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Abstract

Cinnamyl alcohol dehydrogenase (CAD) is the key enzyme for lignin biosynthesis in plants. In this study, genome-wide
analysis was performed to identify CAD genes in oil palm (Elaeis guineensis). Phylogenetic analysis was then conducted to
select the bona fide EgCADs. The bona fide EgCAD genes and their respective 5' flanking regions were cloned and analysed.
Their expression profiles were evaluated in various organs using RT-PCR. Seven EgCAD genes (EgCAD1-7) were identi-
fied and divided into four phylogenetic groups. EGCAD1 and EgCAD?2 display high sequence similarities with other bona
fide CADs and possess all the signature motifs of the bona fide CAD. They also display similar 3D protein structures. Gene
expression analysis showed that EgCADI was expressed most abundantly in the root tissues, while EgCAD2 was expressed
constitutively in all the tissues studied. EgCADI possesses only one transcription start site, while EgCAD?2 has five. Interest-
ingly, a TC microsatellite was found in the 5’ flanking region of EgCAD?2. The 5’ flanking regions of EgCADI and EgCAD?2
contain lignin-associated regulatory elements i.e. AC-elements, and other defence-related motifs, including W-box, GT-1
motif and CGTCA-motif. Altogether, these results imply that EgCADI and EgCAD?2 are bona fide CAD involved in lignin
biosynthesis during the normal development of oil palm and in response to stresses. Our findings shed some light on the
roles of the bona fide CAD genes in oil palm and pave the way for manipulating lignin content in oil palm through a genetic
approach.
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Introduction

Lignin is a natural polymer produced by plants to support
their growth and development (Yoon et al. 2015). Accumu-
lation of lignin in the secondary cell wall strengthens the
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cell wall and confers it rigidity, allowing the plant to stand
upright. Studies showed that the accumulation of lignin in
plant tissues enhances drought tolerance (Tu et al. 2020;
Wen et al. 2021). Moreover, lignin also serves an important
role in plant defence by acting as a physical barrier to restrict
pathogen invasion (Ma et al. 2018b; Lee et al. 2019). Vari-
ous important roles of lignin in plants have been reviewed
by Liu et al. (2018b). Despite its crucial biological roles in
plants, lignin negatively affects the quality of animal feed-
stock and products of certain industries such as paper pulp
and biofuels (Hodgson-Kratky et al. 2019; Ladeira Azar
et al. 2020; Chen et al. 2001; Jung and Allen 1995). Hence,
manipulation of lignin content in plants through a transgenic
approach has gained much attention in recent years. Reduc-
tion of lignin content in plant has been attempted by sup-
pressing the expression of lignin biosynthetic genes in order
to improve the saccharification efficiency of plant biomass
(Bryant et al. 2020; Bewg et al. 2016; Poovaiah et al. 2014).
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In most plants, lignin is composed of three main mon-
olignols, namely the coniferyl alcohol, sinapyl alcohol and
p-coumaryl alcohol which produce the G, S and H lignin
units, respectively, upon being integrated into lignin (Wang
et al. 2013). An uncommon caffeyl alcohol that forms C unit
was also reported in the seed coats of vanilla orchid and cacti
under the subfamily Cactoidae (Chen et al. 2013, 2012a).
Recent studies also showed that other phenolic compounds
behave as authentic monolignols and are integrated in the
lignin of some plants (del Rio et al. 2020). The lignin com-
position in plants varies from species to species, with the
dicots having a large portion of the S and G units but trace
amount of H unit, and the monocots demonstrating a higher
amount of H unit, in addition to the S and G units (Chanoca
et al. 2019; Vanholme et al. 2010). Regardless of the types
of canonical monolignols, lignin monomers are synthesised
in plant through the lignin biosynthetic pathway, whose final
step is regulated by cinnamyl alcohol dehydrogenase (CAD;
EC 1.1.1.195) (Xie et al. 2018).

