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IDENTIFICATION OF OIL PALM ROOT-SPECIFIC
GENES THROUGH MINING OF RNA-SEQ DATA
AND RT-qPCR ANALYSIS
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ABSTRACT
Identification of novel genes that are specifically expressed in root is essential for isolation and
characterisation of root-specific promoters. Mining the transcriptome of various oil palm tissue-specific
data generated from ribonucleic acid-sequencing (RNA-Seq) technology has enabled the discovery of root-
specific genes. A total of seven candidates of root-specifically or preferentially expressed genes were selected
from RNA-Seq analysis, and the gene expression profiles were validated using real-time quantitative
polymerase chain reaction (RT-qPCR). The relative fold change of transcript expression in RT-qPCR was
statistically analysed by comparing with root tissues at the in vitro culture stage (RS1). Results showed
that the transcript annotated as an oil palm metallothionine (EgMT) gene was significantly upregulated
at around 7 to 170-fold across the different developmental stages of root tissues. A proline-rich protein
(EgPRP1) transcript was also significantly uprequlated by about 7 to 55-fold. Both EgMT and EgPRP1
transcripts had relatively low expressions in the other tissues studied. The high levels of expression of

EgMT and EgPRP1 in roots highlighted the genes’ promoter’s potential to regulate a strong expression

level of transgenes in a root-specific manner.
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INTRODUCTION

The study of gene expression profiles of cells
and tissues using transcriptome data is essential
in identifying novel genes. Transcriptome is a
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complete set of transcripts, including both coding
and non-coding ribonucleic acids (RNAs) in a
specific type of cell or tissue. Since the last decade,
numerous technologies based on hybridisation and
sequence-based methods have been developed for
generating and quantifying transcriptome. With
the advancement of the sequencing method, RNA
sequencing (RNA-Seq) technology has emerged
as one of the most potent transcript profiling
techniques available to date. RNA-Seq provides
a more accurate measurement of gene expression
and enables the discovery of gene isoforms.
Besides, RNA-Seq can also be used to investigate
splice sites, alternatively spliced isoforms, small
and non-coding RNA (Rivas et al., 2011), single
nucleotide polymorphism and post-transcriptional
modification (Lalonde et al., 2011). This technology
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offers a rapid and comprehensive transcript
profiling technique with considerably less time and
a lower cost (Alpern et al., 2019; Lister et al., 2008;
Oikonomopoulos et al., 2020).

The RNA-Seq technology has been applied
in numerous crops, including oil palm. As a
high yielding source of vegetable oil, palm oil
is widely consumed for edible purposes and
used as feedstock for oleochemicals and biofuels
production. Palm oil accounts for about one-third
of world vegetable oil consumption (Kushairi et al.,
2018), and the demands will continue to increase
due to the growth of the world’s population. The
effort to genetically engineer oil palm with aims
to improve its oil for different oil quality or higher
oil yield has been pioneered by the Malaysian
Palm Oil Board (MPOB) since the mid-90s (Masani
et al., 2018, Masura et al., 2017; Parveez et al.,
2015; Rasid et al., 2020). MPOB has reported a
breakthrough in oil palm research by deciphering
the oil palm genome sequence of the Pisifera fruit
form of Elaeis Quineensis (Singh et al., 2013). A
total of ~1.5 Gb sequences of the 1.8 Gb genome
with the size of 1.05 Mb were released to the
public domain (Low et al., 2017; Singh et al., 2013).
Transcriptome data were also generated, including
those from leaf, inflorescence, pollen, mesocarps,
kernel, roots and shoot (http://genomsawit.
mpob.gov.my), and this endeavour aids the
effort in discovering novel genes of important
traits in various tissues of interest, including
root.

Protection against drought, increased tolerance
to salt, nutrients uptake and increased resistance
to pests and diseases are among the useful traits
that can be produced through modification of root
systems (Li et al., 2019; Potenza et al., 2004). In oil
palm, modification of the root system has been
focused on producing plant resistance to diseases,
particularly basal stem rot that has caused serious
economic losses to the oil palm industry. The
disease is caused by Ganoderma boninense fungus
that develops from airborne spores and spreads
in the soil through the root (Naher et al., 2013).
The adoption of genetic engineering is one of the
biotechnological approaches to control or eradicate
the spread of the disease. Targeting the expression
of fungal resistant genes in oil palm roots could
increase the plant defence system against the
pathogen. In addition to the disease, the oil palm
industry is also to anticipate the effects of climate
change in the future that will result in a decline in
crude palm oil production (Kushairi et al., 2017).
It will likely continue to influence soil properties,
which may affect nutrient uptake by the palms
(Rival, 2017). Therefore, the improvement of root
traits through genetic engineering especially to
maximise nutrients and water uptake, would
increase crop yields, particularly in unfavourable
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environments such as under water shortage and
low nutrient soils (Meister et al., 2014; Wasson et al.,
2012).

To target genetic modification in the root,
promoters or regulatory regions that regulate the
expression of transgenes in a root-specific manner
are required. Several plant root-specific promoters
have been isolated and functionally characterised,
including TobRB7, Pyk10, RCc3, PsPR10, MsPRP2,
GmPRP2, OsGRP7, Os03g01700 and Os02¢37190
(Chen et al., 2014; Jeong et al, 2010; Liu and
Ekramoddoullah, 2003; Nitz et al., 2001; Xue et
al., 2016; Yamamoto et al., 1991). However, many
studies have shown that the promoter efficiencies
in the heterologous system vary considerably,
probably due to the absence of some factors essential
for promoter regulation (Hernandez-Garcia
and Finer, 2014). In oil palm, two root inducible
promoters, derived from metallothionine (MT3-B)
and phosphate transporter (E¢PHT1) genes have
been isolated and characterised (Ahmadi et al.,
2018; Zubaidah and Siti Nor Akmar, 2005). MT3-B
promoter’s activity was induced by the presence
of metal ions, while EgPHT1 was induced under
inorganic phosphate (Pi) deficiency. Although
the strong inducible promoters can be of great
benefit, this characteristic could limit their uses
as root-specific promoters. As plants have several
thousand genes with a vast range of functionalities,
it is not surprising that an astonishingly high
number of promoters and regulatory elements
remain to be discovered (Hernandez-Garcia and
Finer, 2014). This effort would lead to significant
improvement in the regulation of numerous
phenotypes and transgene expression, since a
wide range of promoters is available for extensive
genetic engineering works.

