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Abstract

The Late-Embryogenesis Abundant group 4 (LEA4) genes is a group of genes that have been reported to be involved
in stress and hormone responses. The completed LEA4 cDNA sequence was first obtained from a set of EST sequences of
oil palm (Elaeis guineensis Jacq), named as EgLEA4. The open reading frame is 486 bp in length, encoding a deduced amino
acid sequence of 161 residues with a molecular weight of 16.5 kDa and a pl value of about 8.0. Five amino acid motif patterns
were found in the EgLEA4 (11, I, III, IV and V) and each had a close identity to similar LEA4 patterns of soybean (64%).
Comparison of the nucleotide sequences of the cDNA and the genomic DNA demonstrated that the FglLEA4 gene is
composed of 2 exons and 1 intron. The 52 untranslated region shows a putative promoter sequence involved in the trans-
cription process, drought stress and hormone responsive elements. RT-PCR analysis showed that the EgLEA4 gene was only
expressed in mesocarp, during the late stages of fruit development. It also had a higher expression in induced drought condi-

tions indicating that the EgLEA4 protein may be involved in plant adaptation and stress (drought) responsive pathway.
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1. Introduction

Oil palm is the most productive oil crop in the world,
a single hectare of il palm yields more crude oil than other oil
generating crops (the productivities of oil palm: rapeseed:
soybean are 4.14: 0.72: 0.40 tonnes/hectare/year) (Oil World,
2012: Wong and Bernardo, 2008). Palm oil is becoming an
increasingly important agricultural product for tropical
countries owing to its potential to replace fossil fuels. Under
selective pressures imposed by adverse environmental con-
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ditions, plants have evolved fast stress responses and crop
plants have been developed with enhanced tolerance to
stress. Developing a basic understanding of the physiologi-
cal, biochemical and gene regulatory networks associated
with stress responses is therefore essential (Dobra et al.,2011;
Novikova et al., 2007; Rizhsky et al., 2002; Valliyodan and
Nguyen, 2006) and has become a challenging task for the
development of crop cultivars with improved adaptation to
various environments.

Late embryogenesis abundant (LEA) proteins were
initially identified in the late stages of seed maturation in
cotton and wheat and constitute a set of proteins widespread
in the plant kingdom (Campos et al., 2006; Dure et al., 1989).
Five groups of typical LEA-like proteins have been described
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on the basis of their similar amino acid sequences and
conserved motifs (Ingram and Bartels, 1996). The proteins are
highly hydrophilic and contain a high percentage of small
amino acid residues such as glycine, alanine and serine. These
general characteristics have led to the identification of a wide
group of proteins, present in different organisms, termed
hydrophilins, in which many LEA proteins are included
(Campos et al., 2006; Garay-Arroyo et al., 2000). The expres-
sion of these proteins has been reported to be induced by
plant stress hormones and is associated with a tolerance to
desiccation of their seeds and pollen and with anhydrobiotic
plants (Bray, 1993; Dalal et al., 2009; Finkelstein ef al., 2002;
Wise and Tunnacliffe, 2004).

It has been speculated that LEA proteins may protect
cellular and macromolecular structures or are detoxifying
molecules that can alleviate the increase in osmotic pressure
caused by the increased ion concentrations during stress
from low water. Some LEA proteins such as group 4 proteins
have been found in cotton, LEA14, D113 and Craterostigma
PGC27-45. These can form a supplementary structure that
adapts to the conformational changes of other proteins and
functions in protecting membrane stability and integration
during drying and dehydration (Dure, 1993b; Garay-Arroyo
et al., 2000). In vitro studies of the LEA4 family of proteins of
Arabidopsis showed that their presence, during controlled
dehydration experiments, prevented the inactivation of LDH,
even after a 99% water loss (Reyes et al., 2005). Group 4 LEA
mRNA from Brassica napus was highly up-regulated in
flowers under salt stress (Dalal, 2011; Dalal et al., 2009).
Furthermore, the overexpression of BnLEA4-1 in transgenic
Arabidopsis plants plays a crucial role in its tolerance to
abiotic stress and an enhanced tolerance to high salt and
drought stress during plant development (reviewed by Dalal
et al.,2009; Hong-Bo et al., 2005).

