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Abstract This is the first report of a systematic study of genes
expressed by means of expressed sequence tag (EST) analysis in
oil palm, a species of the Arecales order, a phylogenetically key
clade of monocotyledons that is not widely represented in the se-
quence databases. Five different cDNA libraries were generated
from male and female inflorescences, shoot apices and zygotic
embryos and unidirectional systematic sequencing was per-
formed. A total of 2411 valid EST sequences were thus obtained.
Cluster analysis enabled the identification of 209 groups of re-
lated sequences and 1874 singletons. Putative functions were as-
signed to 1252 of the set of 2083 non-redundant ESTs obtained.
The EST database described here is a first step towards gene dis-
covery and cDNA array-based expression analysis in oil palm.
© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Oil palm (Elaeis guineensis Jacq.) is a monocotyledonous
plant of the palm family (Arecaceae), originating from West
Africa. It is a single-stemmed palm (i.e., it possesses a single
shoot apical meristem) and produces male and female inflores-
cences successively on the same plant. Oil palm has an esti-
mated haploid genome size about 1000 or 1700 Mbp,
according to reference DNA used (see the Plant DNA C-values
Database, http://www.rbgkew.org.uk/cval/homepage.html and
[1]), divided among 16 pairs of chromosomes. The Arecaceae,
which form the only family in the order Arecales, is a mono-
phyletic group, comprising 190 genera and approximately
2400 species [2]. The Arecales are phylogenetically related
to the orders Poales (grasses), Zingiberales (bananas) and
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Commelinades (water hyacinth), belonging to the Commelinid
subclass [3]. Several species of the Arecaceae family are of eco-
nomic interest for food production (oil palm, coconut palm,
date palm, and peach palm) and for ornamental use (Butia,
Washingtonia and Phoenix species). Some species are also of
medicinal interest such as saw palmetto (Serenoa repens) used
in benign prostate hyperplasia treatment.

Oil palm is a species of particular economic importance as it
is the second largest source of edible oil in the world after soy-
bean. Oil palm is cultivated in the inter-tropical regions of
Asia, Latin America and Africa. Planting material consists
of tenera hybrids (bearing fruits with shells of intermediate
thickness) originating from crosses between dura (thick shell)
and pisifera (thin shell) types. Since each selection cycle lasts
for around 10 years, genetic improvement is very slow. As a
consequence of the biological characteristics of oil palm (long
life cycle and no natural vegetative reproduction) and a high
heterogeneity prevalent among hybrids, breeding strategies
are labour intensive and time consuming. Clonal propagation
of elite material through tissue culture has thus been developed
for mass propagation. Cloning of oil palm is performed by
inducing somatic embryogenesis on calli derived from various
tissue sources. Although this approach has been used with suc-
cess in a number of laboratories, a proportion of the regener-
ants show an epigenetic homeotic flowering abnormality
known as mantled [4], which is observed only on palms pro-
duced by tissue culture. This somaclonal variant involves an
alteration in the identity of third whorl organs in flowers of
both sexes and is similar to the class B floral mutants identified
in Arabidopsis thaliana and Antirrhinum majus [5]. The abnor-
mality may result in partial or complete flower sterility, thus
directly affecting oil production. Data from various studies
suggest that the mantled phenotype is associated with a global
hypomethylation of the genome and changes in its methylation
pattern, but not with major rearrangements of transposable
elements [6-8]. In order to understand the molecular mecha-
nisms involved in the control of early development and flower
formation of oil palm, a characterisation of the oil palm gene
transcriptome was undertaken. Partial sequencing of cDNA li-
braries to generate expressed sequence tags (ESTs) is an effec-
tive first step towards gene discovery, the characterisation of
transcription patterns, notably by means of cDNA array-
based expression analyses, and also the generation of molecu-
lar and genetic markers [9].

