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Abstract Micropropagation of oil palm by somatic
embryogenesis produces a proportion of off-type indi-
viduals (approximately 5% overall) displaying a homeoti-
cally modified flower structure known as mantled.
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Transformation of the fertile or sterile androecium into
carpel-like structures is observed in staminate and pistil-
late mantled flowers, respectively, resulting in lower oil
yields in affected plantations. Given the epigenetic nature
of the mantled condition, a gene expression-based ap-
proach was used rather than a genetic one to investigate its
molecular basis. Suppression subtractive hybridisation
(SSH) and macroarray hybridisation were used to compare
transcriptome patterns between normal and mantled
inflorescences. Two SSH libraries, enriched for comple-
mentary deoxyribonucleic acids (cDNAs) of either true-to-
type or somaclonal variant material, were generated.
Bioinformatic analysis of these two libraries allowed the
identification of 1,350 unique sequences and their anno-
tation by a gene ontology-based approach. Macroarray
hybridisation was used to compare gene expression
between normal and mantled inflorescences, and 32 genes
were found to be differentially expressed. The temporal
expression patterns of six genes were further investigated
in more detail in relation to male and female inflorescence
development. Full-length cDNAs were isolated and char-
acterised for two of these genes, EgFB] and EgRINGI,
both of which are down-regulated in the mantled inflor-
escences and both of which encode proteins associated
with proteolytic signalling complexes. Our data shed light
on gene expression changes associated with the mantled
phenotype and have provided novel transcriptome markers
which can help to distinguish the abnormal and wild-type
inflorescences.

Keywords Elaeis guineensis - Mantled - Expressed
sequence tag - F-box protein - RING finger protein -
Somaclonal variation
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Introduction

The oil palm (Elaeis guineensis Jacq.) is a major cultivated
crop and the world’s largest source of edible vegetable oil.
This monocotyledonous perennial plant belonging to the
family Arecaceae originates from West Africa and is
cultivated in the tropical areas of Africa, Asia and Latin
America. It is monoecious, with alternating cycles of male
and female inflorescence production. This makes the species
essentially allogamous, and seed progenies of oil palm show
a significant level of genetic variability. For this reason, and
due to its long life cycle, there is a worldwide demand for
clonally propagated palms in order to disseminate elite
planting material in a shorter time frame. Tissue culture-
based multiplication was developed in the 1980s; however,
the occurrence of a somaclonal variant known as mantled
(Corley et al. 1986) proved detrimental to the yield of clonal
plantations. Indeed, about 5% of palms regenerated by tissue
culture show an abnormal flower phenotype which results in
partial or total sterility (with negative consequences on yield)
and parthenocarpic fruits, depending on the severity of the
phenotype (Rival 2007). The mantled abnormality is
characterised by a homeotic transformation of stamens and
staminodes (rudimentary stamens), in male and female
flowers, respectively, into pseudocarpels (Adam et al.
2005). Field observations have shown that the mantled
phenotype is heterogeneously distributed between and within
clonal progenies. Furthermore, a significant degree of
reversion to the normal phenotype has been observed in the
field as well as a non-Mendelian transmission of the
character through seeds (Durand-Gasselin et al. 1990; Rao
and Donough 1990). These characters suggest that epigenetic
deregulation of gene expression is the cause of the variant
phenotype. This is partly supported by the absence of
observable changes at the ploidy and deoxyribonucleic acid
(DNA) sequence levels (Rival et al. 1997, 1998; Matthes et
al. 2001). Moreover, both genome-wide DNA hypomethyla-
tion and sequence-specific methylation changes have been
demonstrated in mantled palms when compared to their
normal counterparts (Jaligot et al. 2000, 2002, 2004; Kubis
et al. 2003). This decrease in DNA methylation cannot be
explained by a change in the transcription level of any of the
three major DNA methyltransferase genes (Rival et al.
2008), making it likely that those genes are not directly
involved in the occurrence of the abnormal phenotype. In
addition, Kubis et al. (2003) failed to detect in the mantled
context any major rearrangement or change in methylation
status of the transposable elements which are frequently
associated with tissue culture-induced somaclonal variation
(Peschke et al. 1987). Given the phenotypic resemblance
between mantled flowers and those of floral B-class gene
mutants in model plants (Coen and Meyerowitz 1991),
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parallel studies were performed to identify MADS-box organ
identity genes in oil palm (Adam et al. 2006; Alwee et al.
2006). Using this approach, Adam et al. (2007) demonstrated
that expression of both putative B-type genes (EgDEF and
EgGLO?2) was reduced in mantled flowers of both sexes.

In other studies, a messenger ribonucleic acid (mRNA)-
based approach using differential display enabled the
characterisation of genes displaying enhanced transcript
accumulation in callus producing abnormal plants (Tregear
et al. 2002; Morcillo et al. 2006). These genes have a
potential utility as early markers for clonal conformity;
however, the mechanisms which govern their differential
expression and, more generally, the mantled phenotype
remain unclear. Given that oil palm is only distantly related
to existing model species, it is to be expected that
divergences in gene function will be commonplace with
respect to plants for which functional genomics tools are
available. For this reason, it is desirable to search for genes
of interest not only on the basis of their sequence affinities
but also by an ‘anonymous’ approach on the basis of their
expression patterns. In the last decade, advances in high-
throughput technologies have provided the means to
monitor simultaneously the expression of large subsets of
genes involved in numerous aspects of plant development.
Among these techniques, complementary DNA (cDNA)
array-based approaches have led to gene discovery in a
number of species (Aharoni et al. 2000; Nogueira et al.
2003; Tamaoki et al. 2004; Laitinen et al. 2007; Kim et al.
2009). In some cases, in order to maximise the chance of
identifying genes involved in the process of interest, this
technique was used in conjunction with suppression
subtractive hybridisation (SSH) cDNA libraries. The SSH
approach is a powerful tool to generate a population of
cDNAs enriched for genes that are differentially expressed
between two samples. This is achieved by combined steps
of normalisation and subtraction which facilitate the
identification of rare transcripts. This approach has been
used to successfully isolate genes involved in floral
development in Arabidopsis thaliana (Hu et al. 2003), in
Acacia mangium (Wang et al. 2005) and in citrus (Zhang et
al. 2009). In the present study, with the aim of understand-
ing the molecular processes underlying flower development
in the oil palm, a strategy combining SSH and cDNA
macroarrays was used to identify on a large scale, genes
displaying altered expression in the mantled inflorescence.
This approach allowed the identification of 32 putative
marker genes of the mantled phenotype, six of which were
chosen for wider expression analysis by reverse transcrip-
tion polymerase chain reaction (RT-PCR) and two of which
were studied in further detail by the isolation of full-length
cDNAs in order to provide information on their possible
functions.
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Materials and methods
Plant material