However, the precise function of LEA proteins in
plant development and stress responses remains to be clari-
fied (Su ef al., 2011). According to the possible important
roles of LEA proteins as mentioned above, this work focuses
on LEA proteins from oil palm. We report here, for the first
time, on the isolation and molecular characterization of the
LEA4 gene from oil palm and named as EgLEA4. We provide
important information for a better global understanding of
LEA proteins. This includes data on their sequence conser-
vation and variation as well as their expression patterns in
seeds at different developmental stages and in various oil
palm tissues. A possible role of the EgLEA proteins in drought
tolerance has been detected and has opened the way to
produce and select oil palm crops with such characteristics

2. Materials and Methods
2.1 Plant materials
Mesocarp tissue from at 10-22 weeks after anthesis

(waa) old oil palm fruits (Elaeis guineensis Jacq) was used for
extraction of chromosomal DNA and mRNA. Young leaves,
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mature leaves, stems and roots of oil palm from 1-year-old oil
palm seedling were used for extraction of RNA.

2.2 Cloning of EgLEA4 structural gene

The full length cDNA of EgLEA4 was obtained pre-
viously from our EST library (Phongdara ef al., 2012). The
genomic sequence of EglEA4 gene was isolated using the
GenomeWalking™ method (Clontech). The genomic DNA was
completely digested by restriction enzymes; Dral, EcoRV,
Stul and Pvull. The products of the digestion were purified
by the phenol/chloroform method. Each reaction product was
ligated separately to the GenomeWalker Adaptor at the 52-
end. The primary PCR used primers AP-1 (GenomeWalker
primer) and GSP1 (Table 1), and the ligated products were
used as the template. The cycling program was: 94° C for 25
seconds and 72°C for 3 min with 7 cycles, then 94°C for 25
seconds and 67°C for 3 min with 32 cycles and then 67°C for
7 min with 1 cycle. The secondary PCR used nested primers
AP-2 (GenomeWalker primer) and GSP2 (Table 1), and the
primary PCR product as the template. The cycling program
was: 94°C for 25 seconds and 72°C for 3 min with 5 cycles,
then 94°C for 25 seconds and 67°C for 3 min with 20 cycles
and then 67°C for 7 min with 1 cycle. The PCR products were
purified and the sequences were determined.

2.3 Sequencing and bioinformatic analysis of the EgL EA4
gene

Protein alignments were then performed using
ClustalX and displayed using GENEDOC software (Larkin
et al., 2007). The phylogenetic analysis, performed by the
protein sequence Parsimony method, was computed by
PROPARS and used to construct trees with support for the
inferred groups obtained by bootstrap analysis from 1000
replications of the data set using the SEQBOOT and
CONSENSE programs. The phylogenetic tree was displayed
using the TreeView version 1.0 (Felsenstein, 1997). The
protein modeling predictions for the structures were
performed with the SWISS-MODEL (Arnold et al., 2006) and
the I-TASSER server (Roy et al., 2010) based on multiple
template simulations and used for predicting a model
structure. Next, each of the predicted models was validated
on the best selected model by the PROCHECK software

Table 1. Primers for cloning, chromosome walking and

expression of EgLEA4
Primer name Sequences (5° — 3°)
EglEA4F  GCATGGAGAAGACCAAGGCCA
EglLEA4R  AAGCTTCTAGTCGTAGCCACCACCGG
GSP1 CTTCTCCTCGAGGGT GGC CTT GGT
GSP2 GTCTCCTTGACG GACGCCATG
18SF CAAAGCAAGCCTACGCTCTG
18SR CGCTCCACCAACTAAGAACG
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(Laskowski, 2001). The molecular surfaces and protein
structure models of the figures were built and visualized with
PyMOL (DeLano, 2002). The 52 untranslated region (52-UTR)
was analysed by the Genomatix software, that included the
data and tools able to detect transcription factor binding sites
(Matlnspector software, http://www.genomatix.de/online
help/help matinspector/matinspector_help.html) and pro-
moter modules (composite regulatory elements), and to
predict and retrieve promoter sequences.