Prior to promoter isolation, the foremost
prerequisite study is to identify genes that are
specifically or preferentially expressed in the
tissue of interest. The availability of oil palm
transcriptome data generated from different tissues
has enabled various analyses to be performed,
including RNA-Seq analysis. The strategy allows
quantification of differentially expressed gene,
resulting in discovery of novel genes beneficial
for genetic engineering work, including promoter
isolation. This study identified two root-specific
promoter candidates from the transcriptome
data through the RNA-Seq analysis and real-
time quantitative polymerase chain reaction (RT-
qPCR) analyses. To our knowledge, this is the
first study to identify oil palm root-specific or
preferentially expressed genes through the mining
of oil palm transcriptome data. The discovery
would lead to the possession of a well-furnished
toolbox of promoters necessary for gene stacking
technologies to address more complex agronomic
traits.
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MATERIALS AND METHODS
Plant Materials

All samples used for RN A isolation were derived
from Elaeis guineensis (Tenera). These include tissues
from roots (at different developmental stages),
mesocarp, kernel, green leaves, young leaves,
inflorescences (male and female), callus, cabbage
and plantlets. All samples were collected from an oil
palm elite planting material, namely P456 clone. The
P456 is a reclone of P164, an MPOB standard clone
that produces high oil yield (8-10 t ha™ yr™). The
clone also has high success rates in tissue culturing
and meagre mantling rates in the field (Zulkifli et al.,
2017).

RNA-Seq Analysis

To identify candidate genes specifically or
preferentially expressed in roots, a total of 144
oil palm transcriptome libraries were used for
differential expression analysis. The in wvitro
transcript analysis was performed using 27 tissue-
specific transcriptome libraries from MPOB that
were submitted to GenBank under BioProject
PRJNA201497 and PRJNA345530 (Singh et al.,
2013), four root libraries from BioProject PRJEB7252
(Ho et al., 2016), 51 libraries from mesocarp at
different development stages (Morris et al., 2020)
(In-house project B), 28 libraries from different
kernel development stages (In-house project B)
(unpublished data) and 34 transcriptome libraries
of roots (In-house project A). In-house project A
contains datasets of roots that were infected with
G. boninense, G. boninense and mycorrhiza, and
controls (no infection) (unpublished data). In-
house project B contains datasets from mesocarp
at 5, 8 10, 12, 15, 18, 20, 22 and 24 weeks after
anthesis (WAA), and kernel at 8, 10, 12, 15 and 18
WAA. All transcriptome libraries were sequenced
using Illumina sequencing technique except
PRJNA201497 and PRJNA345530, which were
generated using Roche/454 GS FLX Titanium
(Roche/454) sequencing platform (Table 1).

The sequencing raw reads were trimmed using
Trim Galore version 0.4.0 with Phred score >20
and length >30 bp. Read-mapping and expression
analysis was performed using Tuxedo suite pipeline
(Trapnell et al., 2009). The reads from each library
were mapped to E. guineensis P5-genome build
(Singh et al., 2013) using Tophat 2.0.9 with an intron
length of 30 bases to 50 kb, followed by assembly
using Cufflinks 2.2.1 with default parameters
(Trapnell et al., 2010). The assemblies of all the
libraries were then merged using Cuffmerge 2.2.1,
and the expression data were processed by Cuffdiff
2.2.1. Geometric fragment per kilobase per million
mapped reads (FPKM) was calculated in Cuffdiff
2.2.1 to normalise the transcript expression levels.
Systematic mining of the transcriptome data to
select candidates for the root-specific promoter was
carried out using Microsoft Excel. Transcripts that
were smaller than 300 bp in length were removed
from further analysis.

Isolation of Total RNA

Total RNA was extracted from 24 different oil
palm tissues, including root tissues collected from
12 month-old tissue culture plantlets (RS1), 16
month-old plantlets that were planted in jiffy pots
in the nursery (RS2), primary and lateral roots from
24 month-old oil palm seedlings (RS3), primary
and lateral roots of 10 year-old oil palm (RS4), male
inflorescences, female inflorescences, green leaves,
young leaves, cabbage, callus, polyembryoids,
plantlets (at tissue culture stage and not rooting yet),
mesocarps and kernels. Isolation of total RNA of
oil palm tissues was carried out using the method
described by Zeng and Yang (2002). This is a simple
method with modifications of the cetyltrimethyl
ammonium bromide (CTAB) buffer and soluble
polyvinylpyrrolidone (PVP). The utilisation of
CTAB was suitable for RNA isolation of oil palm
that contains a high level of phenolic compounds.
The addition of PVP into the extraction buffer
releases the RNA from lipids as the PVP forms
complexes with polysaccharide and polyphenol
compounds. The total RNA was dissolved in the