Immature inflorescences from oil palms obtained through in
vitro somatic embryogenesis (Pannetier et al. 1981) were
collected at the same time at the Tun Razak Research
Station, Malaysia, by excision from axils and immediate
freezing in liquid nitrogen. Normal and mantled inflores-
cences of both sexes were sampled from palms of the
FC166 clonal line. For marker validation work, a second
pair of palms was studied, the normal inflorescence being
collected from a palm of clonal line FC1238 and the
mantled inflorescence from a palm of clonal line FC1292
(Table S1). In each case, the abnormal palm was obtained
by a supplementary cloning step from a mantled regenerant,
a process which is known to strongly increase the
prevalence and intensity of the abnormality. Spikelets from
each inflorescence were fixed and analysed by light
microscopy as described by Adam et al. (2005) in order
to check their developmental stage. The first pair of
material belongs to the same phenotype and was used for
the initial analysis, the second pair of material comes from
different genotypes in order to analyze the same sex and
stage of floral development. Leaf and root material was
harvested from seed-derived greenhouse plants (origin
C1001F) grown in Montpellier, France. Oil palm embryo-
genic nodular calli (clonal line LMC 458) were obtained
through the in vitro culture of leaf explants (Pannetier et al.
1981) sampled on a normal adult palm.

SSH and cDNA library construction

Total RNA was extracted from oil palm tissues as
described previously (Morcillo et al. 2006). RT was
carried out using the SMART-PCR c¢DNA synthesis kit
(Clontech, USA). Two micrograms of RNA were used for
suppressive subtractive hybridisation. Forward (normal
male inflorescence as tester and mantled male inflores-
cence as driver) and reverse (mantled male inflorescence
as tester and normal male inflorescence as driver)
SSH c¢DNA libraries (referred to as INFSSHMI1 and
INFSSHM2, respectively) were constructed using the
Clontech PCR-Select ¢cDNA subtraction kit (Clontech)
following the manufacturer’s instructions. Two microliters
of purified secondary SSH PCR products were used to
perform ligations into the pGEMT-Easy Vector System,
followed by subsequent transformation into JM109 com-
petent cells (Promega, USA), according to the manufac-
turer’s instructions. Each clone library was plated on
lysogeny broth (LB) agar medium, and 960 colonies were
then randomly selected for liquid culture. Bacterial clones

were stored in 96-well microtitre plates as 10% (v/v)
glycerol stocks.

EST assembly and annotation

A number of 960 clones from each library were single pass
sequenced with the M13 primer by Cogenics (France). The
sequence data were first passed through a custom-
processing chain (Poncet et al. 2006) to remove vector
sequences, primers, adaptors and sequences shorter than
50 bp or of low quality. PolyA ends and repeat sequences
were masked by RepeatMasker (A.F.A. Smit, R. Hubley
and P. Green RepeatMasker at http://repeatmasker.org).
Clustering and assembling of valid sequences was per-
formed using the TIGR gene indices clustering tools
(TGICL) program (Pertea et al. 2003) with a threshold
value of 96% sequence similarity per frame of 80 bases
minimum. The BLASTX algorithm (Altschul et al. 1990)
with an e-value cutoff at 107> was used to search for
similarity in the resulting unigenes (singletons plus contigs)
against the National Center for Biotechnology Information
non-redundant ((NCBI nr) protein database. Gene ontology
(GO) annotation of unigenes was carried out using the
Blast2GO software (http://www.blast2go.de; Conesa and
Gotz 2008) using default parameters and with an e-value
threshold of 107> for the BLAST step. The annotation
configuration was set on BLASTX results showing an
e-value less than 10°® with a GO weight of 5, a minimal
alignment length of 6 and an annotation cutoff of 55. An
annotation enrichment was also performed via an InterPro-
Scan comparison. Ultimately, GOslim annotations were
generated using the plant GOslim (http:/www.geneontology.
org/GO.slims.shtml) mapping in order to simplify data
visualisation. Relative abundance of GO term categories
were compared in two libraries using Spearman correlation
test (Statistica©, Statsoft, France). All sequences were
deposited into Genbank dbEST under the accession numbers
GT119120 to GT120724.

