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Abstract
The somatic embryogenesis receptor kinase (SERK) gene has been extensively studied in many plant species due to its role in
conferring embryogenic competence to somatic cells. The oil palm (Elaeis guineensis Jacq.) full-length SERK I (EgSERK I)
cDNAwas first isolated from cell suspension culture using RACE-PCR. Total length of EgSERK I cDNAwas 2378 bp in length
with a 5’UTR region (358 bp) longer than 3’UTR region (130 bp) and the ORF was 1890 bp (629aa). The deduced amino acid
sequence of EgSERK I contained protein domains commonly present in reported SERK proteins, including the hallmark proline-
rich region and C-terminal domains. EgSERK I was most highly expressed in leaf explants and also detected in all tested tissues,
including vegetative tissues, reproductive tissues, embryogenic tissues, and non-embryogenic tissues, suggesting that it may have
a broad role in plant growth and development. Expression of EgSERK I in leaf explant was upregulated by minimal auxin
concentration at the initial 6 h of incubation in callus induction media. EgSERK ImRNAwas detected in the adjacent cells of the
vascular tissues in the midvein region of leaf explants which serves as the callus initiation point of callogenesis in oil palm.
Collectively, our findings suggest that the EgSERK I gene is involved in the callus initiation stage of oil palm somatic embryo-
genesis by transducing the signal to switch on the dedifferentiation process, triggering cellular reprogramming to form callus.
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Introduction

Oil palm (Elaeis guineensis Jacq.) is a monocotyledonous
plant of the palm family Arecaceae, originating from West
Africa (Corley and Tinker 2003). It is a perennial crop with
a 25-yr life cycle that produces fresh fruit bunches throughout
the year. Oil palm is regarded as the most effective oil yielding
crop, which is 11 times more effective than soybean as it

occupies the least world farm land (0.23%) compared to soy-
bean (2.14%). Thus, oil palm is a species of particular eco-
nomic importance and is a major cash crop. Palm oil is
accounted for 33% of total edible oil production worldwide
(Basiron 2011). The demand for palm oil is expected to rise
further due to its potential to produce biodiesel and the in-
creasing consumption from the growing world population.
Hence, cultivating high-yielding palms with desired traits is
a pre-requisite to improve the productivity, utilization, and
quality of palm oil. Micropropagation of oil palm via somatic
embryogenesis offers an attractive approach to produce uni-
form planting materials with desired characteristics through
the cloning of elite and true-to-type palms (Paranjothy and
Othman 1982; Muniran et al. 2008). The demand for clonal
plantlets is expected to increase due to its high-yielding per-
formance of at least 25% more oil than commercial seedlings
(Tan et al. 2003). However, large-scale in vitro clonal propa-
gation of oil palm is still problematic as somatic embryogen-
esis in oil palm is still inconsistent, unpredictable, and
genotype-dependent (De Touchet et al. 1991; Duval et al.
1995). These obstacles have become a major bottleneck in
the current oil palm tissue culture technique.
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Somatic embryogenesis is the formation of an embryo
from somatic cell(s) that have undergone re-differentiation
upon acquisition of embryogenic competency, which will
eventually give rise to whole plants under favorable exper-
imental conditions (Namasivayam 2007). The acquisition
of embryogenic competence by somatic cells and the de-
velopment of somatic embryos require the reprogramming
of gene expression patterns due to chromatin remodeling
and methylation changes (Fehér 2005). Efforts in
unraveling the mechanisms of gene regulation during this
developmental process have resulted in the discovery of an
array of genes that are activated or differentially expressed
during somatic embryogenesis (Chugh and Khurana 2002).
Among the genes that have been isolated, the Somatic
Embryogenesis Receptor Kinase gene, also known as
SERK, was deemed to confer embryogenic competency to
somatic cells (Schmidt et al. 1997; Hecht et al. 2001).