TABLE 1. OIL PALM TRANSCRIPTOME DATA

Number of Sequencin
RNA-Seq Project trancriptome ‘}at form & Layout Number of reads
libraries P
In-house project A 34 Mlumina paired-end 28.0-77.0M
In-house project B 79 [llumina paired-end 15.0-89.0M
BioProject PRJEB7252 4 Mlumina 1 paired + 3 single 16.0-19.0M
BioProject PRINA201497 22 Roche/454 single-end 0.3-0.6M
BioProject PRINA345530 5 Roche /454 single-end 1.1-1.3M
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nuclease-free water and stored at —80°C. Treatment of
total RNA with RNase-free DNase and RNeasy Mini
Kit (Qiagen USA, Valencia, CA) was carried out to
remove deoxyribonucleic acid (DNA) contamination.
NanoDrop ND-1000 UV-Vis Spectrophotometer
(Thermo Fisher Scientific Inc.) was used to quantify
the RNA quantity and purity. Simultaneously, the
RNA integrity and quality were assessed through
the RNA Quality Number (RQN) using Fragment
Analyser™ (Advanced Analytical Technologies, Inc.).

Real Time-quantitative PCR (RT-qPCR)

First-strand complementary DNA (cDNA)
was synthesised using the High-capacity ¢cDNA
Reverse-Transcription Kit following the instruction
described by the manufacturer (Applied
Biosystems). Reverse transcription was carried
out using 2 ug of total RNA, which yielded about
100 ng of cDNAs. PCR amplification efficiencies
and correlation coefficient (R?) of each primer pair
were calculated using a standard curve generated
using a two-fold serial dilution of the pooled
cDNAs from roots (2, 4, 6, 8, 16 and 32 ng). The
RT-qPCR based on SYBR Green was carried out
using the CFX Connect™ Real-Time PCR Detection
System (Bio-Rad) in 96-well plates. About 16 ng of
cDNA was used in a 20 pL quantitative reaction
mix containing 1x iTaq Universal SYBR Green
Supermix (2X), 0.5 pM of forward primer and
0.5 uM of reverse primer. The protocol for RT-
qPCR is as followed; 95.0°C, 30 min for one cycle
and 30 s at 95.0°C and 30 s at 45.0°C (depending
on the optimal primer annealing temperature)
for 40 cycles. Each sample was analysed in three
technical replicates (n=3). The melting curve for
each amplicon was obtained from 65.0°C-95.0°C
with a 0.5°C increase in temperature at each step.
The relative fold difference of expression for each
sample in each experiment was determined by
normalising the mean cycle quantification (Cq)
value for each gene to the mean Cq value of reference
genes (Gibberellin-responsive protein 2 (GRAS),
pre-messenger ribonucleuc acid (mRNA) splicing
factor 7 (SLU7) and PD00569, and calculated relative
to a calibrator using the 272 method (Livak
and Schmittgen, 2001). The expression profiles of
the transcripts were analysed using BioRad CFX
Manager™ 3.0 software (BioRad). Significance fold
change of expression for each gene was measured
using the Student t-test with p<0.01.

Sequence Analysis

Nucleotide sequences were annotated using
GenBank Plant Reference Sequence (RefSeq)
Database (OLeary et al., 2016) via BLASTn (https:/ /
blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al.,
1997) with default parameters. Functional gene
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annotation was performed by searching the amino
acid or protein sequence homology in a non-
redundant RefSeq protein database (Pruitt et al.,
2005) by using BLASTx (https:/ /blast.ncbi.nlm.nih.
gov /Blast.cgi) alignments with an e-value threshold
of 1°°. Nucleotide and amino acid sequences of
the targeted gene and its counterpart from other
plants that were retrieved from GenBank were
deposited to Vector NTI® software (Thermo Fisher
Scientific Inc.) (Lu and Moriyama, 2004). The open
reading frame of the targeted gene was translated
to the corresponding amino acid sequence by using
a translation tool in the software. Then, multiple
alignments of nucleotides or amino acid sequences
of the targeted gene and its counterpart were
performed using AlignX tool based on the ClustalW
algorithm.

RESULTS AND DISCUSSION

Identification of Putative Root-specific Genes via
RNA-Seq Analysis

RNA-Seq data from the root, shoot, fruit,
inflorescence, pollen, leaf, mesocarp, kernel, pith,
sepal, spikelet, and stalk were used to screen
for candidates for root-specific or preferentially
expressed genes. The transcripts were mapped to
MPOB’s AVROS Pisifera genome P5-build. A total of
51 889 genes with 165 751 isoforms were obtained
from the RNA-Seq analysis. Transcripts smaller
than 300 bp in length were removed, as these
sequences could result in slight over-estimation
of the expression abundance, which could lead to
misinterpretation in the data analysis. The short
reads could have arisen from incomplete contig
assembly (Hsieh et al., 2019) or belong to the small
or non-coding RNA (Liu et al., 2019). The analysis
resulted in the discovery of genes that were
predominantly but not specifically expressed in the
root. Among the 159 490 filtered transcripts, seven
transcripts  (TCONS_00011027,  TCONS_00000859,
TCONS_00140324, TCONS_00083022, TCONS_00044801,
TCONS_00110826, and TCONS_00034877) were found
to be the most highly expressed in root tissues.
These transcripts only had low levels of expression
detected in other tissues (Figure 1) and were therefore
chosen for further analysis. It is noteworthy from the
findings of Evans et al. (1988) that showed that the
efforts in isolating root-specific cDNA clones from
pea were unsuccessful and that they concluded
that root-specific mRNA species (if present) were
only present at very low levels of abundance in root
mRNA populations. Choosing a transcript that has
low levels of expression may not be suitable for the
identification of promoters to regulate transgene
expression, as promoters that possess strong activity
are desired for this purpose.
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Figure 1. Mining of oil palm transcriptome data using the RN A-Seq approach. A total of seven candidate root-specific or root preferential expressed genes
were selected from the in silico analysis. Transcriptome libraries were derived from GenBank BioProject PRINA201497, PRINA345530, PRJEB7252,
root (In-house project A), and mesocarp and kernel from In-house project B. Red and green shades indicate higher and lower expression, respectively.
The colour key indicates the intensity associated with normalised expression value using the FPKM method.