A number of publicly available EST libraries (those contain-
ing more than 1000 ESTs) of monocotyledon species have been
produced for members of the Poales (wheat, maize, barley,
rice, sugarcane, sorghum, etc.), the Asparagales (onion) and
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the Acorales (sweetflag) orders, which do not illustrate the
whole diversity of the monocotyledons. Oil palm is a represen-
tative of the Arecaceae family and the Arecales order, which is
a phylogenetically key clade of monocotyledons. This is the
first paper describing a large set of expressed genes through
EST analysis from a species of the Arecales order, which is
poorly represented in the sequence databases. We have sum-
marised and classified 2411 ESTs using a local sequence anal-
ysis pipeline and compared data with those of other plant
species. The availability of EST data for this important plant
group creates the possibility of carrying out comparative stud-
ies at both the genome level and for individual accessions of
interest, between the Arecales and other monocotyledon and
dicotyledon groups.

2. Materials and methods

2.1. Plant material

Male and female inflorescences of 20 and 15 cm length, respectively,
were collected from oil palm plants (C1001 seed-derived material and
LMCI17 clonal line for male and female inflorescences, respectively),
growing at the La M¢é Experimental Station, Centre National de
Recherche Agronomique, Cote d’Ivoire. Spikelets from the median
zone of the inflorescences were used for RNA extraction. One cm long
leaf segments containing the shoot apical meristem (hereafter referred
to as “‘apices’) were collected from young in vitro cultivated oil palm
plantlets regenerated from leaf-derived calli as previously described
[10]. Two different clonal lines were used. Apices were harvested from
plants regenerated from a clonal line obtained from LMC3 line palms
carrying the mantled abnormality (referred later as “abnormal apex”)
and from a clonal line obtained from normal LMC249 palms (referred
later as “normal apex”). Immature zygotic embryos (3-5.5 months
old) were collected from seed-derived oil palms (C1001 genotype)
growing at the Pobé Experimental Station, Benin. The seed- and in vi-
tro-derived plant material all originated from Deli (tenera) x La Mé
(dura) crosses.

2.2. ¢cDNA library construction and sequencing

Five cDNA libraries were constructed from distinct oil palm tissues:
shoot apices from normal in vitro cultivated oil palm plantlets (‘“nor-
mal apex” library); shoot apices from in vitro cultivated oil palm plant-
lets carrying the mantled abnormality (“‘abnormal apex” library);
rachillae from a male inflorescence (“male inflorescence”
library); rachillae from a female inflorescence (‘“‘female inflorescence”
library), and immature zygotic embryos (“zygotic embryo” library)
(see Section 2.1 for plant material details).

Total RNA extraction and poly(A)+ RNA purification were carried
out as described previously [11]. The cDNA libraries were constructed
from each poly(A)+ RNA sample using the ZAP-cDNA synthesis kit
and the ZAP-cDNA Gigapack® III Gold packaging extract (Strata-
gene). Individual cloned cDNAs were obtained by in vivo mass-
excision according to the manufacturer’s instructions, and were ran-
domly isolated and cultivated. Glycerol stocks of individual cDNA
clones were arrayed in 96-well microtitre plates for storage of bacteria
and isolation of plasmid DNA. Plasmid DNA extraction was carried
out using the NucleoSpin Robot-96 Plasmid extraction kit (Mach-
ery—Nagel) with an automated DNA extraction robot (Biorobot
9600 Qiagen). cDNA inserts were sequenced with M 13 Reverse primer
using the Big Dye terminator kit (Perkin—Elmer) with an automated
DNA capillary sequencer ABI 3700 (Perkin—Elmer).