cDNA macroarray preparation and hybridisation

The cDNA inserts from the SSH libraries were PCR-
amplified (from 2.5 pL of bacterial glycerol stock) in four
independent reactions with the P1 and 2R primers (Clon-
tech) used for the nested PCR step of the suppressive
subtractive hybridisation procedure. The four PCR products
were pooled and precipitated with a solution containing
95% (v/v) ethanol and 5% (v/v) sodium acetate at pH 5.2
before resuspension in 25 puL sterile water. The quality and
quantity of the amplicons were checked by running an
aliquot on a 2.5% agarose gel. PCR products were then
spotted onto nylon membrane matrix (Hybond™-N¥,
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Amersham Biosciences) using a Flexys plus apparatus
(Genomic Solutions). All the ¢cDNAs amplified from
reverse and forward libraries were arrayed on the same
membrane in a single print. The membranes were then
soaked successively in a denaturing solution (0.5 M NaOH)
then in a neutralising solution (1.5 M NaCl, 0.5 M Tris, pH
7.5, 1 mM EDTA) and finally rinsed with 2x SSC buffer.
After air-drying overnight, the membranes were submitted
to DNA cross-linking under UV light (70 mJ/cm?).
Denatured total RNA (20 pg) was reverse-transcribed and
radiolabelled for 2 h at 37°C using the LabelStar kit
(Qiagen) in a 50 pL reaction mixture containing 5 uL of
10x RT buffer, 5 uL of NTP Mix [dATP, dGTP, dTTP
(20 mM) and dCTP (0.2 mM)], 0.5 uL of RNase inhibitor
(40 units/pL), 5 puL of oligo-dT primer (20 uM), 5 uL of
[«*?P]dCTP (3000 Ci/mmol) and 2.5 uL of LabelStar
reverse transcriptase. The membranes were pre-hybridised
for 2 h at 65°C in 15 mL of hybridisation solution (5% SSC,
5x Denhart, 0.6% SDS, 60 pL of denatured salmon sperm
DNA) before adding 25 pL of labelling solution. Overnight
hybridisation was carried out at 65°C. The arrays were then
washed at 65°C three times in 1x SSC, 0.1% SDS for
10 min and once in 0.1x SSC, 0.1% SDS, for 15 min. The
membranes were wrapped still damp in Saran film and
exposed to a Kodak storage phosphor screen (Amersham
Biosciences) for 2 days. Image acquisition was performed
using a Typhoon 9400 Phosphoimager (Amersham Bio-
sciences) with 50-uM resolution in GEL format.

Macroarray data analysis

Quantification of spot signals was performed using the
volume quantification method on the ArrayVision™ software
(Imaging Research, Canada). For each membrane, an average
background value was calculated from non-DNA-spotted
areas on the membrane and was subtracted from the raw
value of each spot. This corrected value was then normalised
against the average corrected signal intensity value on the
membrane. Each hybridisation experiment was carried out
independently on four replicate membranes hybridised to four
independent labelling reactions. For each spot position, the
three normalised intensity values displaying the least variation
were retained for further examination. A one-way analysis of
variance (ANOVA) was then performed between the two sets
of values of each spot. Differential expression was recognised
when mean signals were significantly different (p value<
0.001) and when there was at least a twofold difference
between normal and mantled values.

Semi-quantitative RT-PCR

RT was performed using ImProm-II™ RT system kit
(Promega) from 1 pg of total RNA in the presence of
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oligo-dT primer. In order to reduce variations in RT
reaction yields, each cDNA sample was derived from three
independent RT reactions. For PCR reactions, 0.5 pL of
cDNA was amplified in a final volume of 50 pL containing
5 uL of 10x PCR buffer, 0.5 uL of 2.5 mM dNTPs and
0.2 uL (5 U/uL) of Tag DNA polymerase (Promega), using
1 pL of a 10 mM solution for each of the gene-specific
primers designed using the Amplify program (Wisconsin
University, USA; Table S2). The oil palm elongation factor
l-alpha EgEFI-al (GenBank accession no. AY550990)
was used as an internal control for each analysis. After
optimisation of the number of amplification cycles, PCRs
were performed at least twice and amplifications were
checked by electrophoresis on 2% agarose gels. Finally, the
amplified cDNA fragments were cloned and sequenced for
identification.

Isolation of full-length cDNAs

In order to extend and complete the partial cDNA clones
obtained from the SSH library, the SMART™ RACE
c¢DNA amplification kit and Advantage® 2 PCR enzyme
system (Clontech) were used according to the manufacturer
recommendations. Of the total RNA, 1 pg was used as
template for the synthesis of the first-strand cDNA. RACE
amplifications were performed with gene-specific primers
designed to generate the 5’ or 3' ¢cDNA fragments
(Table S3). RACE products were cloned and sequenced
for identification. The full-length cDNA sequences were
assembled in silico and confirmed by end-to-end RT-PCR
amplifications. The polypeptide sequence encoded by each
full-length ¢cDNA was deduced using the ‘Translate’ tool
available on the ExPASy web site (http://www.expasy.org/
tools/dna.html). Putative protein domains were identified
by comparison with the Pfam database version 23.0 (http://
pfam.sanger.ac.uk).

Results and discussion

Preparation, sequence analysis and functional annotation
of ESTs from oil palm SSH libraries

In order to isolate genes which might be involved in
determining the mantled phenotype, a SSH strategy was
used for enriching the cDNA population for reverse tran-
scripts of mRNAs differentially accumulated in normal and
abnormal inflorescences. Male inflorescences were chosen as
the source material since the phenotypic alterations observed
are more drastic than those of female inflorescences
(transformation of stamens to carpels as opposed to super-
numary carpels). Forward and reverse subtractions were
carried out between cDNAs from normal and mantled male
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inflorescences (clonal line FC166) and the corresponding
SSH libraries INFSSHM1 and INFSSHM2 were generated.
The studied inflorescences were from stage 3 (Adam et al.
2007), corresponding to the development of perianth organs
and the initiation of reproductive organs. A total of 1,920
clones were sequenced, from which 1,594 valid ESTs were
produced (Table 1). Of these, 717 and 877 valid EST
sequences were obtained from the INFSSHMI1 and
INFSSHM?2 libraries, respectively. Sequence comparisons
were performed within each library, resulting in 597 unique
sequences (77 contigs and 520 singletons) in library
INFSSHM1 and 766 unigenes (60 contigs and 706 single-
tons) in library INFSSHM2 (Table 1). Sequence redundancy
(ESTs in clusters/total ESTs) was 27% for INFSSHM1
and 19% for INFSSHM2, suggesting a higher degree of
normalisation in the former library. The effectiveness of
the cDNA subtraction was evaluated by comparing sequence
data from the two libraries. A total of 1,350 unigenes, in the
form of 1,204 singletons and 146 contigs, resulted from
inter-library clustering analysis, demonstrating that the SSH
strategy had generated a low redundancy overall (24.4%).
Given that the whole genome sequence of Elaeis guineensis
is not yet available, the data presented here will enrich the
EST resources currently available (Jouannic et al. 2005; Ho
et al. 2007; Low et al; 2008; Lin et al. 2009). Of the 145
clusters identified in and between the INFSSHMI1 and
INFSSHM?2 libraries, 13 were derived from genes repre-
sented in both libraries (32 ESTs total) and constituted only
2% of the total number of sequences compared (Table 1). A
large proportion of the clusters was specific to one library
(50.3% and 40.7% of the total clusters for the libraries
INFSSHM1 and INFSSHM?2, respectively). This result
reveals a dissimilar sequence composition of the two libraries
and suggests that an enrichment for differentially expressed