High-quality RNA for RT-qPCR

The expression pattern of the genes selected
through RNA-Seq analysis was further validated
using RT-qPCR analysis. To perform RT-qPCR, the
isolation of high-quality total RNA is essential. In
this study, total RNA was extracted from 24 different
oil palm tissues including root tissues at different
developmental stages (RS1, RS2, RS3 and RS4), male
inflorescence, female inflorescence, green leaves,
young leaves, cabbage, callus, polyembryoids,
mesocarp and kernel. About 3.84-31.35 ug g™ fresh
weight tissue of total RNA was obtained. The total
RNA was of high purity, as the A, ,/A,,, and A,/
A, ratios for all samples were greater than 1.8,
indicating the absence of protein and other organic
compounds (Claros and Canovas, 1999). RNA
integrity and quality were also good, as the RQN
values were relatively high, ranging from 7 to 9
(Table 2).

Tissue Specificity Analysis through RT-qPCR
Analysis

A standard curve of PCR amplification
efficiency and R* was generated for each reference
and target gene. The amplification efficiency value
for all reference and target genes tested was within
the range of 90% and 110%, while the R* value was
>0.98, indicating a positive correlation between the
amount of cDNA template and the cycle threshold
(Ct) values (Bustin et al., 2009). Table 3 shows the
primers used for target genes and the value of
amplification efficiency and R® of the standard curve
generated for RT-qPCR. The temporal and spatial
expressions of targeted genes were evaluated across
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the 24 different oil palm tissues. The quantitative
data for gene expression was normalised to the
expression level of reference genes, namely GRAS,
SLU7 and PD00569, that have been documented
as stable reference genes in oil palm (Chan et al.,
2014; Yeap et al., 2014). The root tissue at the early
development stage (RS1) was used as a calibrator.
The selection of RS1 as a calibrator will give a better
understanding of transcripts expression patterns in
roots. The expression profiles of the genes can be
measured from the earlier to the later stages of root
development, while a significant comparison to
other tissues (non-root) will give a good indication
of their specificity.

Expression analysis of the putative root-
specific genes using RT-qPCR is shown in Figure 2.
The relative fold change of expression was
measured in log, ratio and statistically validated
using t-test with p<0.01. The results showed
that TCONS_00011027 was highly expressed in
RS1 as the average Cq value was detected at 16.
The transcript was highly expressed at the early
stages of root development as no fold change in
expression was observed in RS1, RS2 and lateral
roots of RS3. Although the gene was significantly
downregulated (~6 to 42-fold) at the later stages of
root development [RS3 (primary root) and RS4], its
expression was still relatively high, as the RT-qPCR
amplification plots showed average Cq values at 16
to 22 cycles. Likewise, the transcript also showed
a significant downregulation in the non-root
tissues. However, the transcript’s expression level
in callus, polyembryoids, young and green leaves
overlaps the expression in roots, indicates that it is
not a root-specific or root-preferentially expressed
gene.
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TABLE 2. YIELD AND PURITY OF TOTAL RNA ISOLATED FROM VARIOUS OIL PALM TISSUES

Sample Yield (ug g A260/A280 A260/A230 RNA q‘(‘;gﬁ)"“mber
C 6.29 2.16 213 8.8
CB 19.90 2.06 2.01 8.9
FI 10.27 2.08 1.98 7.8
MI 9.19 2.10 1.95 8.2
GL 1578 2.14 2.00 84
YL 13.92 2.19 2.18 9.0
K15 10.22 2.08 1.80 8.8
M15 19.20 2.06 1.96 9.0
PE 6.10 2.10 1.87 8.6
PL 19.60 2.07 2.11 9.0
RS1 3.84 2.05 1.80 76
RS2 478 2.05 2.10 7.0
RS3 (LR1) 11.40 2.15 2.27 7.9
RS3 (LR2) 28.58 2.08 1.83 7.6
RS3 (LR3) 3073 2.06 2.03 77
RS3 (PR1) 21.08 2.11 2.27 8.8
RS3 (PR2) 3135 2.02 2.18 9.0
RS3 (PR3) 25.95 2.10 2.23 8.6
RS4 (LR1) 15.80 2.14 1.81 8.4
RS4 (LR2) 2422 2.09 2.29 74
RS4 (LR3) 31.06 2.02 221 8.6
RS4 (PR1) 24.47 2.10 228 74
RS4 (PR2) 1251 2.15 225 7.0
RS4 (PR3) 14.70 2.14 1.80 74

Note: C - callus; CB - cabbage; FI - female inflorescence; MI - male inflorescence; GL - green leaves; YL - young leaves; K15 - kernel 15
WAA; M15 - mesocarp 15 WAA; PE - polyembryoids; PL - plantlets; RS1 - root from plantlets (12 months); RS2 - root planted in
jiffy pot (16 months); RS3 (LR1), RS3 (LR2), RS3 (LR3), RS3 (PR1), RS3 (PR2) and RS3 (PR3) - lateral and primary roots in polybag
(24 months); and RS4 (LR1), RS4 (LR2) and RS4 (LR3), RS4 (PR1), RS4 (PR2) and RS4 (PR3) - lateral and primary roots at field
planting (10 years).