2.3. Sequence processing and analysis

Sequence data were analysed using a biprocessor AMD 1.2 GHz
Transtec 2500 computer with Linux Debian. The ABI formatted chro-
matogram sequences were processed automatically using a custom
pipeline. The processing was carried out individually for the five sets
of ESTs. This pipeline successively linked sequence backup, base call-
ing by PHRED, elimination of sequences shorter than 50 bp and low
quality sequences, and vector trimming by Vecscreen (NCBI, ftp://
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ftp.ncbi.nlm.nih.gov) and Matcher (Emboss, http://www.hgmp.mrc.a-
c.uk/Software/EMBOSS/Apps/matcher.html). The EST sequences
were clustered and assembled using the Stackpack application (pro-
vided by SANBI, http://www.sanbi.ac.za/Dbases.html), which incor-
porates the d2 cluster [12], Phrap and Crawview [13] programs.
Groups that contained only one sequence were classified as singletons.
To assign functions, the valid ESTs and the assembled consensus se-
quences were locally aligned by BLASTALL (NCBI, (ftp://
ftp.ncbi.nlm.nih.gov/blast) to accessions in a local non-redundant pro-
tein sequence database with entries from GenPept, Swissprot, PIR,
PDF, PDB and NCBI RefSeq, using the BLASTX algorithm with
an E-value cut off at 107>, If the EST sequences did not match any
database sequences, the BLASTN algorithm was used in conjunction
with a nucleotide sequence database, with entries from all traditional
divisions of GenBank, EMBL, and DDBJ and with an E-value cut
off at 107>, Finally, the sequences, clustering results and basic local
alignment search tool (BLAST) data were automatically integrated
in a relational database, searchable via a local web browser-based
interface. For comparative analyses between the five EST sets, cluster-
ing and assembling were performed using the Stackpack facility and
integrated into the database with all EST sequences.

The functional classification previously applied to Medicago trunca-
tula genes [14] was adapted to oil palm ESTs. Translated or untrans-
lated oil palm ESTs were manually sorted into 16 functional groups
and an unclassified group on the basis of sequence comparison to
non-redundant GenBank entries.

Statistical analyses of sequence length, G + C content and functional
distributions were performed using the STATISTICA program suite
(StatSoft, USA).

3. Results and discussion

3.1. Sequencing and clustering of oil palm ESTs

Five cDNA libraries were constructed from normal apex-,
abnormal apex-, female inflorescence-, male inflorescence-
and zygotic embryo-derived poly(A)+ RNA samples, respec-
tively (see Section 2). Sequencing of the clones from each oil
palm cDNA library followed by sequence processing produced
a total of 2411 high quality ESTs (Table 1). The oil palm
dbEST represents up to 2083 different genes in the form of
209 clusters assembled from two or more ESTs and 1874 sin-
gletons. The distribution among the five EST sets derived from
the five cDNA libraries used is shown in Table 1. We found a
low redundancy within and between the five EST sets, which
may be explained in part by the relatively low number of se-
quences in each set.

A large proportion of ESTs shared no significant similarity
with sequences from GenBank (~40%; Table 1 and Fig. 1).
Their average length (294 bp) is significantly lower than that
of the ESTs sharing similarities with GenBank entries
(418 bp) (F(1.2409) = 563, P = 0.00000; Table 1). This signifi-
cant difference is also observed individually within each of
the five sets of ESTs (F(4.2401) = 4.42, P =0.001).

An analysis of G+ C content revealed a lower average
G + C value for the ESTs displaying no significant similarity
(Table 1). The average G + C content of the EST population
is 49.6% and the difference between ESTs with hits (51.2%)
and ESTs with no hits (47.0%) is highly significant at a thresh-
old of 0.05 (F(1.2409) = 135, P = 0.00000). The G + C content
of the ESTs with hits is homogenous between the different li-
braries (50.6-52.2%), in contrast to the ESTs with no signifi-
cant similarity, which are more variable between the 5
libraries (46.0-49.2%). It is interesting to note that in the dicot-
yledon Arabidopsis, and the monocotyledons rice and onion,
G + C contents were found to be higher in coding sequences
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Table 1
Analysis of oil palm EST libraries
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Library Female inflo Male inflo Normal apex Abnormal apex Zygotic embryo All
Total valid ESTs 349 625 313 998 126 2411
EST assigned to clusters 30 77 20 192 32 537
Clusters 13 38 11 83 11 209
Singletons 319 548 293 806 94 1874
Total non redundant ESTs 332 586 304 889 105 2083
Redundancy (%) 8.6 12.3 6.4 19.1 254 9.0
Non redundant ESTs with no similarity 109 220 120 371 40 832
Non redundant ESTs unique to organ 283 515 261 807 91 -
Average length (bp)