genes has occurred. Nevertheless, it should be noted that
some of the cDNAs selected in this way could correspond to
genes regulated independently of the mantled phenotype, for
instance, by localized factors such as soil microenvironment.

Subsequently, GO annotation was performed on each
library set to assign functional GO terms to each unigene.
During the first step, the unigene sets were compared to the
NCBI nr database using the BLASTX program. For both
libraries, approximately 70% of the sequences shared a
significant similarity to existing sequences. After mapping,
it proved possible to assign more than 50% of each gene set
(323 sequences for INFSSHM1 and 397 for INFSSHM?2) to
slim plant GO terms. The number of unigenes classified
within the three functional categories (cellular component,
biological process and molecular function) was 197, 274
and 200, respectively, for the INFSSHMI library and 245,
361 and 253, respectively, for the INFSSHM?2 library,
bearing in mind that a single sequence can be classified
within more than one category (Table 2).

A comparison of GO term distributions within the two
libraries did not reveal a statistically significant differ-
ence in relative abundances at the global level (Spearman
R=0.90, p<0.005). However, a pairwise comparison of the
number of ESTs in each GO class revealed a significant
difference between the two distributions for two catego-
ries, namely, carbohydrate metabolic process (y>=5.64,
p=0.017) and lipid metabolic process (x>=4.33, p=
0.037), both of which contained about twice as many
accessions in library INFSSHM2. This suggests that
cellular activities of these two types are more intense in
the mantled inflorescence. Overall, the GO annotation
indicates differences in sequence composition between the
forward and reverse libraries, but no major differences in
functional categories.

Table 1 Features of forward
and reverse oil palm subtractive

c¢DNA libraries

 Forward SSH library enriched for
transcripts preferentially expressed
in normal male inflorescence
®Reverse SSH library enriched for
transcripts preferentially expressed
in mantled male inflorescence

¢ All ESTs of both libraries, For-
ward and Reverse, are analysed
together

Library infSSHM1* infSSHM2° Inter-library®
Number of cDNAs sequenced 960 960 1,920

Total valid ESTs 717 (74.7%) 877 (91.3%) 1,594 (83%)
Mean EST length (bp) 506 461 481

EST size range (bp) 107-943 99-993

Number of singletons 520 706 1,204

EST assigned to clusters 197 171 390

Number of clusters 76 60 145 (13 mix)
Number of contig sequences 77 60 146

Mean contig length (bp) 520 474 504

Contig size range (bp) 107-909 149-855 107-909
Unigenes 597 (83.2%) 766 (87.3%) 1,350 (84.7%)
Redundancy (%) 27.4 19.5 24.4

dRedundancy: ESTs assembled in
clusters/total ESTs
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Table 2 Functional classification of unigenes from subtracted cDNA libraries infSSHM1 and infSSHM2 according to slim gene ontology
categorization. The number and percentage of unigenes in each category is listed

Library
INFSSHM1 INFSSHM2
Functional class GO ID No % No %
Cellular component
Cell wall GO0:0005618 6 1.9 12 3.0
Cytoskeleton GO:0005856 8 2.5 11 2.8
Cytosol GO:0005829 9 2.8 4 1.0
Endoplasmic reticulum GO:0005783 8 2.5 17 43
Endosome GO:0005768 2 0.6 0 0.0
Extracellular region GO0:0005576 4 1.2 9 2.3
Golgi apparatus GO:0005794 6 1.9 16 4.0
Lysosome GO0:0005764 0 0.0 4 1.0
Mitochondrion GO:0005739 55 17.0 74 18.6
Nuclear envelope GO:0005635 3 0.9 0 0.0
Nucleolus GO:0005730 2 0.6 0 0.0
Nucleoplasm GO0:0005654 3 0.9 5 1.3
Peroxisome GO:0005777 4 1.2 3 0.8
Plasma membrane GO:0005886 5 1.5 3 0.8
Plastid G0:0009536 63 19.5 70 17.6
Ribosome GO0:0005840 14 43 13 33
Thylakoid GO:0009579 5 1.5 4 1.0
Biological process
Amino acid and derivative metabolic process GO:0006519 10 3.1 10 2.5
Carbohydrate metabolic process GO0:0005975 14 4.3 35 8.8
Catabolic process G0:0009056 13 4.0 21 53
Cell cycle GO:0007049 4 1.2 5 1.3
Cell differentiation GO:0030154 6 1.9 8 2.0
Cell growth GO:0016049 4 1.2 5 1.3
Cell-cell signaling GO0:0007267 0 0.0 2 0.5
DNA metabolic process G0:0006259 5 1.5 10 2.5
Electron transport GO0:0006118 5 1.5 15 3.8
Embryonic development G0:0009790 0 0.0 2 0.5
Flower development G0:0009908 7 2.2 6 1.5
Lipid metabolic process G0:0006629 9 2.8 24 6.0
Photosynthesis GO:0015979 3 0.9 5 1.3
Protein modification process GO:0006464 25 7.7 27 6.8
Response to abiotic stimulus G0:0009628 19 5.9 13 33
Response to biotic stimulus G0:0009607 6 1.9 6 1.5
Response to endogenous stimulus GO0:0009719 11 34 11 2.8
Response to external stimulus G0:0009605 4 1.2 4 1.0
Response to stress G0:0006950 22 6.8 32 8.1
Secondary metabolic process G0:0019748 3 0.9 4 1.0
Signal transduction GO0:0007165 15 4.6 15 3.8
Transcription GO:0006350 25 7.7 28 7.1
Translation G0:0006412 30 9.3 31 7.8
Transport GO0:0006810 34 10.5 42 10.6
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Table 2 (continued)
Library
INFSSHM1 INFSSHM2
Functional class GO ID No % No %
Molecular function
Carbohydrate binding G0:0030246 0.6 3 0.8
Enzyme regulator activity G0O:0030234 3 0.9 5 1.3
Kinase activity GO0:0016301 21 6.5 21 5.3
Lipid binding GO:0008289 5 1.5 3 0.8
Motor activity GO:0003774 0 0.0 3 0.8
Nuclease activity GO0:0004518 3 0.9 7 1.8
Nucleotide binding GO:0000166 50 15.5 66 16.6
Protein binding GO:0005515 34 10.5 51 12.8
Receptor activity GO0:0004872 3 0.9 2 0.5
RNA binding GO:0003723 14 43 12 3.0
Structural molecule activity G0:0005198 24 7.4 22 5.5
Transcription factor activity G0:0003700 10 3.1 13 33
Translation factor activity, nucleic acid binding GO:0008135 10 3.1 16 4.0
Transporter activity GO:0005215 21 6.5 29 7.3