2.4 Expression analysis of EgLEA4

Total RNA was extracted using TRIZOL reagent
(Invitrogen) and was used as a template for the synthesis of
the of EgLEA4 cDNA. Primers EgLEA4F and EgLEA4R (Table
1) were used in the PCR reaction using the following program:
a first step for cDNA synthesis at 50°C for 30 min, 95°C for
15 min, followed by 30 cycles at 95°C for 30 seconds, 50°C
for 30 seconds, and 72°C for 1 min with a final extension at
72°C for 10 min. The amplified products were separated by
electrophoresis on a 1.5% agarose gel, then visualized by and
photographed using the Image Analyzer, Gel Doc 1000 (BIO-
RAD). The RT-PCR products with the expected sizes were
purified and then inserted into the pPGEM"-T Easy Vector
(Promega). Subsequently, the recombinant DNA plasmids
were sequenced.

2.5 Expression analysis of EgLEA4 gene in various tissues

For determining the expression in various tissues, RNA
was extracted from young leaves, mature leaves, roots, stems
tissue of oil palm from 1-year-old oil palm seedling and
mesocarp tissues of oil palm fruit at 22 waa as the templates
using RT-PCR. For determining the expression at different
ages of the oil palm fruit, RNA was extracted from the meso-
carp tissues at 10, 12, 14, 16, 18, 20 and 22 waa. For drought
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stress treatment, RNA was extracted from embryo tissue from
normal seed and dehydrated seed (72 h dehydrated in a
humidifier chamber at 65% RH, 37°C). The RT-PCR reactions
were performed with primers as indicated above. An 18S
rDNA primer set (Table 1) of 540 bp fragment size, was used
as an internal control. The cycling program used was : one
cycle at 94°C for 5 min, 30 cycles at 94°C for 30 seconds,
50°C for 30 seconds, 72°C for 30 seconds and with a final
extension at 72°C for 10 min. The amplified products were
separated by electrophoresis on a 1.5% agarose gel, then
visualized by and photographed using the Image Analyzer,
Gel Doc 1000 (BIO-RAD) followed by analysis of the expres-
sion levels with the Scion Image program and the SPSS
program. The experiments were performed in triple.

3. Result
3.1 Cloning and characterization of the EgLEA4

An EgLEA4 cDNA fragment of 751 bp, corresponding
toan ORF 0f486 bp (GenBank accession number JF810460),
was cloned (Figure 1A). The predicted 161 amino acid poly-
peptide had a calculated molecular mass of 16.5 kDa and a pl
of 8.0. BLAST analysis (http://blast.ncbi.nlm.nih.gov/) and
sequence alignment of the encoded polypeptide sequence
showed that EgL.EA4 was 64% homologous at the amino acid
level to the soybean LEA4 protein, Glycine tabacina (AAG
37441.1), and 61% to that of G tomentella (AAG37451.1).
A phylogenetic tree was constructed (Figure 1B). The pre-
dicted amino acids of EgLEA showed a preponderance of Ala
(alanine), Gly (glycine), Thr (threonine), and Glu (glutamate)
that constituted 19.3, 12.4, 10.6 and 9.9%, respectively, of
the total. The protein had no phenylalanine, cysteine and
tryptophan. Of'the total amino acids in EgLEA4 50.33% were
hydrophilic residues (S, Q, N, T, R, K, H, D and E) of which
29.2% were charged residues (D, E, R, K, H) and 49.68% were
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Figure 1A. The multiple amino acid sequences alignment (ClustalX 2.0) of EgLEA4 from oil palm (Elaeis guineensis Jacq; JF810461)
compared with the LEA4 protein from the other plants; Brassica ¢ (AAT77224.1), Brassica n (AAT77223.1), Sisymbrium
(AAY26119.1), Arabidopsi (NP_196294.1), LEAD113 Ara (CAA63008.1), Glycine tom (AAG37451.1), Glycine tab
(AAG37441.1) and Arachis (ADQ91840.1) and visualized with the Genedoc program showing five conserved motifs (I-V) are

indicated by the enclosed black boxes.
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Figure 1B. The phylogenetic tree analysis of EgLEA4 and other LEA protein isoforms was analyzed using PROPARS (Protein Sequence
Parsimony Method) programs. Support for the inferred groups was obtained by bootstrap analysis from 1000 replications of the
data set using the SEQBOOT in PHYLIP 3.57¢ package (Felsenstein, 1997). The accession numbers and corresponding species
is provided in the supplemental table 1 with abbreviations and accession numbers.