SERK encodes a leucine-rich repeat containing receptor-
like kinase (LRR-RLK) protein. This protein plays an impor-
tant role in the transduction of extracellular signals by phos-
phorylating intracellular target proteins during somatic em-
bryogenesis (Schmidt et al. 1997). SERK genes are highly
conserved among different species. They share the same
intron/exon structure that contains 10–11 exons coding for
the domains found in the SERK protein (Schmidt et al.
1997; Hecht et al. 2001). Extensive studies have been carried
out in characterizing SERK genes’ expression from different
plants since the discovery of the first SERK gene fromDaucus
carota (DcSERK) as a potential marker to determine embryo-
genic competence in somatic cells (Schmidt et al. 1997).
While similar observations were reported in Dactylis
glomerata (Somleva et al. 2000), Arabidopsis thaliana
(Hecht et al. 2001), and Musa acuminata (Huang et al.
2010), SERK genes’ expression of other species demonstrated
a broader expression pattern extending to vegetative tissues,
reproductive tissues, and non-embryogenic tissues. For in-
stance, transcripts of both ZmSERK I and 2 of Zea mays were
expressed in embryogenic and non-embryogenic calluses but
absent in somatic embryos (Baudino et al. 2001). TnSERK of
Trifolium nigrescens was expressed significantly higher in
embryogenic culture compared to non-regenerative cultures
(Pilarska et al. 2016) while TcSERK of Theobroma cacao
expressed in both mature somatic and zygotic embryos
(Santos et al. 2005). Other SERK genes were only expressed
up to globular stage embryos in D. carota (Schmidt et al.
1997) and D. glomerata (Somleva et al. 2000); up to the heart
stage in A. thaliana (Hecht et al. 2001); up to the scutellar
stage in Brachypodium distachyon (Oliveira et al. 2017). In
Citrus unshiu (Shimada et al. 2005) and Rosa hybrida
(Zakizadeh et al. 2010), SERK genes were detected through-
out somatic embryogenesis until the plantlet stage, showing a
broader expression profile with relatively uniform expression
in all plant tissues including flower, stem, leaf, and fruit.

Addit ion of exogenous auxin especial ly 2, 4-
dichlorophenoxyacetic acid (2-4D) and naphthaleneacetic ac-
id (NAA) to the media is reported to elevate the expression of
SERK genes substantially. This phenomenon was observed in
D. carota (Schmidt et al. 1997), A. thaliana (Hecht et al.
2001), and Citrus sinensis (Ge et al. 2010), suggesting that
auxin might be a factor regulating the expression of SERK
genes. This finding correlates with SERK’s role as a potential
biomarker for the acquisition of embryogenic competence
since auxin is usually used as a potent inducer of the embryo-
genic response that inhibits cell elongation but enhances cell
division during somatic embryogenesis (Campanoni and Nick
2005). In addition to that, SERK genes also have been reported
to play a role in brassinosteroid signaling (Santiago et al.
2013; Imkampe et al. 2017), defense signaling transduction
(Huang et al. 2010), and most recently reported to control
anther cell fate determination (Li et al. 2017b). These data
collectively provide some evidence that the expression of
SERK is related to the induction of embryogenesis while
may play a broader and unknown role in plant growth and
development.

The above findings have propelled this study to isolate the
first SERK gene orthologue of oil palm (EgSERK I), and to
further unravel SERK’s function during oil palm somatic em-
bryogenesis. As such, we report here the cloning and charac-
terization of EgSERK I cDNA as well as the effects of exog-
enous auxin on EgSERK I expression in an in vitro system.

Materials and methods

Plant materials Six-month-old oil palm cell suspension culture
(CSC) derived from line 3196 (dura x pisifera) was purchased
from Felda Agricultural Services Sdn. Bhd, Kuala Lumpur,
Malaysia, and used for the isolation of EgSERK I cDNA.
Samples used for expression analysis using real-time PCR
were of the same genotype (dura x pisifera) obtained from
different sources as detailed below. For tissue-specific expres-
sion analysis, leaf explant (LE), white embryoid (WE), green
embryoid (GE), globular, torpedo, haustorium, germinating
embryo, female flower (FF), and male flower (MF) were pro-
vided by the Malaysian Palm Oil Board, Selangor, Malaysia
(MPOB). Root (R), meristems (M), and mature leaves (ML)
were harvested from 2-mo-old oil palm (dura x pisifera) seed-
lings obtained from Sime Darby Plantation Sdn. Bhd.,
Petaling Jaya, Malaysia. Embryogenic callus (EC) and non-
embryogenic callus (NEC) derived from leaf explant (dura x
pisifera) were kindly provided by Applied Agricultural
Resources Sdn. Bhd., Petaling Jaya, Malaysia. Embryogenic
callus are usually spherical nodular or friable-like which are
identified morphologically for further subculture onto embryo
development media. The non-embryogenic callus is selected
based on its translucent and slimy morphology at the time of
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sampling. Samples used in the study of exogenous auxin ef-
fects and expression of EgSERK I are detailed as below.