Identification of genes differentially expressed between
normal and mantled male inflorescence using macroarray
hybridisation

A total of 32 EST clones hybridising to differentially
accumulated transcripts were identified based on our
selection criteria (probability value<0.001, signal fold
change > 2) (Table 3); 16 of them gave a lower signal
and the other 16 a higher signal in the mantled inflores-
cence. Of the 16 ESTs representing mantled down-regulated
genes, only one (EGM21001CO01) belonged to the reverse
library INFSSHM2). The 16 ESTs representing mantled up-
regulated genes consisted of 4 ESTs from the INFSSHM1
library and 12 ESTs from the INFSSHM2 library. The
library origins of the EST clones producing differential
signals were thus in general agreement with the signal
intensity ratios that they produced (corresponding to up- or
down-regulation). The mantled vs. normal signal ratios
ranged from 0.03 to 114. BLASTX analysis against the
non-redundant protein database indicated that seven tran-
scripts coded for proteins with either no significant similarity
to database accessions or to proteins of unknown function
(Table 3). For simplicity, we will refer to genes displaying a
differential expression pattern between normal and mantled
inflorescences as ‘marker genes’ hereafter in the text,
bearing in mind that this designation refers to variations in
mRNA accumulation and not to gene sequence.

Semi-quantitative PCR analysis of the differential gene
expression

To confirm the differential expression patterns detected by
macroarray analysis, 12 of the 32 candidate marker genes
selected on the basis of their expression ratios (i.e. the most
strongly differentially expressed) were subjected to semi-
quantitative RT-PCR analysis. Primer pairs were designed for
each candidate and tested on the total RNAs originally used
for generating SSH libraries. Of the 12 transcripts, ten
displayed differential accumulation of target transcripts
(Table 3). However, for the two remaining candidate genes,
represented by ESTs EGM21006D09 and EGM11002F9, no
difference in transcript accumulation was observed. This is
likely to be due to differences in gene specificity between the
macroarray hybridisation and RT-PCR techniques. Neverthe-
less, the RT-PCR results overall showed a good validation
rate (83%).

In order to evaluate the reliability of validated candidate
genes, their expression was investigated on a second pair of
normal and mantled male inflorescences of different
genotypes. The genes which were validated on both pairs
are shown in Fig. 1. For six of the ten initially validated
candidate genes, the same differential expression pattern
was observed with the second normal/mantled pair. For
simplicity, these six genes were renamed according to their
sequence similarities with the protein databases (see
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Table 3 Putative identities and characteristics of differentially-accumulated transcripts between normal and mantled male inflorescences
identified by macroarray hybridization and RT-PCR validation on two genetic origins

Accession  Nomenclature =~ RT- EST id Length  Similarity e-Value Expression
Ne PCR* (bp) (Blast ratio
identity)  mantled/
A B normal

GT119281 EgRINGI + + EGMI1003C07 456  RING-H2 finger protein [Glycine max] 2e-18 0.03

GT119231  EgFBI1 + + EGMII002EI11 773 F-box family protein [Arabidopsis 3e-16 0.2
thaliana)]

GT119837 EgPHOSI1 + + EGMI1007G09 740  Putative phosphatase [Phaseolus vulgaris] Se-47 0.2

GT119867 EgXGl + + EGM21001C01 310  Xyloglucan endotransglycosylase XET2 8e-18 0.2
[Asparagus officinalis]

GT119838 + = EGMI1004C11 1,021  o-methyltransferase [Vitis vinifera] 2e-21 0.2

GT119839  EgUK2 + + EGMI11002B05 627  No significant similarity 0.3

GT119840 nt nt EGMI11005D07 522 S-adenosylmethionine synthetase 2e-44 0.3
[Oryza sativa Indica Group]

GT119161 nt nt EGMII001E07 643  Unnamed protein product 4e-63 0.3

GT119841 nt nt EGMII003A09 477  AP2/ERF domain-containing transcription 0.017 0.4
factor [Populus trichocarpal

GT119842 nt nt EGMI11004B08 499  Xyloglucan endotransglycosylase le-17 0.4
[Asparagus officinalis]

GT119843 nt nt EGMI1002A11 672 Annexin p33 [Zea mays] 3e-50 0.4

GTI119578 nt nt EGMI1007C08 794  SAP domain-containing protein 5e-35 0.4
[Arabidopsis thaliana]