No similarity 301¢d 2894 328¢ 2894 258° 294

Hits 381° 441° 444° 415% 382° 418
GC% content

No similarity 48.13b¢ 49.22° 45.5% 46.0* 46.4% 47.0

Hits 52.0% 51.1% 50.6" 51.1% 52.2% 51.2

Redundancy, ESTs assembled in clusters/total ESTs; All, total non-redundant ESTs between the five sets of ESTs. Different letters mean significant
difference of GC% or sequence length (Newman—Keuls test 5% threshold) revealed by two separate analyses.

Unknown function -
13% rad

Known

function
No similarity 48%

39%

Abiotic stimuli and development 1.2%
Cell division cycle 0.5%
Cell wall structure or metabolism 1.5%
Chromatin and DNA metabolism 2.7%
Cytoskeleton 1.7%
Defense and cell rescue 1.8%
Gene expression and RNA metabolism 6.8%
Membrane transport 3%
Miscellaneous 3.3%
Primary metabolism 7.5%
Protein synthesis and processing 10.8%
Secondary and hormone metabolism  1.5%
Signal transductionand post-translational regulation  3.7%
Storage 0.9%

Vesicular trafficking, protein sorting, and secretion 1%

Fig. 1. Functional classification of the oil palm ESTs. All non-redundant ESTs were assigned to a functional category based on highest scoring
BLASTX or BLASTN results. Percentages are with respect to the total set of non-redundant ESTs.

than in non-coding sequences [15]. The difference in G + C
composition observed between oil palm ESTs with or without
similarities suggests that a substantial portion of the sequences
displaying no database similarities may contain non-coding re-
gions such as 5" untranslated regions (UTRs). This hypothesis
is compatible with the shorter average length observed for the
sequences displaying no significant similarities, which are thus
less likely to contain coding sequences. Indeed a significant
number of cDNAs isolated and characterised in our lab have
been found to possess a 5" UTR longer than 300 bp (unpub-
lished data). Following comparison with Arabidopsis, rice
and onion data [15], we found that the G + C content of the
oil palm ESTs reported here was more similar to that of rice
sequences, which are characterised by G + C contents of about
50% and 35% for coding and non coding sequences, respec-
tively; compared to that of the other two species, which are
both characterised by corresponding G + C contents.

A detailed analysis of G + C content distribution (Fig. 2) re-
vealed a unimodal distribution of the ESTs with hits (N = 1505,
mean = 0.5122, S.D. = 0.0740). In contrast the ESTs with no
significant similarities have a bimodal distribution with a higher
variance (N = 906, S.D. = 0.1032), one with a low G + C con-
tent (0.40) and a second one with a high G + C content (0.50)
similar with the average G + C content of ESTs sharing similar-
ities with GenBank entries. These results suggest the presence
of two populations within the group of ESTs which display
no significant similarities. One possible explanation is that the
population of ESTs with high G + C content may correspond
to coding sequences for proteins with no significant similarities
to existing accessions, and that the population with low G + C
content corresponds to 5" UTR sequences. Longer sequences
would tend to minimize this phenomenon by decreasing the
proportion of 5" UTRs in sequences obtained, thereby increas-
ing the overall G + C content.



2712

% of ESTS

0 T T T T T T

S. Jouannic et al. | FEBS Letters 579 (2005) 2709-2714

10 15 20 25

30 35 40 45

T T T T T T T T T

50 55 60 65 70 75 80 85 90

G+C content (%)

Fig. 2. Differential distribution in the G + C content of all oil palm ESTs with or without significant similarities. Grey curve: G + C content of
sequences that do not match with GenBank entries. Black curve: G + C content of sequences that match with GenBank entries with an E-value of

1073 or lower.