Auxin treatment on leaf explant Young leaves or spear leaves
contained within a cylinder of older leaf petioles or leaf cab-
bage in the center of the palm canopy of two different oil palm
ortets (dura x pisifera) that were obtained from Terengganu,
Malaysia, were used as explants for tissue culture in the auxin
treatment. The cabbage was cut more than 10 cm above the
meristem with an approximate bulge length of 40–70 cm de-
pending on the ortet age (Rohani et al. 2003). The leaf spears
are then cut into three or four segments of 9 ± 1 cm long,
which are referred to as zones. Zone 1 is the nearest to the
spear base and zone 2 is at 9 ± 1 cm apart (Rohani et al. 2003).
In this study, zone 1 and zone 2 leaf explants were cultured on
MS medium supplemented with different concentrations of
auxin, denoted as A, 10 μgL−1 2, 4-dichlorophenoxyacetic
acid (2-4D) and 1 mgL−1 naphthaleneacetic acid (NAA); B,
10 μgL−1 2-4D and 10 mgL−1 NAA; and C, 10 μgL−1 2-4D
and 50 mgL−1 NAA for 1 wk. The expression level of
EgSERK I was assayed at different times, at 0 h (To), 6 h
(6h), 2 d (2d), and at 7 d (7d) after auxin treatment.

Cloning of the full-length EgSERK I cDNA An expressed se-
quence tag (EST), EgZE011B02, derived from an oil palm
zygotic embryo cDNA library (provided by MPOB) was an-
alyzed using the BLAST tool to UniProt (http://www.uniprot.
org) and conserved domain search (CDS) tool from the
National Center of Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov). Two specific primers (TSP-
forward and TSP- reverse; Table 1) that corresponded to the
conserved protein kinase domain were used for the cloning of
EgSERK I cDNA. The full-length EgSERK I cDNAwas ob-
tained by rapid amplification of the cDNA End-PCR (RACE-
PCR) technique using the CapFishing Full-length cDNA kit
(Seegene, Seoul, Korea) according to the manufacturer’s in-
structions. Total RNA from cell suspension culture was ex-
tracted according to Rochester et al. (1986) and used to

synthesize the first strand cDNA by using the M-MLV reverse
transcriptase Superscript II (Invitrogen, Waltham, MA), fol-
lowing the protocol suggested by the manufacturer.

The deduced EgSERK I amino acid sequence was subject-
ed to protein domain analysis via the PSORT (Prediction of
Protein Sorting Signals and Localization Sites in Amino Acid
Sequences; http://psort.nibb.ac.jp; Nakai and Horton 1999)
and PROSITE (www.expasy.org/prosite; De Castro et al.
2006). Multiple alignment of EgSERK I amino acid
sequence and SERK proteins from other plants was
performed using the CLUSTAL W tool (Thompson et al.
1994) in the BioEdit Sequence Alignment Editor Version 7.
0.5.3 software (Hall 1999). The phylogenetic tree was con-
structed using the Neighbor-Joining (NJ) distance method in
MEGA 4 (Molecular Evolutionary Genetic Analysis version
4; Tamura et al. 2007) based on the conserved region spanned
between residues 86 and 585, which included the LRR region
and the kinase domain of the deduced protein from the
EgSERK I sequence. Bootstrapping analysis of 1000 repli-
cates was performed to estimate the confidence level of the
monophyletic groups.

Southern hybridization analysis The CTAB method was used
to isolate genomic DNA from oil palm leaves (dura x
pisifera). Genomic DNA (30 μg for each reaction) was
digested overnight with BamHI and HindIII at 37°C, and
TaqI at 65°C for 1 h following the instructions of the manu-
facturer (Promega, Fitchburg, WI). The digested genomic
DNA samples were fractionated on a 0.8% (w/v) agarose gel
and blotted onto a pre-wet Hybond-N+membrane (Amersham
Biosciences, Buckinghamshire, UK) using an alkaline blot-
ting method. The DNA gel blot was hybridized with two dif-
ferent non-radioactive probes corresponding to the region in
between the subdomain VII-XI to 3’UTR region (UTR probe)
and the complete ORF region (ORF probe), using the NEBlot
Phototope Kit according to the instructions of the manufactur-
er (New England Biolabs, Hitchin, UK). The blots were hy-
bridized overnight (around 16 h) at 60°C with the 3’UTR

Table 1. Sequences of primers used in the cloning of EgSERK I and expression study using real-time PCR and in situ hybridization

Description Forward (5′- 3′) Reverse (5′- 3′)

Cloning of EgSERK I cDNA
TSP GGGCAAAGGGCATTTGATCTTGC ATCGCCTTCGAGCATTCTCACCAC
5′-RACE primer GTCTACCAGGCATTCGCTTCAT –
3′-RACE primer – CTGTGAATGCTGCGACTACGAT
ORF ATGGCGCTCCTGGAGCGG TCATCTGGGGCCAGATAATTCGACTG