hydrophobic residues (A, V, G M, L, I, Pand Y) (Bies-Etheve
et al., 2008; Wise, 2003). Hydropathicity analysis predicted
that this protein was a hydrophilic protein and was similar to
the Brassica sp. and soybean LEA4 proteins. A pfam03760
domain (E-value, 2.22¢") at the amino acids 1 to 73 (motif
I-IIT) of the putative protein sequences was found by a
conserved domain search analysis. Because the pfam03760
domain is a classified conserved domain of Group 4 LEA
proteins, therefore our EgLEA can be considered as part of
the family of LEA 4 isoforms (EgLEA4) (Marchler-Bauer et
al.,2011).

The secondary and tertiary structure predictions
demonstrated that EgLEA4 contained a heavy a-helix (red)
at its N-terminal and a periodically random coil (green) at its
C-terminal (Figure 2a). In addition, two binding sites were
found in the random coil region. The first binding site was
present at positions 87-90 (Gly-Pro-Ile-Thr) (Figure 2b) and
the second binding site was at positions 131-132 (Lys-Glu)
(Figure 2c). Because of its helix structure both binding sites
were in the random coil region of the EgL. EA4 and therefore
able to play some role in protecting and maintaining the
common physiological processes in plant cells under a water
deficit (Battaglia et al., 2008; Kyte and Doolittle, 1982; Shih
etal.,2004).

3.2 Structural gene analysis of EgLEA4

The EgLEA4 genomic DNA sequence was 799 bp
(accession number JF810461) in length. When compared to
the cDNA sequence (486 bp) an intron (313 bp) was found
between two exons (108 bp and 378 bp) (Figure3). This result

is similar to that from the upland cotton LEA4 (Accession
no: M73752 Gossypium hirsutum Lead-A gene) that has an
intron of 101 bp between two exons. (193 bp and 522 bp).
The EgLEA4 promoter sequence (Figure3; red char-
acters) at the 52-UTR was obtained by the GenomeWalking™
method and analysed by the Genomatix software, which also
includes the data and tools to detect transcription factor
binding sites (MatInspector database). There were two puta-
tive cis-acting regulatory elements perhaps involved in

3

Figure 2. The tertiary structure prediction of the EgLEA4 protein
(a).The first binding site (b) and the second binding site

(c).
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abiotic stress responses, such as an ABA-responsive element
(ABRE) and a salt/drought/ dehydration responsive element
(DRE) detected. An ACGT containing the ABA-responsive
elements was found. Most ACGT-containing ABRE motifs
are bound by a basic leucine zipper (bZIP) transcription factor
(Yamaguchi-Shinozaki and Shinozaki, 2006). These ABREs
and DRE were able to stimulate gene expression in response
to ABA under abiotic stress and dehydration (salt, drought
and cold stresses) (Shinozaki and Yamaguchi-Shinozaki,
2000; Simpson et al., 2003). The general transcription factor
IID and the core promoter motiften element, promotes trans-
cription by RNA polymerase II (Lim et al., 2004). The Dc3
promoter binding factors (DPBF) are involved in seed specific
and/or ABA-induced expression of the Dc3 gene, a carrot
LEA gene (Kim et al., 1997). The Opaque-2 like transcrip-
tional activators contains an ACGT core that is necessary for
DNA binding (Schmidt et al., 1992). The promoter of the LEA-
like protein genes contains DRE, ABREs and MYB recogni-
tion elements. ABRE and MYB/MYC elements control gene
expression in response to ABA under abiotic stress (Shino-
zaki and Yamaguchi-Shinozaki, 2000). However, the MYB/
MYC was not found in EgLEA4. The exact positions of the
EgLEA4 promoters are listed in Table 2.