GT119844 nt nt EGMI11005A09 507  Unnamed protein product [Vitis vinifera] Se-22 0.4

GT119123 nt nt EGMI11001A06 207  PVR3-like protein [Ananas comosus) 0.13 0.4

GT119339 nt nt EGMI11004A12 519  Ribosomal protein S27-like protein-like le-34 0.5
[Solanum tuberosum]

GT119845 nt nt EGM11001D07 285  Translationally-controlled tumor protein 0.067 0.5
[Elaeis guineensis)

GT119472 nt nt EGMII00SHI2 483  Aquaporin [Ananas comosus) 8e-81 2.0

GT120393 nt nt EGM21007BI11 786 60S ribosomal protein L11 3e-96 22
[Elaeis guineensis)

GT120040 nt nt EGM21003C03 283 Elongation factor 1-gamma 2 4e-21 2.3
(EF-1-gamma 2)[Oryza sativa)

GT119846 nt nt EGMI11007D04 725 Lectin precursor [Viscum album] 3e-39 2.4

GT119493 nt nt EGMI11006C01 143 No significant similarity t 2.4

GT120178 nt nt EGM21004G05 324 No significant similarity 2.6

GT120266 nt nt EGM21005G03 528 Enolase [Elaeis guineensis) 2e-81 2.7

GT119949 nt nt EGM21002BI11 384  Bowman-Birk serine protease inhibitor 2e-14 3.1
[Musa acuminata]

GT120344 nt nt EGM21006F06 426  Chalcone-flavanone isomerase 2e-56 5.1
[Elaeis guineensis)

GT120098 nt nt EGM21003HO05 182 Glutathione S-transferase [Vitis vinifera] 3e-10 5.5

GT120324 = nt EGM21006D09 613 Alpha tubulin [Picea wilsonii] 2e-83 6.8

GT120099 + = EGM21003HO6 411  Proline rich protein 4e-09 7.6

GT119847 = nt EGMII1002F09 348  Unnamed protein product 2e-18 12.5
[kluyveromyces lactis]

GT119987 - = EGM21002F03 522 Coatomer protein complex le-37 30.3
[Oryza sativa Japonica Group]

GT119880 EgUKI1 - — EGM21001D05 232  No significant similarity 49.0

GT120031 - = EGM21003B06 464  Retrotransposon protein, putative, 2e-05 114.5

unclassified, expressed [Oryza sativa
(japonica cultivar-group)]

4RT-PCR analysis : (A) FC166 genetic background; (B) FC1238/1292 genetic background; (+) differential expression pattern: normal > mantled; (-)
differential expression pattern: mantled > normal; (=) no change in expression profile, (nt) = not tested
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_

EqUK2
EgPHOS1
EgFB1
EGRING1
EgXG1

EgUKT
EgeFta [ =

Fig. 1 Validation by semi-quantitative RT-PCR of the differential
expression pattern of six candidate marker genes between normal ()
and mantled (M) male inflorescence of oil palm of two different
genetic backgrounds A FC166, B FC1238/1292. The names of genes
are indicated on the left (see Table 3). The EgEFI-l housekeeping
gene was used as control

L

nomenclature in Table 3). The EgUKI gene (short for
UnKnown protein) was the only one for which transcript
abundance was higher in the mantled inflorescence. The
other genes, namely, EgUK2, EgPHOSI, EgFBI1, EgQRINGI
and EgXGI, were more strongly expressed in normal
inflorescence, as expected. For the four remaining candi-
date genes, the differential expression pattern observed in
the clonal line FC166 was not confirmed with the other
genotypes. In this case, it is presumed that other factors,
such as environmental conditions, caused the original
differential effect. Subsequent experiments therefore fo-
cused on the six candidate genes for which the differential
expression was consistent for both genetic backgrounds.

Male inflorescences

normal

Fig. 2 Analysis by semi-quantitative RT-PCR of the expression of
candidate genes during early stages of normal and mantled male (a) and
female (b) inflorescence development. Numbers correspond to different
stages of inflorescence development according to Adam et al. (2007). Stage

In order to determine whether the differential expres-
sion pattern of these six candidate genes is specific to
developmental stage 3, transcript abundance was studied
in normal and mantled male inflorescences at two other
developmental stages (2 and 4) according to Adam et al.
(2007). Figure 2a shows that the transcripts of EgPHOS],
EgFBI and EgXGI genes were only detected at stages 2
and 3 in normal inflorescence, whereas the EgUK2 and
EgRING] transcripts were detected at all stages. Overall,
the differential expression patterns previously observed
between normal and abnormal inflorescences were con-
firmed. Evidence for temporal shift in expression was
noticed for some markers (EgUK2, EgPHOSI and
EgXG1). RT-PCR analysis of EgUKI, the only marker
gene with higher expression in mantled material, revealed
transcript accumulation at stages 3 and 4 in both
phenotypes, with a slightly weaker signal in normal male
inflorescence.

The expression patterns of the six candidate genes
identified in the male inflorescence were further investigat-
ed in the female inflorescence (Fig. 2b). For EgPHOSI,
EgFBl, EgRINGI! and EgXGl, evidence of a temporal
expression shift was observed between normal and mantled
material. Intriguingly, the expression pattern of EgUK2
showed a weaker transcript accumulation at stage 3
compared to stages 2 and 4, both in normal and abnormal
inflorescences. No difference in accumulation of EgUK]I
transcripts was observed between normal and mantled
material in the female inflorescence, in contrast to the
situation observed in the male material. Overall, the
expression patterns of the candidate genes were significant-
ly different between male and female inflorescences.