TABLE 3. PRIMERS OF PUTATIVE ROOT SPECIFIC GENES FOR RT-qPCR

. Amplification Annealing Amplification Regression
Primer sequence . . L .
Targeted gene (5'-3") length temperature efficiency coefficient
(bp) Q) (%) (R?)
TCONS_00011027 F-TTGGTTGTTGTAGTTCTTCATATTAG 140 48 96.8 0.992
R-GGTGCTGGTCTTCTCAGCCA
TCONS_00000859 F-GCTTCGGCATTGTGACACT 101 50 93.7 0.984
R-GCAGTTGGAGCTGCACTTGC
TCONS_00140324 F-TGGAAAATGGCTTCCAAGTC 146 48 97.1 0.980
R-GATCCAGAAGAAGGTGAGGG
TCONS_00083022 F-GCCTAGGAAACAATCAAGTTTAACG 155 45 105.4 0.993
R-ATACCGGCGGCGCTTGCGATGACATT
TCONS_00044801 F-CACAAATTTCAGACAAGCAGC 156 47 90.9 0.983
R-CAGACTTTCTCACAGACACAGAACA
TCONS_00110826 F-AAGATGAGACGCCACAA 149 51 92.1 0.993
R-CAGACTTTCTCACAGACACAGAACA
TCONS_00034877 F-CCGGACACAAACCACCAACT 139 45 91.1 0.989

R-GGCTTCTCATACGGTTTGGG
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Figure 2. Expression analysis of putative root-specific genes using RT-qPCR. Graphs indicate the expression data of a) TCONS_00011027,
b) TCONS_00000859, c) TCONS_00140324, d) TCONS_00083022, e) TCONS_ 00044801, f) TCONS_00110826, and g) TCONS_00034877.
Y-axis shows the average relative expression of the transcripts calculated using 2**“7 against reference genes. Expression levels of the transcripts
were compared with RS1 as a calibrator. The average quantification cycle (Cq) value of RS1 for TCONS_00011027, TCONS_00000859,
TCONS_00140324, TCONS_00083022, TCONS_00044801, TCONS_00110826, and TCONS_00034877 were 16, 27, 24, 19, 20, 27 and 16,
respectively. Three technical replicates were used for each biological sample. Three biological samples were used for primary and lateral roots in
polybag (24 months) [RS3 (PR1), RS3 (PR2), RS3 (PR3), RS3 (LR1), RS3 (LR2) and RS3 (LR3)] and primary and lateral roots at field planting
(10 years) [RS4 (PR1), RS4 (PR2), RS4 (PR3), RS4 (LR1), RS4 (LR2) and RS4 (LR3)] and one biological sample used for root from plantlets (12
months) (RS1) and nursery stage (planted in jiffy pot (16 months) (RS2), callus (C), male inflorescence (MI), female inflorescence (FI), green leaves
(GL), young leaves (YL), cabbage (CB), polyembryoids (PE), plantlets (PL), mesocarp at 15 WAA (M15) and kernel at 15WAA (K15). Error bars
indicate the standard error of the mean of three technical replicates. Asterisks indicate the significance fold change of transcript expression compared
to RS1 as a calibrator (t-test: p<0.01).

On the other hand, TCONS_00000859 had low compared to most of the root tissues. All

a low expression level in RS1, as the RT-qPCR the non-root tissues had either no significant
amplification plots showed average Cq values at fold change in comparison to RS1 (callus, male
27. However, the gene expression was markedly inflorescence, polyembryoids and plantlets) or
increased across the different developmental stages was significantly downregulated by 6 to 21-fold
of root with a significant upregulation of around (cabbage, female inflorescence, kernel, leaves, and
7 to 170-fold. It was notable that the expression of mesocarp). A similar gene expression pattern was
the transcript in non-root tissues was relatively seen for TCONS_00140324, which had a moderate
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level of expression in RS1 (average Cq value of 24).
In addition to a comparable expression of
TCONS_00140324 in the later stages of root
development [RS4(LR2), RS4(LR3), RS4(PR1)
and RS4(PR2)], a significant upregulation of the
transcript at around 7 to 55-fold was observed across
other developmental stages of the root. Apart from
plantlets that showed no differential expression
with RS1, the transcript was downregulated in
callus, polyembryoids, cabbage, inflorescence,
kernel, mesocarp and leaves by about 9 to 57-fold.
These results were generally in concordance with
RNA-Seq data that showed that TCONS_00140324
and TCONS_00000859 transcripts were observed in
abundance in roots, with low or barely detectable
expression in other tissues.

Over and above, we found that the
TCONS_00083022 and TCONS_00044801 transcripts
were highly expressed in RS1 as an average
amplification plot of Cq was detected at 19 and 20
cycles, respectively. However, TCONS_00083022
was significantly downregulated across all
tissues tested, except in polyembryoids that
showed no significant fold change in expression.
For TCONS_00044801, the transcript was only
upregulated in green leaves, plantlets and RS3
(LR1 and LR2) by about 4-fold while significantly
downregulated in other tissues, including RS2
and RS4. Overall, the expression levels of these
two transcripts in root tissues overlap with the
expression levels in the non-root tissues, indicating
that the genes are not preferentially expressed in
root tissues.

For TCONS 00110826, a noticeable low
expression of the transcript was observed in RS1
with an average Cq value of 27. The transcript
was significantly upregulated in root tissues
of RS3 (LR1 and PR2), RS4 (PR2 and PR3) and
plantlets at around 4 to 6-fold, while significant
downregulation was observed in callus, female
inflorescence and kernel. No significant fold
change in expressions was observed in the other
tissues studied, indicating that the gene expression
was constant but relatively low, even in the root
development samples. For TCONS_00034877, the
gene was expressed in RS1 with an average Cq
value of 16. Although the RT-qPCR profiles in root
had indicated either downregulation of around 4 to
33-fold or no significant fold change in expression,
the expression levels of the gene in root tissues
overlaps with the majority of the non-root tissues.
The gene seems to be constitutively expressed,
suggesting a possible housekeeping role in oil palm
tissues.