CAD catalyses the reduction of cinnamyl aldehydes into
their corresponding alcohols in the presence of NADPH as
a cofactor. It is encoded by a multigene family with varying
numbers of family members in higher plants. Genome-wide
analysis had discovered 5, 7, 12 and 14 CAD isoforms in
Cucumis melo, Brachypodium distachyon, Oryza sativa and
Sorghum bicolor, respectively (Saballos et al. 2009; Jin et al.
2014; Tobias and Chow 2005; Bukh et al. 2012). Phyloge-
netic analysis shows that the CAD from higher plants could
be divided into three to seven groups, depending on the
sequences used in the analysis (Bukh et al. 2012; Jin et al.
2014; Ma 2010; Deng et al. 2013). Regardless of the number
of groups that appeared in the phylogenetic tree, members of
group I CAD are regarded as the bona fide CADs associated
with lignin biosynthesis in plants. Examples of the bona fide
CAD from higher plants are SbCAD2 from Sorghum bicolor,
OsCAD?2 from Oryza sativa, PtoCADI from Populus tomen-
tosa, ZmCAD?2 from Zea mays, etc. (Park et al. 2018; Liu
et al. 2021a; Saballos et al. 2009; Chao et al. 2014).

Functional studies of CAD genes in various plants demon-
strated the crucial roles of CAD in lignin biosynthesis. Gen-
erally, these studies were conducted through gain- or loss-of-
function analyses (Martin et al. 2019; Preisner et al. 2014).
Overexpression of CAD gene always leads to ectopic deposi-
tion of lignin in plant tissues (Li et al. 2019; Ma et al. 2018a).
Additionally, overexpression of LiuCADI from Liriodendron
tulipifera rendered the Arabidopsis cad4 cad5 double mutant
to regain lignin content similar to that of wild-type plants (Xu
et al. 2013). In contrast, suppression of CAD resulted in a sig-
nificant reduction of lignin content in plants as observed in
transgenic switchgrass, medicago and poplar (Saathoff et al.
2011a; Van Acker et al. 2017; Zhao et al. 2013). It is worth
noting that the brown midrib phenotype reported in maize
and sorghum mutants is due to a natural mutation in the CAD
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gene or reduced CAD expression (Tsuruta et al. 2010; Chen
et al. 2012b; Li and Huang 2017). More recently, Yamamoto
et al. (2020) also reported that the formation of atypical red-
coloured wood in the Sekizaisou variety of mulberry plant is
associated with a mutation in the CAD] gene.

Apart from serving important functions in plant develop-
ment, CAD genes also play important roles in plant defence
and adaptation to stresses (Tronchet et al. 2010; Kim and
Huh 2019). Many studies showed that the expressions of
CAD genes were upregulated in response to various stim-
uli, including low temperature, wounding, phytohormones,
pathogens and UV light (Jin et al. 2014; Park et al. 2018;
Kim et al. 2010; Cheng et al. 2013). The critical role played
by TaCADI2 in resistance to sharp eyespot disease has
been demonstrated through overexpression and silencing of
the gene in wheat plants (Rong et al. 2016). Furthermore,
improved heavy metal tolerance was observed in Arabidop-
sis plant overexpressing a SaCAD gene from Sedum alfredii
(Qiu et al. 2018). Liu et al. (2020) also have revealed that the
CmCAD2 and CmCAD?3 from Cucumis melo played a major
role in drought tolerance in transgenic Arabidopsis plants.
Meanwhile, the host plant displayed enhanced drought
sensitivity when the genes were silenced individually and
combined. Together, these studies underscored the crucial
roles served by CAD genes in plant adaptation to biotic and
abiotic stresses.

Despite being well studied in various staple crops, CAD
is not well studied in oil crops. To our knowledge, there is
no report on the study of CAD genes in oil palm, an oil crop
that largely contributes to the edible oil in the world market.
Hence, we performed a genome-wide analysis to identify the
members of the CAD gene family in oil palm. The bona fide
CAD genes and their respective promoters were cloned and
analysed in this study.