Real-time PCR
EgSERK I primers CAATTATGTGGTCCGGGAACAAC GGTGGTGCTGGAGAAATAAATGG
EA1332 TTAAGAATGCTCGGGAAAGG CTACTTCTG TCTGCAATTTTGG
PD380 CTGTTCTAGCTTACCGACTC AAATATAAAGCATTCCTGGACTAAC
PD569 ATCAACCACTCAATCTTCTGG CTTCTGCGTTCATCTTTTGC

In situ hybridization
ORF probe AATTAACCCTCACTAAAGGCTGGGAAAGCTAACAAAA TAATACGACTCACTATAGGCAAATGAACTTCCGGATC
UTR probe AATTAACCCTCACTAAAGGAAGGGCATTTGATCTT TAATACGACTCACTATAGGAATACAATGGCCCCACAG
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probe and at 65°C with the ORF probe, respectively. The
membrane was rinsed twice in low stringency washing solu-
tion (2X SSC, 0.1% (w/v) SDS) for 5 min at room temperature
to wash off the excess probe. The non-specifically bound
probe was then washed off by higher stringency wash (0.5X
SSC, 0.1% (w/v) SDS) at 60°C (UTR probe) or 65°C (ORF
probe) twice for 15 min each.

Real-time PCRThe relative expression of EgSERK I was mea-
sured using real-time quantitative RT-PCR method (Applied
Biosystems, Foster City, CA) with the ABI PRISM 7000
Sequence Detection System (Applied Biosystems) according
to the manufacturer’s instructions. Three endogenous refer-
ence gene candidates were selected using the geNORMmeth-
od (Vandesompele et al. 2002). The three endogenous refer-
ence gene with the highest M-values were EA1332
(EY406625.1 ) , PD380 (unknown pro te in ; Acc :
EL684405.1) and PD569 (superoxide manganese dismutase;
Acc: EL682210.1). Specific primers and probes were de-
signed and synthesized by Sigma-Proligo (Sigma-Aldrich,
St. Louis, MO). The primer set was designed to amplify the
region between 604 bp and 689 bp, which overlappedwith the
SPP (Ser-Pro-Pro) region, a hallmark of the EgSERK I gene,
to avoid amplification of other plant receptor-like kinases
(RLKs). The probe was designed within the region flanked
by the forward and reverse primers and was labeled with a
reporter dye, FAM (6-carboxyfluorescein) and a quencher
dye, TAMRA (6-carboxytetramethylrhodamine) at the 5′ and
3′ end, respectively. First-strand cDNAwas synthesized using
the Quantitect Reverse Transcription Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Independent qRT-PCR runs were conducted with four techni-
cal replicates and results were analyzed using the comparative
delta Ct method (Vandesompele et al. 2002). Student’s t test
was conducted to evaluate the statistical significance in the
differences observed in the EgSERK I gene expression be-
tween young leaf and control (T0).

RNA in situ hybridization In situ hybridization (ISH) was car-
ried out according to the protocol described by Ooi et al.
(2012) . Riboprobes were synthes ized using the
Ampliscribe™ T3 and T7 Flash™ Transcription Kit
(Epicentre® Biotechnologies, Madison, WI) following the
manufacturer’s instructions. Sense and antisense probes for
both 3’UTR and ORF regions of EgSERK I were generated
by designing gene-specific primers incorporating the mini-
mum T3 promoter sequence (5’-AATTAACCCTCACT
AAAGG-3′) and T7 promoter sequence (5’-TAATACGA
CTCACTATAGG-3′), respectively, that are needed for effi-
cient transcription (Table 1). Sense riboprobes for both
3’UTR and ORF were used as negative control. Elongation
factor 1-α (EL687602) of oil palm was used as a positive
control. The NBT-BCIP stained sections were observed with

the digitized automated Leica DM6000 B research
microscope.

Results and discussion

Cloning and sequence analysis of EgSERK I The full-length
cDNA sequence of EgSERK I (GenBank accession no.:
KJ607989) is 2378 bp with the 5’UTR region (358 bp) longer
than the 3’UTR region (130 bp); the putative ORF is 1890 bp
encoding a 629 amino acid (aa) sequence. The putative protein
prediction analysis revealed that the deduced amino acid se-
quence of EgSERK I encodes a number of protein domains
that are typically found in the SERK protein of other plants.
These include the signal peptide, leucine zipper, leucine-rich
repeats, proline-rich region, transmembrane region, kinase do-
main, and C-terminal domain (Fig. 1a). The EgSERK I pro-
tein was predicted as a type I single pass cell membrane pro-
tein due to the presence of a transmembrane domain (between
residues 242 and 265) located between a non-cytoplasmic
region (1–241 aa) and a cytoplasmic region (266–629 aa).