Although the RNA-Seq and RT-qPCR data were
generally in agreement, particularly for expression
profiles of TCONS_00000859 and TCONS_00140324,
some results differed. Discrepancies between
the RNA-Seq and RT-qPCR data were

268

observed, particularly for TCONS_00083022,
TCONS_00044801, TCONS_00110826, and
TCONS _00034877. The differences could be

attributed to the different biological samples or
materials used in both platforms. The background
of the biological samples used for the RNA-Seq
experiments varies, as the samples came from
Tenera, Dura or Pisifera palms. In contrast, the RT-
qPCR experiments were conducted using tissue
culture-derived ramets of P456 clone (Tenera
palm) (Zulkifli et al., 2017). The variability of
biological materials derived from different genetic
backgrounds might contribute to the variation in
expression quantification.

Further validation of the transcript expression
profiles through RT-qPCR is essential and
fundamental as this method is highly sensitive for
gene quantification and can be highly sequence-
specific (Costa et al.,, 2013). To further validate
and obtain an accurate result, the RT-qPCR was
conducted using biological materials derived from
the same genetic background with three technical
replicates for each sample. This has increased RT-
qPCR precision, improved experimental variation,
and served to improve confidence as a better
estimation of the mean is provided by the technique
(Sanders et al., 2014).

Selection of Putative Root-specific Genes

Based on spatial and temporal expression
measured by RT-qPCR, the high abundance of
TCONS_00011027 and TCONS_00034877 transcripts
were not only observed in the root but also the
other tissues studied. Based on the annotation to
the non-redundant RefSeq protein database in
Genbank, TCONS_00011027 and TCONS_00034877
were similar to metallothionine (XM_010924034.3)
and early nodulin-75-like genes (ENOD2)
(XM_010942463.1), respectively. In legume, the early
nodulin-75-like ortholog was involved in the early
stages of root nodule development (Franssen et al.,
1987). The gene codes for a proline-rich protein,
which is a part of the structural protein component
of the plant cell wall. Strong expression of the gene
in oil palm may coincide with its role as structural
wall protein involved in important developmental
processes, such as vascular differentiation, wound
healing, or defence response against pathogens
(Wilson et al., 1994). However, it is notable that early
nodulin-like proteins belong to a multigene family.
Although nodulin genes had already been cloned
and sequenced, the functions for many of them
are sparsely described (Tikhonovich and Provorov,
2007).

For TCONS_00083022, the gene showed higher
accumulation in tissue culture samples (callus,
polyembryoids and RS1) and the earlier stages
of root development (RS2 and RS3). While lower
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levels of expression were detected in RS4 and
the other tissues studied. The gene is similar to
pathogenesis-related protein 1 (PR-1) (Genbank
accession no: XM_010940037.3) that belongs to a
multigene family. Pathogenesis-related proteins
(PR) are a structurally diverse group of plant
proteins that are toxic to invading fungal pathogens
(Agrios, 2005). PR-1 protein has been reported to
have antimicrobial activity.

In addition to the pathogen attack response,
PR-1 genes are also responsive to abiotic stimuli,
suggesting their important roles in abiotic stress
response (Breenet al., 2017). The elevated expression
of TCONS_00083022 in tissue culture samples
(callus, polyembryoids) RS1, RS2 and RS3 may be
associated with abiotic stimuli. Controlled stress
in in vitro cultures, such as mechanical injuries,
oxidative stress, and high plant growth regulator
concentrations, may stimulate stress-related genes,
such as PR-1. At the RS2 and RS3 stages, oil palm
seedlings in polybags may also encounter growth
stresses, such as water deficit, dry heat and
low humidity that could interfere with the root
elongation process. In contrast to RS4, which is
planted in peat soil, the high-water table and loose
soil structure of peat soil may have made it easier
for root growth and elongation, likely reducing the
induction of stress-related genes. Interestingly, as
the gene shows expression patterns related to plant
defence response, its promoter may be inducible,
making it useful to fine-tune the expression of
transgenes in response to pathogen attack or abiotic
stresses. On the other hand, TCONS_ 00044801
showed varying expression levels at different
fold changes across all the tissues tested, while
TCONS_00110826 showed relatively low levels of
expression. The roles and regulation of these genes
are yet to be understood as they are classified as
proteins of unknown function.

This study showed that TCONS_00000859
and TCONS_00140324 transcripts were highly
expressed in the root and barely detected in other
tissues. As the results demonstrate the potential
of their promoters to drive strong expression of
transgenes in a root-specific manner, the sequences
of TCONS_00000859 and TCONS_00140324 were
analysed in detail. The first gene, named EQMT
codes for the TCONS_00000859 transcript, had
significant similarity to an oil palm metallothionein
sequence (Genbank accession no: MK557924.1).
The gene belongs to the Class II metallothionein
(MT) gene family. EgQMT has a 192 bp open reading
frame that encodes a 63 amino acid polypeptide
with a theoretical molecular mass of 6.58 kDa
and a pl of 4.65. Multiple amino acid alignments
conducted on EgMT and its counterparts from
other plants such as from Asparagus officinalis
(XP_020267036.1), Fritillaria agrestis (AAB95221.1),
Dracaena cambodiana (ASR83111.1), Ananus comosus
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(OAY84410.1) and Metroxylon sagu (ABA43635.1),
as shown in Figure 3, indicates that sequence
similarity was around 64.06%-70.77%. A detailed
comparison analysis was also carried out between
EgMT and MT3-B sequences (another oil palm
root-specific promoter). Using a pairwise sequence
alignment tool (https://www.ebi.ac.uk/Tools/
psa/emboss_needle/), results showed that these
genes share about 89.60% similarity in their coding
regions and 21.70% similarity in both their 5" and 3’
non-coding regions. This data indicates that EgMT
belongs to another family of oil palm MT genes.
Based on nucleotide search to the National Center
for Biotechnology Information (NCBI), oil palm has
at least five MT genes that belong to different types
of MT (data not shown). The detailed analysis of
EgMT indicated that it contains the C-X-C muotif,
which is essential for effective metal binding. This
cysteine-rich metal-binding protein is vital as MTs
are involved in various cellular functions such as
protection against oxidative stress, zinc and copper
homeostasis, and buffering against toxic heavy
metals (Joshi et al., 2016; Shabb et al., 2017).