3.2. Function of expressed oil palm genes

Approximately 61% of the total non-redundant ESTs share
significant similarities with GenBank entries (Fig. 1). Putative
functions were assigned for 48% of them by comparison to se-
quences from other organisms. The other 13% matched with
sequences of unknown function from the dicotyledon Arabid-
opsis, or the monocotyledons rice and maize. Oil palm ESTs
with significant similarities were found to match at similar fre-
quencies to monocotyledonous (rice, 35%) and dicotyledonous
(Arabidopsis, 37%) sequences. However, this result may be mis-
leading, due to the less advanced state of annotation of the rice
genome compared to that of Arabidopsis. The ESTs with sig-
nificant similarities are unequally distributed between the dif-
ferent functional categories. As shown in Fig. 3, in all EST
sets, apart from that of the zygotic embryo, the largest func-
tional group of ESTs was that assigned to Protein synthesis
and processing (22% of non-redundant ESTs with assigned
function), followed by Primary metabolism (15%) and Gene
expression and RNA metabolism (14%). This finding is similar
to the results obtained from other organisms. It can be noticed
that a significantly higher portion of ESTs (« risk = 5%) is clas-
sified in the Gene expression and RNA metabolism category
for the female and male inflorescence-derived EST sets than
for the others (~19% of non-redundant ESTs with assigned
function and ~10%, respectively) and in Miscellaneous cate-
gory for the normal and abnormal apex-derived ESTs than
for the others (~11% of non-redundant ESTs with assigned
function and ~4%, respectively). This last finding is consistent
with the fact that photosynthesis-related proteins have been
classified in this category. It can also be noticed that a signif-
icantly lower portion of ESTs (o risk = 5%) is classified in
the Miscellaneous category for the male inflorescence ESTs.
The Storage category is specifically composed of immature
zygotic embryo-derived ESTs. This is to be expected as this
functional category contains ESTs corresponding to embryo-
specific maturation-related proteins. For this specific cDNA
library, the non-normalisation of the cDNA is a major limita-
tion to obtaining good gene representation in the library

population, as the storage protein mRNAs are highly abun-
dant in the original tissue.

About 39% of the oil palm ESTs share no significant sim-
ilarities with GenBank entries. The proportion of sequences
in this category varied from 33% in the female inflorescence
group to 42% in the abnormal apex-derived EST set. This
is to be expected because only a small number of sequences
from E. guineensis and other species of the Arecaceae family
are currently available in the sequence databases (374 and
1753 nucleotide sequence entries, respectively; 56 and 818
protein sequence entries, respectively; based on NCBI entries
on 08/12/2004), most of them corresponding to microsatellite-
containing sequences, rDNA sequences, organelle DNA
sequences and relatively few protein coding sequences. A por-
tion of these ESTs seems to consist of 5/ UTRs, on the basis
of their lower G + C content (Fig. 2), which are unlikely to
be conserved significantly to match with sequences from
other species present in the databases. As previously men-
tioned, a proportion of the oil palm ESTs which share no sig-
nificant similarities with GenBank entries is likely to consist
of translated sequences, on the basis of their G + C content
averaging at about 50% (Fig. 2) even though no relationship
was found with any accessions in the public databases.
Sequences of this type may represent coding sequences
specific to oil palm or with low similarity to other species
represented in GenBank entries.

Table 2 lists the most highly expressed genes observed in
the EST collection as a whole, indicating the number of the
corresponding ESTs present in the five libraries. They repre-
sent mostly typical “housekeeping” genes. The most highly
represented transcripts in the EST collection as a whole code
for glycine-rich RNA binding proteins. This type of protein
has been identified in both angiosperms and gymnosperms
and is highly conserved [16]. Several studies have suggested
their involvement in RNA processing at several levels [17].
The other abundant transcripts code for Dnal-like proteins,
elongation factor 1-a, a-tubulin, metallothionein-like proteins
and ribosomal proteins. It can be noticed that some ESTs,
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Fig. 3. Distribution amongst the different functional categories of the non-redundant ESTs from the five libraries. ESTs with no significant
similarities and ESTs that match to unknown proteins were not included in this analysis.