At the N-terminal region of the putative protein sequence
of EgSERK I, the first 28 aa code for a hydrophobic signal
peptide domain with a cleavage point located between 28th aa
and 29th aa as predicted by SignalP 3.0 Server (http://www.
cbs.dtu.dk/services/SignalP, Fig. 1b). This is followed by a
leucine zipper sequence (ZIP) and leucine-rich repeats
(LRR). This LRR region is the primary N-terminal domain
of the extracellular domain and is known as a platform for
the binding of ligands and protein-protein interactions (Kobe
and Deisenhofer 1994; Fig. 1c). The next region is the serine-
proline-proline (SPP) region which is a unique feature for all
SERK proteins that differentiates SERK from other LRR-
RLK proteins (Schmidt et al. 1997; Fig. 1c). The intracellular
domain consists of a protein kinase domain and a C-terminal
domain. This protein kinase domain comprises 11 conserved
subdomains of Ser/Thr protein kinases with a protein kinase

�Fig. 1. Sequence analysis of EgSERK I gene. (a) Schematic drawing of
predicted protein domains present in EgSERK I protein. Exons are
represented as blocks and drawn to scale. SP signal peptide; Zip leucine
zipper; LRR leucine-rich repeat; SPP serine-proline-proline; TM trans-
membrane region; C C-terminal kinase. (b) Prediction of signal peptide
sequence and its confirmatory analysis. (c) Multiple sequence alignment
of predicted amino acid sequence showing sequence similarity of
EgSERK I with reported SERK proteins sequences from other plants.
The shaded area indicates the ZIP domain conserved among EgSERK
and CnSERK proteins. Region highlighted in black is the protein kinase
ATP-binding region signature. The region italicized with gray font is the
serine/threonine protein kinase active site signature. The conserved thre-
onine present in the activation loop (A-loop) of plant serine/threonine
type RLKs is shown in bold . EgSERK (AIC09100.1) from
E. guineesis, CnSERK (AAV58833) from C. nucifera, OsSERK1
(AAU88198) from O. sativa; japonica cultivar-group, ZmSERK1
(CAC37638) from Z. mays, AtSERK1 (NP_177328) from A. thaliana,
DcSERK (AAB61708) from D. carota.
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ATP-binding region signature and the serine/threonine protein
kinase active site signature (Fig. 1c). The EgSERK I protein
shares the same conserved 29 aa residues in the activation
loop (A-loop) with AtSERK 2, CnSERK, OsSERK 1, and
ZmSERK 1. This similarity in the A-loop suggests that
EgSERK I may share common functions with other reported
SERK proteins. Finally, the C-terminal domain; which is rich
in leucine residues, is the second special feature of SERK
proteins after the SPP region. It involved in mediating the
protein-protein interaction necessary for transmission of an
intracellular phosphorylation cascade (Schmidt et al. 1997).

Sequence comparison between the deduced EgSERK I
polypeptide and other SERK proteins revealed that SERK
proteins are indeed well conserved across monocot and dicot
plants, with the highest percentage of identity found in the
kinase domain at the C-terminal while the lowest percentage
of identity was found in the signal peptide and leucine zipper
regions (Table 2). The deduced amino acid sequence of
EgSERK I shows the highest identity to the SERK of Cocos
nucifera (Table 2) as indicated in the phylogenetic analysis
whereby EgSERK I is tightly clustered with the SERK of
C. nucifera with a bootstrap value of 100 (Fig. 2).

Southern analysis Southern analysis was carried out to deter-
mine the copy number of the EgSERK I gene in the oil palm
genome. By comparing the hybridization results obtainedwith
the ORF and UTR probes, many of the ORF-hybridized frag-
ments were of the same size with the UTR-hybridized frag-
ments (Fig. 3A). There were also a few additional ORF-
hybridized fragments in each lane (Fig. 3B, black arrow).
The restriction maps of the UTR and ORF probes showed that
only one BamHI restriction site is present in the UTR probe,
three BamHI restriction sites in the ORF probe but no HindIII

restriction site was present in both probes (Fig. 3C). However,
more than two hybridized fragments were observed on geno-
mic DNA digested with BamHI and HindIII when hybridized
with UTR and ORF probes. This multiple banding pattern
suggests that the oil palm genome likely contains more than
one SERK gene as reported in various plant species. This
observation supported by previous studies indicating that the
SERK gene belongs to a multigene family in plants like
A. thaliana (AtSERK1-5; Hecht et al. 2001), R. hybrida
(RhSERK 1-4; Zakizadeh et al. 2010), Triticum aestivum
(TaSERK1-3; Singla et al. 2008), Vitis vinifera (VvSERK1-3;
Schellenbaum et al. 2008), Z. mays (ZmSERK1–3; Baudino
et al. 2001), and Oryza sativa (OsSERK1–2; Ito et al. 2005).