279

3.3 Expression of the EgLEA4 gene in oil palm and its
relation to drought

A semi-quantitative RT-PCR analysis using the /8S
rDNA gene as an internal control revealed that EgLEA4 was
not expressed in vegetative tissues but only in the mesocarp
and embryo from oil palm fruit under normal conditions (Fig-
ure 4A and 4B). The highest expression during the oil palm
fruit development was found at the age of between 20 and 22
weeks which is a late stage of oil palm fruit development and
then after 22 weeks the oil palm fruit will be harvested (Fig-
ure 4B). This result is similar to the expression of the AhLEA4
genes in peanut which is only detected in seeds. This indi-
cates that the EgL. EA4 protein accumulates and might endure
in some pathway during the late stage of seed/fruit develop-
ment (Su et al., 2011). When the embryos of oil palm were left
at room temperature as a control condition and compared
with those left dehydrated in humidifier chamber at 65% RH
for 72 h, the expression level of EgLEA4 was significantly
more highly induced in the dehydrated seed compared to the
normal seed (Figure 4C). This indicated that the EgLEA4
protein may play some role in the drought stress tolerance of
oil palm seeds.
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Figure 3. The structural gene of EgLEA4 in oil palm (E. guineensis) genome, consisted of 1505 bp containing an intron (313 bp; blue
characters) between two exons (108 bp and 378 bp; black characters) in the genomic sequence with an ORF of 486 bp encoding
for a predicted 161 amino acid residues for EgLEA4 (JF810461). Finally, the promoter region of an EgLEA4 (447 bp) and the 32

UTR with the poly A tail (259 bp) is shown, respectively.



280

W. Hualkasin et al. / Songklanakarin J. Sci. Technol. 35 (3), 275-285, 2013

Table 2. Positions of the various recognition elements from the promoter sequence of the nucleotide
ofthe 5’ untranslated £gLEA4 gene in oil palm

Position
Promoter component score Sequence
From To
GT-box elements 10 26 0919 TTCATTATTAAAAAAAA
TEF-box 80 100 0866 CGAGGGAGAAATTATTGATTA
Plant G-box/C-box bZIP proteins 144 164 0966 AGAAGGGCACGTGCACAGGTT
250 270 0989  CGTTAGGTACGTGGCGGACGA
219 299 0992 GAGAGGACACGTGGACGGCTT
393 413 0963 CCTGCTTGACGTCTGATCTCT
303 323 0968 CCGAAGATACGTGTCAACCGC
ABA response elements (ABRE) 146 162 0897 CCTGTGCACGTGCCCTT
281 297 0917 GCCGTCCACGTGTCCTC
3 320 08380 CGAAGATACGTGTCAAC
Plant specific NAC [NAM 254 266 0967 CCGCCACGTACCT
(no apical meristem), ATAF172,
CUC?2 (cup-shaped cotyledons 2)]
transcription factors
General transcription factor 11D, 371 409 0712 TCGTACCCACGCCTCCATCCGAA
GTE2D GAGATCAGACGTCAA
Dc3 promoter binding factors 150 160 089  TGCACGTGCCC
285 295 0934 TCCACGTGTCC
ER stress-response elements 170 188 0831 GCAATCCAGCTTTGCCACG
Salt/drought responsive elements 220 234 0961 TTCGAGTGGTGGGAA
(DRE)
Core promoter motiften elements 234 254 0819 AGGTCCAAGCGCACCTTCGTC
Opaque-2 like transcriptional 318 334 0970 AACCGCACGTAACCGAC

activators

4. Discussion and Conclusion

The EgLEA4 gene belongs to the group 4 LEA gene
family (classified by the presence of the conserved pfam03760
domain) and has been cloned and sequenced from the EST
library of Oil palm (E. guineensis Jacq). The open reading
frame of the EgLEA4 gene (GenBank accession number
JF810460) is 486 bp, compared to 507 bp for soybean LEA4
and 519 bp for peanut LEA4 (Shih et al., 2010; Su ef al.,
2011). The deduced amino acid sequence of the EgLEA4 gene
in oil palm encrypts for 161 residues. Most of LEA proteins
are small in molecular weight ranging from 10-30 kDa
(Hundertmark and Hincha, 2008).

The calculated molecular weight and pI of EgLEA4 at
16.5 kDa and 8.0 which is close to the value for soybean and
peanut with molecular weight of 17.6 and 17.30 kDa and pl
values 0f9.17 and 9.68, respectively (Shih ef al., 2010; Su et
al.,2011). The EgLEA4 protein also contains amino acid resi-
dues that can be glycosylated (N, R, S and T) (Spiro, 2002).
Its amino acid content is similar to that of other LEA4
proteins, EgL EA4 is rich in glycine and amino acids contain-
ing a hydroxyl group (Threonine, Serine) that can bind water
molecules and function as a solvation film (Senthil-Kumar
et al., 2007), thus stabilizing the surface of membranes.