Table 2
Transcripts which predominate in the oil palm EST libraries

Protein ESTs in cluster Singletons cDNA libraries
Glycine-rich RNA-binding protein 20 12 5 (A0, A1, F, M, 2)
Dnal protein 11 8 5 (A0, Al, F, M, Z)
Oleosin 17 2 1(2)

7S globulin 14* 7 1(2)

Elongation factor 1-a 7 8 5 (A0, Al, F, M, Z)
Alpha tubulin 9 4 4 (A0, Al, F, M)
Metallothionein-like protein 6 3 4 (A0, Al, F, M)
BURP domain-containing protein 10 1 2 (A0, Al)
Ribosomal protein L23 5 4 (48) 3 (A0, A1, M)
Ribosomal protein L16 5 4 (48) 3 (A0, Al, M)
Lipid transfer protein 7 4 4 (A0, Al, F, M)
PVR3-like protein 7 - 2 (A0, Al)

A0, normal apex; A1, abnormal apex; F, female inflorescence; M, male inflorescence; Z, zygotic embryo; *, 14 ESTs in two distinct clusters; (48), total

number of singletons matching to the ribosomal protein class.

such as those encoding a BURP domain-containing protein
and a PVR3-like protein, are detected only in apex-derived
libraries. The BURP domain is present in a range of plant
proteins with diverse patterns of expression, but its function
remains to be elucidated [18]. PVR3-like proteins are similar
to non specific-lipid transfer proteins. These proteins may be
involved in a number of different biological functions, puta-
tive roles including the transport of cuticular components,
growth inhibition of bacterial and fungal pathogens and
adaptation to various environmental conditions [19]. The last
class of abundant encoded protein in the ESTs is that which

contains the storage proteins (7S globulins and oleosins). This
category is specific to zygotic embryo-derived ESTs. One of
the goals in the establishment of the oil palm dbEST was
to identify organ specific genes or genes affected by the
mantled abnormality through the comparative analyses of
female and male inflorescence on one hand and of the normal
and abnormal apices on the other. Due to the very high num-
ber of singletons it is very difficult to identify specific genes
only on the basis of comparative sequence analysis. This dif-
ficulty will need to be resolved by the development of an
EST-based macro-array approach.
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4. Conclusion

The data presented here represent the first overview of oil
palm genes expressed in different organs of the plant and rep-
resents an important contribution to the publicly accessible se-
quence data available for E. guineensis and more generally for
the Arecaceae family. Most of the currently available se-
quences for this family correspond to microsatellite, rDNA
and organelle DNA sequences with very few protein coding se-
quences. This resource provides a starting point for cDNA ar-
ray-based expression analysis in order to reveal changes in
gene expression levels during development in oil palm. Future
EST work planned as a follow-up to this study will concentrate
on subtractive and normalised libraries so as to target specific
aspects of development within the plant. It should also provide
the basis for identifying genes affected in their expression pat-
tern by the mantled abnormality. More generally, this EST re-
source may contribute in the future to phylogenetic studies and
to wider scale efforts to compare plant genomes through com-
parative genomics. In addition to the data presented here, it
should be noted that an oil palm EST resource is available
on the Malaysian Palm Oil Board (MPOB) web site (http://
palmoilis.mpob.gov.my/palmgenes.html), but that the se-
quences in question are not currently available in the public
databases.

An important effort has been undertaken to establish a ge-
netic map for this species, notably by using RFLP and micro-
satellite markers [20-22]. In this context, this set of ESTs will
be a source of homologous gene targeted markers (GTMs)
[23], for the establishment of a reference genetic map used in
the development of breeding strategies (QTL identification,
marker-assisted selection).
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