Determination of spatial and temporal
expression of EQMT through RT-qPCR indicated
that EgMT is one of the MT types that are
preferentially expressed in the root. The expression
of EgMT was in contrast to a metallothionine
coded by TCONS_00011027 that showed high
abundance in root and other tissues including
callus, polyembryoids, young and green leaves.
Cobbett and Goldsbrough (2002) reported that MTs
of higher plants were classified into several types
(Foley and Singh, 1994; Guo et al., 2003; Reid and
Ross, 1997). The diverse expression patterns
of different MT genes suggest that plant MT
isoforms may differ in sequence and in the
functions they perform in specific tissues (Cobbett
and Goldsbrough, 2002). Although many genes
encoding MTs have been isolated and characterised,
their precise functions and regulation are not
entirely understood (Garcia-Herndndez et al.,
1998). Interestingly, in addition to oil palm MT3-B
that has been documented as an inducible root
promoter, Dong et al. (2010) also reported OsMT-
I-4b as an inducible root promoter from rice. The
potential of EQMT promoter to regulate transgenes in
a root-specific manner is evident by the abundance
of its transcript in root based on RT-qPCR and
RNA-Seq. However, further characterisation of
the promoter via deletion analysis may reveal the
critical regulatory regions of EgQMT that are essential
for root-specific regulation.

TCONS_00140324, coded by a gene named
EgPRP1, is similar to a 14kD proline-rich protein
(Genbank accession no: XM_010908304.3). In
general, proline-rich proteins belong to the hybrid
proline- or glycine-rich protein (HyP/GRP) gene
family that functions as plant-specific and putative
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cell-wall/plasma membrane-associated proteins
(Fujino et al., 2014). The EgPRP1 protein consists
of 132 amino acids, including 14 (11.45%) proline
residues, with a theoretical molecular mass of 13.44
kDa and a pI of 9.27. The protein also consists of
a hydrophobic domain at the N terminus that
represents a signal sequence. The EgPRP1 protein

sequence is most similar (63.91%-93.02% identical)
to a set of putative cell wall-localised proline-rich
proteins isolated from several plant species, such
as Phoenix dactylifera (XP_008808738.1), A. comosus
(XP_020085092.1), Glycine max (XP_003525817.1),
Citrus sinensis (XM_006477171.2) and Sesamum
indicum (XP_011081229.1) (Figure 4).

1
EgMT (1)
AOMT (1)
FaMT (1)
DcMT (1)
AcMT (1)
MsMT (1)

51 66
EgMT  (48) |cKJSSNCTCAGCNCGK
AoMT  (50) |[CKQGTNCTCDGCNCGK
FaMT (45) |CKQASNCTCTGCNCGK
DcMT  (47) |CKQTTNCTCAGCGCGK
AcMT  (51) |CKQGASCTCVDCACGN
MsMT (50) |[CKQGASCACADCTCGI

-MSTCGNCDOADKSQCAKKGNGFGIVITETERSYFEEVIEVA--AATEPD
-MSTCGNICDOADKSQCVKKGNNYGVVIVDTEKSTFEDVVEVADCGENDGK
MSSTCSNCDOADKTNCPKKGNSEFGEVITETDGSYFEEVAE-————— NNPN
-MSSCGNCDCADKSQCMKKGNNYGVVIVETNKCTFEEVIELA---ENDGK
MSDTCGNCDOADKSQCVKKGNGYGVVIVDTEKSYFEDVAEFAASAEHNGK
-MSTCGNCDJADKSQCVKKGNSYGIEIIETEKSYVDHVVEAPAAAKNEGE

50

Figure 3. Multiple sequence alignment of EGQMT with various homologous sequences retrieved by BLASTx analysis. The
EgMT gene showed homology to metallothionein genes from Asparagus officinalis (XP_020267036.1)[ AoMT], Fritillaria
agrestis (AAB95221.1) [FaMT], Dracaena cambodiana (ASR83111.1)[DcMT], Ananus comosus (OAY84410.1)
[AcMT] and Metroxylon sagu (ABA43635.1)[MsMT] with sequence similarity of around 64.06%-70.77%. Multiple
sequence alignment showed conserved C-X-C motifs (highlighted in box). Gaps introduced for best alignment are shown

