binding transcription factors in other organ-
isms. The sequence similarity was mainly found in the B
domain. TcL1L did not show large stretches of sequence
similarity with other LEC proteins outside of the B domain
binding region. The B domain is an ~95-amino acid resi-
due region found to be required for the interaction of yeast
and mammalian HAP3 subunits with the other CBF sub-
units, HAP2 and HAPS, and for the DNA binding activity
of the CBF complex (Xing et al. 1993; Sinha et al. 1996; Li
etal. 1998).The B domain of HAP3 subunits shares
sequence identity with the histone fold motif of histone
H2B, a structurally conserved region consisting of three «
helices («;, o,, and o3) connected by two short loops (L1
and L2; Sinha et al. 1996; Bolognese et al. 2000). The his-
tone fold motif mediates protein—protein and DNA binding
interactions (Zemzoumi et al. 1999). These results strongly
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suggest that TcL1L is a member of the CBF class of
eukaryotic transcriptional activators. TcL1L belongs to the
group containing the LEC1-type AtHAP3 subunits, Arabid-
opsis LEC1 and L1L. The B domains of the LECI-type
AtHAP3 subunits have 16 conserved amino acids that are
not conserved in the non-LECI1-type AtHAP3 subunits
(Kwong et al. 2003). Some or all of these residues are con-
served among most HAP3 subunits from other plants that
contain the LECIl-type B domain and are primarily
expressed in embryos or seeds. These residues were well
conserved in TcL1L. Moreover, the Asp (D) residue at
position 55 in Arabidopsis LEC gene, which plays an
important role in LEC function, was also recognized in
TcL1L. It is assumed that Asp-55 in Arabidopsis LEC B
domain mediates specific interactions with other CBF sub-
units or with other transcription factors (Sinha et al. 1996),
and thus regulates genes required for embryo development
(Lee et al. 2003).

Due to its potential role in embryogenesis, we analysed
TcLIL gene expression in both zygotic and somatic pro-
cesses. High TcLIL mRNA levels were detected in young
and developing zygotic and somatic embryos. The pattern
of expression in zygotic embryos was closer to that
observed in sunflower (Fambrini et al. 2006), rather than
that observed in A. thaliana (Kwong etal. 2003). Its
expression was restricted to young and immature zygotic
embryos, and no expression was detected in mature
embryos. This was different from what was observed in
Arabidopsis where L1L was also expressed during matu-
ration and in mature zygotic embryos (Kwong et al.
2003). A common feature between the L/L expression of
A. thaliana, P. coccineus, H. annuus and T. cacao is its
enhancement in the epidermal layer of embryos, espe-
cially at the globular stage and throughout embryogene-
sis. The observation that TcLIL expression was detected
before inside/outside patterning was initiated and was
then strongly maintained in the protoderm confirmed the
role of LEC genes in coordinating primary events leading
to embryonic competence (Harada 2001; Kwong et al.
2003) and their involvement in establishing a cellular
environment that promotes embryo development (Lotan
et al. 1998). Another important common feature between
AtLIL, PcLIL, HaLIL and TclL is the expression at very
low levels, in vegetative organs. This point differs from
the LECI gene that is only expressed in embryo tissues
(Kwong et al. 2003). We showed LIL expression through-
out the different steps of the cocoa somatic embryogenesis
process. This expression was very similar to what was
observed during zygotic embryogenesis: TcLIL was
mainly expressed in young and immature somatic
embryos, at the same location as that observed in zygotic
embryos. However, even if true quantification of expres-
sion was not achieved, it is clear that it was lower in
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somatic embryos than in zygotic embryos. Our observa-
tions confirm the results of Fambrini et al. (2006), who
found HaLlL expression in Helianthus somatic embryos
and in ectopic embryos of a somaclonal variant. They also
showed expression in cells at the origin of ectopic
embryos, the parenchymal cells around the vascular bun-
dles of epiphyllous leaves, suggesting that HaLIL could
be involved in switching somatic cell fate towards
embryogenic competence.

To assess the functionality of the cocoa LIL gene, we
used the mutant facilities of the Arabidopsis model plant.
LecI-2 mutant lines ectopically expressing the TcLIL gene
were produced. Since uncertainties about the ability of
TcLIL to fully complement the Arabidopsis gene existed,
heterozygous lecl/LECI plants were transformed in order
to circumvent the intolerance of desiccation in lecl seeds.
Kwong et al. (2003) showed by transforming homozygous
lecl plants, that expression of the Arabidopsis LEC1 or L1L
genes was able to confer tolerance of desiccation to lec!
seeds but not expression of two other genes encoding less
conserved HAP3 subunits. We demonstrated that expres-
sion of TcL1L was able to complement most of the morpho-
logical defects of lec! embryos. Moreover, post-embryonic
expression of TcLIL in mutant or wild type backgrounds
was responsible for the development of leaves with embry-
onic traits, although the phenotypes on germination were
less severe than those observed by Kwong et al. (2003). To
conclude, our results strongly support a role for 7cLIL in
cocoa embryogenesis similar to that of LI/L in Arabidopsis.

TcLIL is expressed very early during cocoa zygotic and
somatic embryogenesis, and especially into the protoderm,
and epidermis. The cells of this special cell layer are pre-
cisely the place of origin of secondary somatic embryos.
Because of that, and despite the fact that its over-expression
in a heterologous system such as Arabidopsis does not
induce supernumerary ectopic embryos, TcLIL is a poten-
tial gene to improve cocoa somatic embryogenesis. It
would be very interesting and informative to over-express
TcLIL in T. cacao.
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