Materials and methods

Identification of putative EgCAD genes in oil palm
genome

Sequences of AtCAD4 and AtCADS, the bona fide CAD
from Arabidopsis thaliana, were used as query to identify
potential EgCAD genes from the oil palm genome through
tBLASTn in National Center for Biotechnology Information
(NCBI). The identified potential EgCAD genes were exam-
ined for the presence of cinnamyl-alcohol dehydrogenase
(CAD) domain or medium-chain dehydrogenases/reductases
(MDR) superfamily domain using the Conserved Domain
Database in NCBI.
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Identification of bona fide EgCAD genes
through phylogenetic analysis

The amino acid sequences of CAD family members from
Arabidopsis thaliana, Oryza sativa and Brachypodium dis-
tachyon were retrieved from NCBI and Phytozome database
(https://phytozome-next.jgi.doe.gov/). A phylogenetic tree
was constructed using the Maximum Likelihood method
based on the JTT matrix-based model in the MEGA7 soft-
ware. The amino acid sequences of CADs used in the phylo-
genetic analysis are presented in Online Resource 1.

Plant materials

The oil palm material (variety pisifera, 367 P) used in the
cloning of bona fide EgCAD genes and their 5’ flanking
region sequences was sampled from the Malaysian Palm Oil
Board (MPOB) Kluang Research Station (GPS coordinates:
1.956501, 103.372014) situated in Johor, Malaysia. The oil
palm samples, including the coleoptile and primary root of
germinated seed, young leaf and young root of 1-year-old
seedling, immature fruitlet and mesocarp tissue of develop-
ing fruit collected from the MPOB/UKM Research Station
(GPS coordinates: 2.906570, 101.783928) located in Selan-
gor, Malaysia were used to study the expression profile of
bona fide EgCAD genes.

Extraction of nucleic acids and cDNA synthesis

Total RNA samples were extracted from various organs of
oil palm as described in the study by Yusuf et al. (2018b).
For the samples used in gene expression analysis, cDNA
was synthesized from 3 pg of total RNA using RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific, USA).
Genomic DNA was isolated from the oil palm root tissues
using Genomic DNA Mini Kit (Geneaid, Taiwan) according
to the suggested protocol.

Cloning of the ORFs of EgCAD1 and EgCAD2 genes

The ORFs of EgCADI and EgCAD?2 genes were ampli-
fied from the cDNA derived from root tissue by PCR. The
reaction mixture contained 1 X Phusion HF buffer, 0.2 mM
of dNTPs, forward and reverse primers 0.5 uM each, 2 pL.
of cDNA template, 1 unit of Phusion DNA Polymerase
(Thermo Scientific, USA) and dH,0 to a final volume of 50
pL. The primers used in PCR are listed in Online Resource
2. The primers were designed to anneal to the 5’ and 3' UTRs
of the target genes in order to obtain the sequence of the

entire ORF. The PCR was performed using the following
thermal cycling profile: 98 °C (30 s); [98 °C (10 s), 62 °C
(15's), 72 °C (50 s)] x 35 cycles; 72 °C for 5 min. The gel
purified PCR products were cloned using CloneJET PCR
Cloning Kit (Thermo Scientific, USA) and sequenced by
First BASE Laboratories Sdn Bhd (Selangor, Malaysia).

In silico analysis

The molecular weights and the theoretical isoelectric points
(pD) of EgCADs were predicted using the ProtParam tool at
the ExPASy website (web.expasy.org/protparam). The mul-
tiple sequence alignment was performed using the ClustalW
method in BioEdit version 7.0. The amino acid sequences
of bona fide CADs used in the multiple sequence align-
ment were retrieved from the NCBI and Phytozome. The
GenBank/Phytozome accession numbers of the sequences
used are: ZmCAD2: CAA06687, SbCAD2: XP_021314961,
OsCAD2: Q6ZHS4, BACADS: Bradi3g06480 (Phytozome),
AtCADA4: At3g19450 (Phytozome), AtCADS: At4g34230
(Phytozome), EgCAD1: XP_010932224 and EgCAD?2:
XP_010943210. The 3D structures of bona fide EgCADs
were constructed based on the crystal structure of AtCADS
(SMTL ID: 2c¢f5.1.B) using SWISS-MODEL (https://swiss
model.expasy.org/).