Female inflorescences
mantled normal

{2 3 4\(2 3 4\

EgUuK2
EgPHOST
EgFB1
EgRING1
EgXG1
EgUK1
EgEFia-1

b

2 corresponds to the initiation of perianth organs. Stage 3 corresponds to
the development of perianth organs and the initiation of reproductive
organs. Stage 4 corresponds to the development of reproductive organs.
The names of genes are indicated on the leff (see Table 3)
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EgFB1

EQRING 1

EgXG1

EqUKT

EgEFTact

Fig. 3 Semi-quantitative RT-PCR analysis of transcript accumulation
in different organs of oil palm. C Nodular callus, R root, L young leaf,
MI mantled male inflorescence; NI normal male inflorescence

To evaluate the tissue specificity of expression of the six
candidate genes throughout the plant, further RT-PCR
analyses were carried out on RNAs extracted from juvenile
leaf, root and callus. The results (Fig. 3) revealed transcript
accumulation in leaves and, to a lesser extent, in roots for
all marker genes, with the exception of EgUK . Transcripts

were also detected in callus for EgFBI, EgXGI and, more
weakly, for EgUK2.

Our results indicate that the six studied genes are
expressed at defined stages during reproductive develop-
ment, with distinct expression patterns in male and female
inflorescences and that their functions are not restricted to
reproductive organs. Apart from EgUKI, stage-specific
expression of candidate genes appears to be altered in the
mantled phenotype of both sexes. The inflorescences are
complex organs consisting of rachillae, bracts and flowers.
Furthermore, the oil palm female flowers belong to a floral
triad flanked by two abortive staminate flowers (Adam et
al. 2005). Studies of the expression of the marker genes in
excised flower tissues may help to shed light on this matter.
The significance of the differential expression patterns of
these genes in normal and mantled inflorescence develop-
ment remains, for the moment, unclear.

Sequence and function analysis of candidate genes

EgRINGI and EgFBI were selected for further study on the
basis of strong differences of expression profiles between
normal and mantled inflorescences.

During the SSH procedure, partial digestion of cDNAs
with the restriction endonuclease Rsal results in truncation of

EgRINGl (Elaeis guineensis)
EEF342882 (Ricimus commzlis)
ABF94555 (OryEa sativa)
¥P0O0Z313898 (Populus trichocarpa:'

ARME43ZS5 (Arabidopsis theliena)

EgRING]l (Elaeis guineensis)
EEF34882 (Ricinus commiz?is)
ABF34555 (Oryza sativa)
¥POOZ313898 (Populus trichocarpa)

AAME43ZE (Arabidopsis thaliana)

EyRINGL (Elaeis guineensis)
EEF34882 (Ricinus comm

ARF34555 (Oryza sativa)
XP00zZ3132898 (Populus trichocarpa)
ARME43ZE (Arabidopsis theliena)

EgRING]l (Eleeis guineensis)
EEF34882 (Ricimus commiziis)
ABRF34555 (Oryza sativa)
¥POOZ313898 (Populus trichocarpa)

AAME43ZE5 (Arabidopsis thaeliena)

EgRING]l (Elaeis cuwirneernsis)
EEF34982Z (Ricinus commais)
ABF34555 (Oryza sativa)
XPO0Z2313898 (Populus trichocarpa)
AAME43ZE (Arabidopsis thaeliane)
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Fig. 4 Sequence alignment of the deduced EgRING1 amino sequence
protein with close relatives from other plants including the following
model species: Ricinus communis (EEF34882), Oryza sativa
(ABF94555), Populus trichocarpa (XP002313898) and Arabidopsis
thaliana (AAMG64325). The position of the putative RING finger
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reverse transcripts. Thus, in order to identify the complete
protein sequences encoded by two of the differentially
expressed genes, 5" and 3' RACE-PCR were carried out.
For EgRINGI, the full-length cDNA obtained in this way
was 961 bp in length (Genbank accession no. GQ914934)
and encoded a predicted protein of 261 amino acid residues
with a calculated molecular weight of 31.4 kDa and an
isoelectric point of 6.6 (Fig. 4). EgRINGI belongs to the
really interesting new gene (RING) protein family and
encodes a protein sharing 41% and 37% identities with its
putatives Arabidopsis and rice orthologues, respectively. A
C3H2C3-type zinc—finger (RING finger) domain with a
characteristic CX2CX9-39-CX1-3HX2-3HX2CX4-48CX2C
signature (Joazeiro and Weissman 2000) was identified at the
C-terminus of the protein. The RING domain contains four
pairs of zinc ligands formed by cysteine and histidine
residues, which bind two zinc ions in a cross-brace structure.
The RING motif is often associated with coiled-coil domains
or WD40 repeats which are involved in protein—protein
interaction. None of the other domains previously identified
in the members of the RING protein family could be
detected in the EgRINGI1 protein sequence. It should be
noted that in Arabidopsis, Stone et al. (2005) identified 469
RING domain-proteins, of which the majority contained only
a RING domain. The RING domain has been proposed to be
involved in the ubiquitination pathway by mediating the
transfer of an ubiquitin moiety to the target protein which is
then recognised by the 26S proteasome and degraded
(Mazzucotelli et al. 2006). In this way, RING proteins play
a crucial role in numerous biological processes including
developmental, hormonal, abiotic and biotic stress responses.
Specific functions have been attributed to some RING

EgFBl (Elaeis guiineensis) HAYR-———-—
EER59544 (Sorghum bicolor) HIAIVE
CADS4352 (Oryza sativa) BATR------
EEESEl66 (Populus trickocarpa) MALGKRCSSMPANENC
AAD39934 (Arebidopsis thaliena) AL

EgFBl (Elageis guineensis)
EER39544 (Sorghum bicolor)
CAD3435Z2 (Oryza sativa)
EEES6166 (Poprdus trichocarpa)
ALD39934 (Arabidopsis thaliana)

EgFBl (Flaeis guineensis)
EER93544 (Sorghum bicolor)

-~ -—-—-PIVSGEEEGLG-~-~---FKFVR--SYSH
PIVTQKPNLRERIDVDNGGLGLGLEFVY -ERG

proteins, such as CIP8 and COP1 in photomorphogenesis
(Hardtke et al. 2002; Osterlund et al. 2000), EL5 in rice root
development (Koiwai et al. 2007), AIP2 in ABA signalling
during seed development (Zhang et al. 2005), SHAI in
maintenance of shoot apical meristem (Sonoda et al. 2007)
or SDIR1 in drought and salt stress responses through the
ABA signalling pathway (Zhang et al. 2007).