In the prediction of its secondary structure, the motifs
at the N-terminal of the EgLEA4 proteins form a heavy o-helix
structure whereas the rest of the protein produces a random
coil conformation as reported by others (Hundertmark and
Hincha, 2008; Kyte and Doolittle, 1982; Shih et al., 2004).
Two possible binding sites for water were found in the
random coil region (Dure, 1993a). The circular dichoism (CD)
spectroscopy of LEA4 rotifer protein has shown a random
coil structure in the hydrated state and a high level of a-helix
after drying. An in vitro assay, by FTIR and far-UV circular
and dichroism (CD) revealed that LEA proteins in solution
become unfolded and then refold properly upon desiccation
(Goyal et al., 2003).

Earlier studies have indicated that the LEA group of
proteins is highly expressed upon desiccation in embryos
(Ganesh, 1999; Savitha, 2000; Senthil-Kumar and Udaya-
kumar, 2006), so may be implicated in the desiccation toler-
ance of embryos. The results from our expression profiles of
various tissues show that expression of the EgLEA4 gene
occurs only in the mesocarp tissue and is expressed most
strongly in week 20 and 22, during the late stage of oil palm
fruit development because at the late stage the water content
of fruit’s tissue is decreased (Gribaa et al., 2012). This is again
similar to other group 4 proteins found to be highly accumu-
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Figure 4. EgLEA4 gene expressions of oil palm in various tissues
(A), different age of oil palm fruits (B) and embryo tissue
in normal and dehydrated seed condition (C).

lated in dry seed embryos or the late stages of seed develop-
ment (Baker et al., 1988; Delseny et al., 2001; Roberts et al.,
1993; Su et al., 2011). Seeds that were dehydrated had a sig-
nificantly higher expression of EgLEA4 gene than found in
normal seed. This demonstrates that the EgLEA4 protein
may protect the cellular structure by acting perhaps as a
chaperone that stabilizes vesicles, proteins and membrane
structure, sequestering ions, renaturing unfolded proteins, and
protecting other proteins in the same way as other LEAs (Bray,
1993; Kaur and Gupta, 2005) that increase in response to
drought (Cohen et al., 1991). A gradual decrease in water
accessibility leads to conformation changes in enzymes that
are associated with inactivation (Kaur ef al., 2007). These
prohibited conformational changes do not arise when hydro-
phillins are present prior to dehydration (Battaglia et al.,
2008). However, during severe water limitation, hydrophillins
have no protective effect (Reyes et al., 2005). The present
study provides evidence to show that the EgLEA4 gene may
play some role in imparting tolerance to desiccation-stress.
The promoter region of the EgLEA4 gene contains
the putative cis-acting regulatory elements, ABA-responsive
elements (ABRE), salt/drought/ dehydration responsive
element (DRE) and an NAC transcription factor element that
might be related to drought resistance. The ABREs already
described for ABA induction, both in seeds and in vegetative
tissue, have been detected (Cao et al., 2007; Shen et al., 1996).