Expression profile analysis

The expression profiles of bona fide EgQCAD genes were
studied by semi-quantitative PCR in various plant organs
collected from oil palm at different developmental stages.
The oil palm GAPDH gene (accession number: DQ267444)
was used as the reference gene. The PCR was performed in a
total volume of 20 pL reaction mixture consisting of 1 X Tag
Buffer, 2 mM MgCl,, 0.2 mM dNTPs, forward and reverse
primers 0.2 pM each (Online Resource 2), 50 ng cDNA, 0.5
unit Tag DNA Polymerase (Thermo Scientific, USA) and
dH,0. The PCR profile used is as follows: 95 °C (3 min);
95 °C (20 s), 58 °C (25 ), 72 °C (25 ) for 28 cycles; 72 °C
(5 min). The PCR products (5 uL) were resolved on 1.5%
TAE agarose gel and documented.

Cloning and sequence analysis of the 5’ flanking
regions of EQCAD1 and EgCAD2 genes

To obtain the regulatory sequences of EgCADI and
EgCAD2, approximately 1.5 kb of the 5’ flanking regions
of EgCADI and EgCAD?2 were amplified by PCR. The PCR
components in the reaction mixture are identical to that used
in ORF amplification, as stated in the section describing the
cloning of ORFs, except that 100 ng of gDNA was used as
the template and the primers used were shown in Online
Resource 2. Forward primer was designed to bind at the
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position approximately 1.5 kb upstream of the ORF, while
the reverse primers bind to the ORF of the target gene. The
thermal cycling profile used is also the same as the previ-
ous one, except that the annealing temperature was set to
60 °C (EgCADI) or 62 (for EgCAD?2) and the extension step
was prolonged to 45 s. The PCR products were cloned and
sequenced in the same way as stated in the section describ-
ing the cloning of ORFs. The cis-acting elements present
in the 5' regulatory regions of EgCADI and EgCAD?2 were
searched from PlantCARE online database (Lescot et al.
2002) and identified manually based on information from
published studies.

Determination of the transcription start sites
of EgCAD1 and EgCAD2 genes

The transcription start sites (TSS) of EgCADI and EgCAD2
genes were determined using 5’ Rapid Amplification of
cDNA Ends (RACE) method. The cDNA template for 5’
RACE was synthesized from 1 pg of total RNA isolated
from young leaf sample using the Template Switching RT
Enzyme Mix (NEB, USA) and the primers listed in Online
Resource 2 based on the protocol recommended by New
England Biolabs. The 5 RACE-PCR was performed in a
50-uL PCR mixture containing 1 X Phusion HF buffer,
0.2 mM of dNTPs, 0.5 uM TSO-specific primer, 0.5 uM
GSP1 or GSP2 primer (Online Resource 2), 2 uL. of RACE

Table 1 Details of EgCAD genes in oil palm genome

template, 1 unit of Phusion DNA Polymerase (Thermo Sci-
entific, USA) and dH,0. The PCR thermal cycling profile
used was 98 °C for 30 s, followed by 35 cycles of denatura-
tion at 98 °C for 10 s, annealing at 63 °C for 30 s, extension
at 72 °C for 40 s and finally, a 5-min final extension step at
72 °C. The PCR products were cloned and sequenced as
described in previous section.