Expression analyses of EgSERK I – Expression of EgSERK I is
developmentally regulated Overall, the expression pattern
of EgSERK I was different from A. thaliana (Hecht et al.
2001) and D. carota (Schmidt et al. 1997) whereby their
expression was generally found only in embryogenic tis-
sues. In oil palm, EgSERK I mRNA was highly expressed
in leaf explants (or young leaves) and lowest in roots; low
expression of EgSERK I mRNA was detected in cell sus-
pension culture, white and green embryoids. EgSERK I
mRNA was expressed in both embryogenic and non-
embryogenic callus at relatively similar levels (Fig. 4).
This expression pattern was also observed in C. sinensis
whereby the CitSERK1-like gene was highly expressed in
young leaves and moderately expressed in both embryo-
genic and non-embryogenic callus and various kinds of
tissues at different levels (Ge et al. 2010). HvSERK1 and
HvSERK3 of Hordeum vulgare were recently reported to
express highly in leaves (Li et al. 2017a). In M. truncatula,
Nolan et al. (2009) reported that the expression ofMtSERK
I was associated with the procambial cells of vascular tis-
sue. Prior to that, AtSERK I transcripts of A. thaliana were
also found in the procambium and immature vascular cells
(Kwaaitaal and de Vries 2007). The above findings collec-
tively explain the observation of high expression levels of
EgSERK I mRNA in young leaf as this tissue contains
midveins and a network of veins which are mainly made
up from vascular bundles. This leads to the suggestion that
the expression of EgSERK I is not only restricted to em-
bryogenic tissues but its expression also extends to vege-
tative and reproductive tissues. It further implies that the
EgSERK I gene has a broad role in plant growth and
development.

Expression of SERK genes was detected during somatic
and zygotic embryogenesis at variable levels. In D. carota,
the SERK gene expressed in the embryogenic mass until the
formation of small globular somatic embryos of up to 100
cells but ceased thereafter (Schmidt et al. 1997). Meanwhile,
AtSERK I of A. thaliana was expressed for a longer period, in
all cells of the developing zygotic embryo until the heart stage

Table 2. Amino acid similarity and identity between EgSERK I protein
and other known SERK proteins (http://imed.med.ucm.es/Tools/sias.
html)

SERK orthologs Similarity (%) Identity (%)

CnSERK 100 99.04

HvBAK I 96.82 86.66

AtSERK 2 96.98 83.65

DcSERK 85.71 74.76

OsSERK I 97.77 88.41

ZmSERK I 96.98 83.01

OsBISERK I 97.61 87.77

MtSERK I 96.34 85.71

CnSERK (AAV58833) from C. nucifera, HvBAK I (ABN05373) from
H. vulgare, AtSERK I (NP_177328) from A. thaliana, DcSERK
(AAB61708) from D. carota, OsSERK I (AAU88198) from O. sativa;
japonica cultivar-group, ZmSERK I (CAC37638) from Z. mays,
OsBISERK I (AAR26543) from O. sativa; Indica Group, MtSERK I
(AAN64293) from M. truncatula
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Fig. 2. An unrooted neighbor-
joining tree generated from the
multiple sequence alignment of
EgSERK I protein (underlined)
with SERK proteins of other
plants. Phylogenetic analysis is
conducted using MEGA
(Molecular Evolutionary Genetic
Analysis version 4).

Fig. 3. Autoradiograph of
Southern blots analysis
hybridized with UTR probe (a)
and ORF probe (b) of EgSERK I.
Signals present in both a and b
(white arrows). Signals present in
b only (black arrows). Schematic
restriction map of BamHI present
in EgSERK I cDNA (c). Genomic
DNA of oil palm leaves was
digested with BamHI and
HindIII.
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(Hecht et al. 2001). Recently, transcripts of BdSERK 1
(B. distachyon) were found in all developmental stages from
globular until scutellar stages (Oliveira et al. 2017). This tran-
sient expression pattern of SERK observed during embryogen-
esis of A. thaliana and D. carota suggested that SERK genes
may be generally and primarily involved in the induction of
somatic and zygotic embryogenesis but not in the later stages
of embryogenesis (Schmidt et al. 1997; Hecht et al. 2001).
Nevertheless, AcvSERK of Adiantum capillus-veneris was
expressed throughout the embryo development process but
declined during shoot formation (Li et al. 2015). In oil palm,
it is difficult to identify the four morphological stages of