as dash.
1 50
EgPRP1 (1) MASKSLASTSLLLALNLLFFTLVSSTSVPCPPPP--SKPTPTPSPSSGSK
AcPRP (1) MASKPLAAPALLLTLNLLLFTLVSSKSVPCPPPP--SKPTPTPSPSSG-K
PAPRP (1) MASKPLAAPALLLTLNLLLFTLVSSKSVPCPPPP--SKPTPTPSPSSG-K
GmPRP (1) ----MASKAALLLCLNILFFTVVSSTYVPCNPPP--KVPKHPPSPKQA-S
CsPRP (1) MARVLLAPTALLLSLNLIFFTLVSSTYVPCPPPPPKSHNHHKHPPAPKPT
SiPRP (1) MASRAATSTALLLLENLLFFTMVTSTSVPCPPTP-KTPSHGHGHKHSKAK
51 100
EgPRP1 (49) CPINTLKLGVCAKVLNGLINVSLGKPPKKPCCTLLEGLVDLEAAVCLCTA
AcCPRP (48) CPMNALKLGVCANVLNGLINVSLGKPPKKPCCTLLEGLVDLEAAVCLCTA
PdPRP (48) CPMNALKLGVCANVLNGLINVSLGKPPKKPCCTLLEGLVDLEAAVCLCTA
GmPRP (44) CPKDTLKFGVCADVLG-LINVQLGKPPKTPCCNLIQGLADLEAAVCLCTA
CsPRP (51) CPRDTLKLGVCANVLNDLVHLVVGTPPKTPCCSLIKGLVDLEAAVCLCTA
SiPRP (50) CPKDTLKLGVCANLLNDLVHLVVGTPPKTPCCTLIKGLADLEAAVCLCTA
101 134
EgPRP1 (99) LKASILGIKLNVPVDLSLLLNYCGKKVPAGWKCA
AcPRP (98) LKANILGIKLNLPVDLSLLLNYCGKKVPAGWKCA
PdJPRP (98) LKANILGIKLNLPVDLSLLLNYCGKKVPAGWKCA
GmPRP (93) LKANVLGINLNVPVKLGLLLNYCGKGVPKGEFVCA
CsPRP (101) IKANILGINLNVPVSLSLLLNFCGKKVPSGFQCA
S1iPRP (100) IKANVLGNDLNIPLSLSLLLNYCGKKVPTGFQCA

Figure 4. Multiple sequence alignment of EgPRP1 with various homologous sequences retrieved by BLASTx analysis. The
EgPRP1 gene showed homology to proline-rich protein genes from Ananas comosus (XP_020085092.1)[ AcPRP], Phoenix
dactylifera (XP_008808738.1)[PAPRP], Glycine max (XP_003525817.1)[GmPRP], Citrus sinensis (XM_006477171.2)
[CsPRP]) and Sesamum indicum (XP_011081229.1)[SePRP], with sequence similarity of around 63.91%-93.02%. Gaps

introduced for best alignment are shown as dash.
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A similar expression pattern as EgMT was
observed in the RT-qPCR results. High levels of
expression of EQPRP1 were markedly detected in
roots. The high activity of EQPRPI in roots may
correlate to the PRP function involved in cell and
root elongation. Several studies have described
the discovery of PRP genes with specific or
preferential expression in root. For examples,
the specific expression of Nicotiana tobaccum and
soybean hydroxyproline-rich glycoprotein in the
endodermal cells of the zone that lateral roots
emerge, are necessary to provide the mechanical
strength required for penetrating through the main
root, as the genes are considered to be involved
in cell wall reformation (Ahn et al., 1996) and
hardening (Keller and Lamb, 1989). Several studies
also reported that rice RCc2 and RCc3, alfalfa A9,
maize ZRP3, carrot PRP1, bean PVR5, Vitis vinifera
PRP2, Medicago sativa PRP2, soybean PRP1 and
PRP2 genes, which all encode a proline-rich protein,
are expressed preferentially in the root (Choi et al.,
1996; Ebener et al., 1993; Jeong et al., 2010; Winicov
et al., 2004; Xu et al., 1995). This indicates that the
findings of EQPRPI are in agreement with these
previous studies. On the other hand, a unique
expression of EgPRP1 has also been detected in the
plantlets. The long duration of plantlet cultivation
in tissue culture media triggered various stresses
that may lead to the expression of EQPRPI. The
result is in accordance with previous researches
that showed abiotic and biotic stresses influenced
the expression of the PRP genes (Bhattacharya et
al., 2013; Srinath et al., 2017; Suzuki et al., 1993).
Nonetheless, the comprehensive studies of PRPs
have revealed that PRPs act in various plant growth
processes to meet the functional and physical
requirements of different cell types at different
developmental stages (Jose-Estanyol et al., 1992;
Showalter and Rumeau, 1990). For example, in
addition to the exclusive expression of AtPRP1 and
AtPRP3 in roots, other Arabidopsis PRPs, namely
PRP2 and PRP4 transcripts, were abundant in the
plant’s aerial organs (Bernhardt and Tierney, 2000;
Fowler et al., 1999). PRPs’ promoter’s ability in
driving the gene of interest or reporter genes has
also been studied. Several reports documented
that RCc3, AtPRP1, AtPRP3, MsPRP2 and GmPRP2
can drive the expression of transgenes in a root-
specific manner (Chen et al., 2014; Fowler et al.,
1999; Jeong et al., 2010; Li et al., 2019; Winicov et al.,
2004).

CONCLUSION

The transcript profiling studies through RNA-Seq
have accelerated the discovery of novel root-specific
or preferential genes for promoter isolation. RNA-
Seq data analysis identified seven candidate genes
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that potentially have root-specific or preferential
expression in roots. Validation experiments showed
that in general, the RNA-Seq expression profiles
are correlated well with the RT-qPCR data. Some
of the discrepancies observed were possibly due
to the different biological materials used in both
transcript profiling platforms. Out of the seven
selected candidates, we found two novel oil palm
transcripts, EgMT and E¢PRPI, that were highly
expressed in the root and barely detectable in other
tissues. The results greatly suggest the potential
of EgQMT and EgPRP1 promoters in regulating the
strong expression of transgenes in a root-specific
manner.
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