Results

There are seven EgCAD genes in the oil palm
genome

Initially, eight loci annotated as CAD were identified in
the oil palm genome through tBLASTn. However, a close
examination of the protein sequences encoded by these loci
revealed that the CAD conserve domain was absent in one of
the protein sequences examined (Online Resource 3). There-
fore, only seven loci (EgCAD1-7) were considered as puta-
tive CAD, while the gene that lacks the CAD conserved
domains was regarded as a pseudogene. The EgCAD genes
possess open reading frames (ORF) of varying sizes, rang-
ing from 1068 to 1128 bp. The ORFs of EgCAD1-7 can be
translated into polypeptides consisting of 355 to 375 amino
acids, with an average molecular weight (Mw) of 39.3 kDa
and a theoretical isoelectric point (pI) between 6.08 and
7.55 (Table 1). Analysis of the gene location showed the
EgCADI-7 genes were distributed unevenly across the 16
chromosomes of oil palm. In short, three EgCAD genes are
located on chromosome 4, one each in chromosomes 10 and
11, and two are unknown (Table 1).

Gene Accession Locus Chromosome Domain ORF (bp) Amino acid MW (kDa) pl
EgCADI XM_010933922 LOC105052938 10 PLN02514 1071 356 38.5 6.15
0OK539815%
EgCAD2 XM_010944908 LOC105061001 Unknown PLNO02514 1074 357 38.8 6.08
0OK539816*
EgCAD3 XM_010943394 LOC105059896 Unknown c131545 probable cinnamyl alcohol 1110 369 39.8 6.79
dehydrogenase
EgCAD4 XM_010921792 LOC105044021 4 ¢d05283 Cinnamyl alcohol dehydro- 1077 358 39.1 6.18
genases (CAD)
EgCADS XM_010920701 LOC105043232 4 ¢d05283 Cinnamyl alcohol dehydro- 1128 375 41.8 6.75
genases (CAD)
EgCAD6 XM_010920760 LOC105043276 4 ¢d05283 Cinnamyl alcohol dehydro- 1068 355 38.6 6.75
genases (CAD)
EgCAD7 XM_029267211 LOC105054383 11 ¢d05283 Cinnamyl alcohol dehydro- 1068 355 38.8 7.55

genases (CAD)

#Sequence obtained through cloning in present study
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EgCAD1 and EgCAD2 encoded for bona fide CAD of oil palm, indicated with the filled circle (@) in Fig. 1,

in oil palm

were distributed in four different groups. Group I comprises
EgCADI1, EgCAD?2, and the well-studied bona fide CADs

To identify the bona fide EgCAD gene(s) responsible for  from Arabidopsis (AtCAD4 and AtCADS), Brachypodium
lignin biosynthesis in o0il palm, we performed a phylogenetic =~ (BACADS) and rice (OsCAD2). Group Il is a dicot-specific
analysis on the seven EgCADs and the CAD family mem- group that contains only the CAD members from Arabi-

bers from Arabidopsis thaliana, Oryza sativa and Brachy-  dopsis, without any CAD members from monocots. Hence,
podium distachyon. The CAD family members from higher =~ none of the oil palm EgCADs was found in this group. Next,
plants were classified into five major groups based on phylo-  group IIl is the largest group that contains the CAD members

genetic analysis. The phylogenetic tree shows that the CADs  from both monocot and dicot species. While multiple CAD

Fig. 1 Phylogenetic analysis

of CADs from oil palm (Elaeis
guineensis) and selected higher
plants. The analysis involved
35 amino acid sequences of
CADs from Elaeis guineensis
(Eg), Arabidopsis thaliana (At),
Oryza sativa (Os) and Brachy-
podium distachyon (Bd). The
nomenclature of CADs used in
present study is according to
Kim et al. (2004) for Arabidop-
sis thaliana, Tobias and Chow
(2005) for Oryza sativa, and
Bukh et al. (2012) for Brachy-
podium distachyon. The phy-
logenetic tree was constructed
using the Maximum Likelihood
method in MEGA7 with 1000
bootstrap replicates. Numbers
shown at the nodes represent
the bootstrap values. The tree
is drawn to scale, with branch
lengths measured in the number
of substitutions per site

members from each of the species included in this analysis
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were clustered in group III, only EgCAD3 from oil palm fell
into this group. Contrary to group II, group IV only consists
of the CAD members from monocot species, i.e. BACADI,
OsCAD6 and EgCADA4. Last, group V also encompasses the
CAD members from monocot and dicot species. Three oil
palm CAD members, namely the EgCADS, EgCADG6 and
EgCAD7, belonged to this group. From the result of the
phylogenetic analysis, EgCADI and EgCAD?2 are suggested
to be the bona fide CAD genes in oil palm.