For EgFBI, a full-length cDNA of 979 bp (Genbank
accession no. GQ914933) was isolated by RACE-PCR,
with an open-reading frame of 537 bp encoding a predicted
protein of 178 amino acid residues with an estimated
molecular mass of 19.4 kDa and a p/ of 9.71 (Fig. 5). A
database search revealed sequence similarities between this
protein and members of the plant F-box protein family
(47% and 42% identities shared with the putative rice and
Arabidopsis orthologues, respectively). Figure 5 shows an
alignment of the EgFB1 F-box protein along with those of
closely related proteins in sorghum, rice, poplar and
Arabidopsis. Several studies have indicated that the F-box
domain which is about 50 amino acids length is not highly
conserved (Kipreos and Pagano 2000). The EgFB1 protein
contains an F-box domain that shares 68% identities with
that of its rice relative (CAO94352) and 29% with the
consensus F-box motif pfam00646 (http://pfam.sanger.ac.
uk). Additional analysis of the deduced EgFBI1 protein
sequence did not reveal any other domains commonly
found at the carboxy-terminus in this group (Jain et al.
2007). F-box proteins comprise a large family in a wide
range of organisms. In plants, 964 potential F-box genes
were identified in Arabidopsis and 687 in rice (Gagne et al.
2002; Jain et al. 2007). Most of these proteins form part of a
SCF protein complex which is the major type of E3 protein
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Fig. 5 Sequence alignment of the deduced EgFB1 amino sequence
protein with close relatives from other plants including the following
model species: Sorghum bicolor (EER99544), Oryza sativa
(CA09435), Populus trichocarpa (EEE6166), and Arabidopsis
thaliana (AA0O39934). The F-box domain, identified according to

consensus sequence pFam00646 (http:/pfam.sanger.ac.uk), is indicated
by a line above the sequence. Conservative substitutions at an amino
acid position are shaded in grey and conserved residues in black.
The alignment was generated using the CLUSTALW program
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ligase involved in the ubiquitin—proteasome pathway. The
generic SCF complex consists of four major subunits,
namely, homologues of CULLIN 1 (CUL1), suppressor of
kinetochore protein 1 (SKP1), RING-box 1 (RBX1) and
F-box protein (Ni et al. 2004; Ho et al. 2006). Within the
complex, the F-box protein confers target specificity by
recruiting the protein substrate. F-box proteins therefore play
a crucial role in different aspect of plant regulation and
development. For instance, the F-box proteins TIR1, GID2,
COIl are involved in plant hormone responses (Yu et al.
2007), FKF1 controls flowering (Sawa et al. 2007), ZTL is
implicated in the circadian rhythm (Kim et al. 2007),
OSDRF1 plays a role in disease resistance (Cao et al.
2008), SKP2A regulates cell division (Jurado et al. 2008)
and MAX2 regulates shoot branching in Arabidopsis
(Stirnberg et al. 2007). Interestingly, the F-box protein
unusual floral organs (UFO) has previously been shown to
be involved in floral development in Arabidopsis (Samach et
al. 1999). Defects in UFO which acts upstream of the B-class
homeotic genes (Coen and Meyerowitz 1991) result notably
in homeotic changes in the second and third whorls that are
reminiscent of the oil palm mantled phenotype (Levin and
Meyerowitz 1995; Wilkinson and Haughn 1995). UFO
positively regulates, in conjunction with the transcription
factor LEAFY (LFY), the expression of the B-class organ
identity gene, APET ALA3 (AP3) by direct binding to the
AP3 promoter (Samach et al. 1999; Ni et al. 2004; Chae et
al. 2008). Likewise, in Anthirrhinum, a mutation of the gene
FIMBRIATA (an orthologue of UFO gene) affects floral
organ identity, consistent with a reduction in B and C genes
activity (Ingram et al. 1997). To date, no clear orthologue of
UFO has been identified in monocots.

Conclusion

Overall, our results have shown that the EgFBI and
EgRING1 genes, belonging to the F-box and RING
families, respectively, are deregulated during the develop-
ment of mantled inflorescences of both sexes. EgFBI and
EgRINGI encode proteins which could potentially act in
the same signalling pathway although this can only be
speculated at present given the lack of functional evidence.
Nevertheless, it is interesting to note the similarity of the
expression profiles observed for EgFBI and EgRINGI,
both of which display reduced expression in the mantled
inflorescence. Both genes belong to large multigene
families, implying the existence of a large number of
distinct signalling modules used for a wide variety of
purposes in the plant (Vierstra 2009).

In earlier studies, oil palm MADS box genes of putative
class B function were isolated and their expression was
shown to decrease in the mantled flower (Adam et al. 2006,
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2007). It remains to be determined how these genes are
regulated in oil palm and why the tissue culture process
induces a modification of their expression. The genes
identified in the current study should contribute to the
understanding of the molecular pathways affected in the
mantled phenotype. One important aspect to be addressed is
the link between the gene expression changes noted in this
and previous studies (Adam et al. 2007) and the epigenetic
nature of the mantled abnormality, the somaclonal variant
being associated with a genome-wide DNA hypomethyla-
tion (Jaligot et al. 2000). The involvement of some
components of the ubiquitin—proteasome system in the
control of chromatin structure in plants was recently
demonstrated (Vierstra 2009). Indeed, it has been estab-
lished that the Arabidopsis protein ORTH2/VIM1, which
has two RING domains, possesses an E3 ligase activity and
is involved in determining DNA methylation status (Kraft
et al. 2008). The knowledge gained from this work can help
to determine the nature of the epigenetic deregulation
occurring in mantled palms and provide a basis for the
development of an early conformity test to identify and
eliminate mantled individuals.
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