embryogenesis (globular, heart, torpedo, and cotyledonary).
Thus, the four different morphotypes of somatic embryos
(globular, torpedo, haustorium, and germinating embryo) iso-
lated from embryogenic callus cultures were deemed to re-
semble the four morphological stages typically found in most
dicot plants (Rohani and Ong-Abdullah 2003). EgSERK I
transcripts were detected in all four morphotypes at different
levels, with germinating embryoids showing the highest ex-
pression at threefold above that observed in torpedo-shaped
embryoids (Fig. 4). This set of samples was used to study the
location of EgSERK I transcripts using in situ hybridization
(ISH). However, no positive signals were detected in all the

Fig. 4. Relative expression patterns of EgSERK I in different oil palm
tissues (A to O) by real-time PCR. (A) leaf explant (LE); (B) embryogenic
callus (EC); (C) non-embryogenic callus (NEC); (D) cell suspension cul-
ture (CSC); (E) white embryoid (WE); (F) green embryoid (GE); (G)
globular; (H) torpedo; (I) haustorium; (J) germinating embryo; (K) female

flower (FF); (L) male flower (MF); (M) meristem (M); (N) mature leaf
(ML); (O) root (R). Relative expression levels were normalized to house-
keeping genes (EA1332, PD380, and PD569). Data are means ± SE from
three independent experiments (n = 3 each). *P < 0.05 (t test) compared to
LE.
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four morphotypes (data not shown). This may be due to the
low abundance of EgSERK I transcripts. Similar observations
have been reported in M. truncatula (Nolan et al. 2009) and
C. sinensis (Ge et al. 2010) whereby the transcripts of
MtSERK I and CitSERK1-like were detected throughout the
somatic embryogenesis process from globular embryo until
germinating embryo. Nolan et al. (2009) then suggested the
association of MtSERK I expression with the developmental
changes involving cellular reprogramming of somatic cells
during somatic embryogenesis. It provides evidence to the
observation of continuous minimal expression of EgSERK I
is linked to the developmental changes of somatic cell during
somatic embryogenesis through cellular reprogramming.

EgSERK I is upregulated by auxin In oil palm tissue culture,
exogenous application of auxins has proven to efficiently in-
duce callus formation (Roowi et al. 2010). The combinations
of 2-4D and NAA are used because these two auxins are
strong promoters for callus induction and growth. Generally,
2-4D is used at very low concentrations to prevent somaclonal
variation (Saieed et al. 1994). Young leaf was commonly used
as explant in oil palm tissue culture due to its high successful
rates in callusing (Rohani et al. 2003; Roowi et al. 2010). To
elucidate the effect of auxin on EgSERK I expression, we
examined the expression level of EgSERK I in auxin-treated
leaf tissue. An upregulation ofEgSERK I expression (2.5-fold)
was detected after 6 h of auxin exposure, regardless of the
exogenous auxin concentration and explant zones used
(Fig. 5). However, the transcript levels of EgSERK I was sub-
sequently decreased in all three auxin concentrations for both
zones (Fig. 5). Similar expression levels of EgSERK I across
three different auxin concentrations implies that a minimal
auxin concentration (10 μgL−1 2-4D and 1 mgL−1 NAA)
was able to trigger expression of EgSERK I. This observation
coincides with the upregulation expression pattern of three
TaSERK genes (Singla et al. 2008) and SERK I ortholog of

Gossypium hirsutum (Cao et al. 2017) after 2 and 3 h of
incubation in MS media supplemented with 2-4D, respective-
ly. This initial 2-4D ‘shock’ is crucial in triggering
reprogramming and dedifferentiation of explant cells, which
respond swiftly to the addition of auxin, as soon as after 2 h of
incubation, to form callus (Sharma et al. 2008). It provides
insight to the observation of increased expression of EgSERK
I in leaf tissue after 6 h of auxin incubation as initial excitation
period for somatic cells of oil palm leaf explant, to reprogram
and dedifferentiate to form callus.