In silico analysis of bona fide EgCAD genes

Prior to the characterization of the bona fide EgQCAD genes,
we cloned the ORFs of EgCADI and EgCAD?2 to validate
their sequences. The sequences were deposited in GenBank
under the accession numbers OK539815 for EgCADI and
0OK539816 for EgCAD?2. Our sequencing results revealed
minor differences in the cDNA sequence of EgCAD] obtained
through cloning compared to the respective sequence of the
gene (LOC105052938) retrieved from the oil palm genome
sequencing project. The variances were observed at positions
216 and 843 (relative to the first nucleotide of ORF), which
the C*'° and G® in EgCADI sequence retrieved from the
genome database appear to be T>'® and C®* in the sequence we
cloned. However, these differences do not change the encoded
amino acid sequence. On the other hand, the sequence of
the cloned EgCAD?2 was identical to the respective sequence
(LOC105061001) in the oil palm genome database. Next, char-
acterization of the bona fide EgCAD genes were performed
based on the sequences we obtained through cloning.
EgCADI1 and EgCAD?2 share 81.64% sequence iden-
tity at the protein level. BLASTp analysis showed that
EgCADI shares 81.07% identity with the CAD2 of Phal-
aenopsis equestris (accession no.: XP_020592027), while
EgCAD?2 and the CADI1 of Ananas comosus (accession no.:
OAY67853) exhibit a higher identity at 86.8%. To better
compare the bona fide CADs from oil palm and other higher
plant species, we aligned the protein sequences of EGCAD1
and EgCAD?2 together with the selected bona fide CADs
that had been well studied. The multiple sequence alignment
analysis revealed that EGCAD1 and EgCAD?2 share the same
signature motifs of CAD with other bona fide CADs (Fig. 2).
Notably, the presence of Zn1-binding motif and Zn2-binding
motif with the consensus sequences GHE(X),G(X);G(X),V
and GD(X),,C(X),C(X),C(X),C, respectively, in EgCAD1
and EgCAD2, indicating these EgCADs are Zn-dependent
dehydrogenases which belong to the medium-chain dehydro-
genase/reductase superfamily. The analysis also revealed that
a glycine-rich motif GXG(X),G known to be the binding site
of a cofactor, i.e., NADPH was well conserved in EgCAD1
and EgCAD?2. Apart from that, EGCAD1 and EgCAD?2 also
contained the amino acid residues corresponding to the
Ser211, Ser212, Ser213, Lys216 and Gly275 in AtCADS,
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which were found to have a direct interaction with the cofac-
tor (Youn et al. 2006).

We also examined the 12 amino acid residues constituting
the substrate-binding pocket of CAD as identified by Youn
et al. (2006) in AtCADS. The amino acid residues forming the
substrate-binding pocket of EgCAD1 and EgCAD2 were highly
similar to that of AtCADS (Fig. 2). Only two amino acids (Val96
and Val301) differ in EgCAD], and one (Val95) for the case of
EgCAD2 when compared to AtCADS. Interestingly, the 1le300
in EgCAD?2 (equivalent to Ile300 in AtCADS) was replaced by
Val301 in EgCAD1. Although the amino acid substitution was
conservative, it resulted in a greater substrate-binding pocket
in EgCADI, suggesting that EGCAD1 has a greater substrate
versatility than EgCAD2. Next, we constructed the three-dimen-
sional (3D) models of EgCAD1 and EgCAD?2 proteins through
homology modelling to examine their structures (Fig. 3). As
anticipated, EgCADI1 and EgCAD?2 share a very similar pro-
tein structure with AtCADS. Both 3D models were homodi-
mers consisting of the nucleotide-binding and catalytic domains
(Fig. 3a, b). Furthermore, the homodimers also contained the
zinc ions required for its catalytic activity. A close examination
of the 3D models also revealed that the f strand (BF) of the two
subunits interacted with each other to form a dimmer in both
EgCADs studied (Fig. 3a, b). The difference in the structures
of the substrate-binding pockets of EGCADI1 and EgCAD?2 is
clearly displayed in Fig. 3c, d. Judging by the features displayed
by the EgCAD1 and EgCAD?2 protein models, it is suggested
that the two EgCAD:s studied are bona fide CAD.