The ABRE related to drought stress contains two palindro-
mic motifs CACGTG with the ACGT core element. Our results
contain more than one sequence element with the ACGT core
(Table 2). The binding studies have revealed that the nucle-
otides flanking the ACGT core specify a DNA-protein inter-
action (Narusaka et al., 2003). ACGT eclements have been
observed in many plant genes regulated by environmental
change and physiological factors (Shinozaki and Yamaguchi-
Shinozaki, 2000). The existence of the ACGT core sequence
in the promoter region indicates that the genes may be medi-
ated by ABA (Busk et al., 1997) and can bind with bZIP-type
transcription factors (Uno ef al., 2000) also known as auxin
binding factors (ABFs). Overexpression of these regions is
known to be associated with several ABA-associated pheno-
types, including enhanced drought tolerance (Kang et al.,
2002). The DRE motifmight be a coupling element of ABRE
involved in interdependence in the ABA-responsive expres-
sion in response to ABA such as in Arabidopsis (Narusaka et
al.,2003). When the DRE binding protein was overexpressed
in transgenic plants (Arabidopsis), changes in the expression
of more than 40 stress-inducible genes were identified, and
these changes led to increased freezing, salt, and drought
tolerance (Maruyama et al., 2004). Furthermore, NAC trans-
cription factor (TFs) elements were also detected in the pro-
moter region of the EgLEA4 gene. Overexpression of the
NAC TF proteins resulted in several stress-inducible gene
being upregulated and plants showed a significant increase in
drought tolerance in plants (Valliyodan and Nguyen, 2006).
There are additional gene expression pathways that are
regulated through NAC TFs under dehydration stress in
Arabidopsis (Nakashima et al., 2009). Three cDNA encoding
NAC like proteins in Arabidopsis, NAC domain-containing
proteins, have bound to one of the cis-elements in the ERD1
(Early response to dehydrate 1) promoter (Tran et al., 2004).
Other transcription factors, zinc-finger homeodomains
(ZFHD1) can bind other cis-element in the ERD1 promoter
and function as transcriptional activators in response to de-
hydration stress (Tran et al., 2007). From three elements
(ABRE, DRE and NAC TF) in the EgLEA4 promoter, it is
possible that the EgL. EA4 protein may have a role to enhance
drought tolerance.

In conclusion, drought is one of the important factors
that limit crop productivity, including that of oil palm as an
economic higher plant. In the present study, the molecular
data, sequence analysis, gene structure and expression have
provided some basic knowledge about the EFgLEA4 gene
which may be of benefit to improvements of drought toler-
ance in oil palm and other plants.
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Supplemental Table 1: EgLEA4 and other LEA protein isoforms sequences used in the amino

acid alignment and phylogenetic analysis (Felsenstein, 1997).

Identifier/ abbreviations

Species

Accession number

dehydrin Brassica

LEA3 protein Medicago

LEA3 Zizania

LEA3 Oryza

AAN74638.1 LEA2 Triticum
AAN74637.1 LEA1 Triticum
AAN74639.1 LEA3 Triticum
ABH09689.1 LEA2 Zea
ADT65200.1 dehydrin Jatropha
ANN38002.1 LEA1 Capsicum
AEH76905.1 LEAS5 Oryza
ACF93400.1 LEA 2 Boea
XP_003609687.1 LEAS5 Medicago
AAC06242.1 LEA 5 Nicotiana

NP _001150746.1 LEA 4 Zea
JF810461 LEA4 Elaeis

ADU20206.1 LEA 4 Cicer
ADQ91840.1 LEA 4 Arachis
AAG37451.1 LEA 4 Glycine tomentella
AAG37441.1 LEA 4 Glycine tabacina
AAY26119.1 LEA4 Sisymbrium
AAT77223.1 Brassica napus
AAT77224.1 Brassica carinata
AAY26119.1 LEA4 Sisymbrium
ADQ91840.1 LEA 4 Arachis

NP _196294.1 LEA4 Arabidopsis
CAA63008.1 LEA D113 Arabidopsis

Brassica napus
Medicago sativa
Zizania latifolia
Oryza sativa

Triticum aestivum
Triticum aestivum
Triticum aestivum
Zea mays

Jatropha curcas
Capsicum annuum
Oryza sativa

Boea hygrometrica
Medicago truncatula
Nicotiana tabacum
Zea mays

Elaeis guineensis
Cicer arietinum
Arachis hypogaea
Glycine tomentella
Glycine tabacina
Sisymbrium irio
Brassica napus
Brassica carinata
Sisymbrium irio
Arachis hypogaea
Arabidopsis thaliana
Arabidopsis thaliana

AAR23753.1
ADO32575.1
ACV91270.1
A2Y720.1
AANT74638.1
AAN74637.1
AAN74639.1
ABH09689.1
ADT65200.1
AAN38002.1
AEH76905.1
ACF93400.1

XP_003609687.1

AAC06242.1
NP 01150746
JF810461
ADU20206.1
ADQ91840.1
AAG37451.1
AAG37441.1
AAY26119.1
AAT77223.1
AAT77224.1
AAY26119.1
ADQ91840.1
NP_196294.1
CCA63008.1
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