EgSERK I is associated with callus initiation in oil palm
Somatic embryos are commonly originated from cells ad-
jacent to vascular bundles of leaf as reported in D. carota
and D. glomerata (Schmidt et al. 1997; Somleva et al.
2000). In oil palm, callusing was ini t iated when
perivascular cells started dividing in vascular tissues near
the midvein and cutting edge of the young leaf after about
3–6 mo on callus induction auxin added media (Nur Fatihah
et al. 2012). This callus is termed as primary callus that
serves as a platform for the formation of various forms of
secondary calluses, namely nodular callus and rooty callus
after about 4 mo in culture. Nodular callus is the favored
type of callus owing to its capability to produce friable
embryogenic callus which eventually will form somatic
embryos (Nur Fatihah et al. 2012). In addition to that, a
more recent study on morphological and anatomical chang-
es during acquisition and development of oil palm somatic
embryogenesis (Gomes et al. 2017) has provided more ev-
idence to the findings reported by Nur Fatihah et al. (2012).
Callus formation and development were associated with
vascular bundle adjacent to the edge of the excised ex-
plants, with greater contact between vascular tissues and
auxin present in media. Embryogenic callus was subse-
quently formed at the periphery of the parenchymal tissue
of primary callus (Gomes et al. 2017).

Fig. 5. Relative expression patterns of EgSERK I in zone 1 (nearest to the
spear base) and zone 2 (9 ± 1 cm apart zone 1) of leaf explants on MS
media supplemented with three different concentrations of NAA at
different time points. (A) 1 mgL−1 NAA; (B) 10 mgL−1 NAA; (C)
50 mgL−1 NAA. T0 before treatment, 6H 6 h after treatment, 2D 2 d

after treatment, 7D 7 d after treatment. Relative expression levels were
normalized to housekeeping genes (EA1332, PD380, and PD569). Data
are means ± SE from three independent experiments (n = 4 each).
*P < 0.05 (t test) compared to T0.
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Here, we examined the EgSERK I mRNA localization in
young leaf and suspension culture through in situ hybridiza-
tion. Positive signals were detected in the midvein of young
leaf which is mainly made up of vascular bundles, sclerenchy-
ma tissue, and phloem, using both ORF and UTR riboprobes
(Fig. 6B–C). In suspension culture, EgSERK I mRNA was
detected in relatively large and vacuolated parenchymal cells
located in the middle region of primary callus (Fig. 6E–F).
Similar expression pattern was reported in M. truncatula and
C. sinensis whereMtSERK I was expressed in cells surround-
ing vascular tissues at the cutting edges of the leaf explant
(Nolan et al. 2009), and CitSERK1-like transcript was mainly
found in the vascular cells of different embryos and tissues
(Ge et al. 2010).

To collate the expression profile of the EgSERK I gene,
we showed that the EgSERK I gene was highly expressed
in young leaf and upregulated in leaf tissue after 6 h of
exposure to auxin. EgSERK I transcripts were found to be
located in cells surrounding vascular bundles including
vascular tissues at the cutting edge of leaf explants, and
it was detected in parenchymal cells located in the middle
region of primary callus, which coincides with the callus
initiation point of oil palm. This collectively suggests that
the EgSERK I protein might be involved in transducing
signal to switch on the dedifferentiation process to trigger
cellular reprogramming in perivascular cells and

sclerenchyma cells of vascular bundles in leaf explant to
form primary callus. A different set of genes will then
turn on to confer embryogenic competence in selected
cells of the primary callus clump to form embryogenic
cells that eventually giving rise to somatic embryos.
These data support the hypothesis that EgSERK I may
play an important role during the callus initiation stage
in oil palm tissue culture.

Conclusion

The first full-length cDNA of SERK I in oil palm was
successfully isolated and is 2378 bp in length. The tran-
script comprised a 5’UTR region (358 bp), 3’UTR region
(130 bp), and an ORF region (1890 bp) encoding a 629
aa protein. The overall expression results suggest that
EgSERK I may be associated with callogenesis by trig-
gering cell reprogramming and dedifferentiation of
perivascular cells and sclerenchyma cells surrounding
vascular bundles in leaf explant to form primary callus.
In addition to that, EgSERK I plays a broader role to
maintain plant growth and development. More work on
the functional analysis of the EgSERK I gene is needed
to elucidate the underlying molecular network of oil

Fig. 6. Localization of EgSERK I transcript visualized by in situ
hybridization. Young leaf hybridized with sense riboprobe (negative
control) of UTR (A), antisense riboprobe UTR (B), and antisense
riboprobe ORF (C). Suspension culture hybridized with sense riboprobe
(negative control) of UTR (D), antisense riboprobe UTR (E), and

antisense riboprobe ORF (F). The purple stain or deposit shows the
positive hybridization signal. VB vascular bundle, ST sclerenchyma
tissue, PH phloem, MZ meristematic zone, PC parenchyma cells. A–C
Bar 380 μm; D–E Bar 500 μm; F bar 200 μm
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palm callogenesis which will eventually lead to better
understanding of somatic embryogenesis in oil palm.
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