The bona fide EgCAD genes exhibited different
expression behaviours in oil palm

To infer the role of bona fide EgCAD genes in oil palm, we
analysed the expression profiles of EgCADI and EgCAD2
genes in various organs, including the vegetative and reproduc-
tive parts of oil palm (Online Resource 4), by semi-quantitative
PCR. Surprisingly, the two EgCAD genes displayed two dis-
tinct expression patterns (Fig. 4). EgCADI manifested varying
expression levels in different oil palm organs, and the highest
gene expression level was observed in the primary root of ger-
minated seeds. The gene was also abundantly expressed in the
coleoptile of germinated seeds and the young root tissues of
1-year-old plants. In addition, the transcript of EgCADI was
also detectable in immature fruitlets and, to a lesser extent, in
young leaf tissues collected from 1-year-old seedlings. How-
ever, no expression of EgCAD] was observed in the mesocarp
tissue of developing fruits. Contrary to EgCAD1, EgCAD?2 was
expressed at high levels in all the organs studied regardless
of the plant's developmental stage, reflecting its importance
in lignin biosynthesis. Together, the gene expression profiles
suggest that EgCAD?2 play a predominant role in monolignol
production in oil palm, and it is aided by EgCAD] in certain
tissues, particularly in root tissues.



3 Biotech (2022) 12:149

Page70f19 149

ZmCAD2
SbCAD2
OsCAD2
BdCADS
AtCAD4
AtCADS5
EgCAD1
EgCAD2

ZmCAD2
SbCAD2
OsCAD2
BdCADS
AtCAD4
AtCADS
EgCAD1
EgCAD2

ZmCAD2
SbCAD2
OsCAD2
BdCADS
AtCAD4
AtCADS
EgCAD1
EgCAD2

ZmCAD2
SbCAD2
OsCAD2
BdCADS5
AtCAD4
AtCADS
EgCAD1
EgCAD2

ZmCAD2
SbCAD2
OsCAD2
BdCADS
AtCAD4
AtCADS
EgCAD1
EgCAD2

Fig.2 Amino acid se
the bona fide CADs

(BACADS) and Arabidopsis thaliana (AtCAD4 and AtCADS).

The identical amino

10 20 30 40 50 60 70 80
B T T T o P N [ (o PP IR IR I IO [PUPRRR (DR
MGSLAS-ERKVVGWAARDATGHLSPYSYTLRNTGPEDVVVKVLYCGICHTDIHQAKNHLGASKYPMVPGHEVVGEVVEV

MGSLAS-ERKVVGWAARDATGHLSPYTYTLRNTGPEDVVVKVLYCGICHTDIHQAKNHLGASKYPMVPGHEVVGEVVEVG
MGSLAA-EKTVTGWAARDASGHLTPYNYTLRKTGPEDVVVKVLYCGICHTDIHQAKNHLGASKYPMVPGHEVVGEVVEVG
MGSIASEERTVTGWAARDADGHLSPYTYTLRKTGPEDVLVKVLYCGICHTDIHQAKNHLGASKYPMVPGHEVVGEVVEVG
MGSVEAGEKKALGWAARDPSGVLSPYSYTLRSTGADDVYIKVICCGICHTDIHQIKNDLGMSNYPMVPGHEVVGEVLEVG
MGIMEA-ERKTTGWAARDPSGILSPYTYTLRETGPEDVNIRIICCGICHTDLHQTKNDLGMSNYPMVPGHEVVGEVVEVG
MAGAGSNNRDITGWAARDASGVLTPYTYALRETGPEDVFIKVLYCGICHTDIHQAKNHLGMSNYPMVPGHEVVGEVVEVG

MGSVES-ERLVTGWAARDPSGFLSPYTYTLRKNGPEDVVIKVLYCGICHTDLHQSKNHLGMSNYPMVPGHEVVGEVVEVG

A A A A - .
Zn1 binding motif

90 100 110 120 130 140 150 160

T T T e IR T S S L [E P B |
PEVAKYGVGDVVGVGVIVGCCRECSPCKANVEQYCNKKIWSYNDVYTDGRPTQGGFASTMVVDQKEFVVKIPAGLAPEQAA

PEVSKYGVGDVVGVGVIVGCCRECSPCKANVEQYCNKKIWSYNDVYTDGRPTQGGFASTMVVDQKFVVKIPAGLAPEQAA
PEVTKYSAGDVVGVGVIVGCCRECHPCKANVEQYCNKRIWSYNDVYTDGRPTQGGFASAMVVDQKFVVKIPAGLAPEQAA
GEVSKYSAGDVVGVGVIVGCCRECRPCKASVEQYCNKRIWSYNDVYTDGRPTQGGFSSAMVVDQKFVVRIPAGLAPEQAA
SDVSKFTVGDVVGVGVVVGCCGSCKPCSSELEQYCNKRIWSYNDVYTDGKPTQGGFADTMIVNQKFVVKIPEGMAVEQAA
SDVSKFTVGDIVGVGCLVGCCGGCSPCERDLEQYCPKKIWSYNDVYINGQPTQGGFAKATVVHQKFVVKIPEGMAVEQAA
SKVSKFRVGDTVGAGVIVGCCRACGPCKGNIEQYCNKRIWSYNDVYTDGKPTQGGFASAMVVDQKFVVKIPDGLAPEQAA
REVSKVRVGDVVGAGVIVGCCRECGSCKANIEQYCNKRIWSYNDVYTDGKPTQGGFASAMVVDQKEFVIKIPSALAPEQAA

A
Zn2 binding motif
170 180 190 200 210 220 230 240
T T L L S o ey B P IRTPIPIYY IPUIPUPYY [P [P (PSP PP
PLLCAGVIVYSPLKHFGLTTPGLRGGILGLGGVEHMGVKVAKAMGHHVTVISSSSKKRAEAMDHLGADAYLVSSDAAAMG

PLLCAGVTVYSPLKAFGLTAPGLRGGIVIGLGGVGHMGVKVAKAMGHHVTVISSS SKKRAEAMDHLGADAYLVSTDAAAMA
PLLCAGLTVYSPLKHFGLMSPGLRGGVLGLGGVGHMGVKVAKSMGHHVTVIISSSARKRGEAMDDLGADAYLVSSDAAAMA
PLLCAGVTVYSPLKHFGLMSPGLRGGILGLGGVGHMGVKVAKSMGHHVTVIISSSGKKRAEAMDDLGADAYLVSSDADQMA
PLLCAGVTVYSPLSHFGLMASGLKGGILGLGGVGHMGVKIAKAMGHHVTVIISSSDKKKEEAIEHLGADDYVVSSDPAEMQ
PLLCAGVTVYSPLSHFGLKQPGLRGGILGLGGVGHMGVKIAKAMGHHVTVIISSSNKKREEALQDLGADDYVIGSDQAKMS
PLLCAGLTVYSPLKTFGLIKSGLKGGILGLGGVGHMGVKIAKAMGHHVTVIISSSDKKREEAMEHLGADAYVVSSDADQMA
PLLCAGVTVYSPLKHFGLMTGGLRGAIMGLGGVGHMGVKIAKAMGHHVTVIISSSDRKRTEAMDHLGADAYLVSSDEAQMA

%k 3k %k %k %k k
NADPH binding motif
250 260 270 280 290 300 310 320

B Pt IR TR IR IR (PSR (PR [P EPDUY EPRP EPUPP EPRPRPR IO PSP PR |
PAADSLDYIIDTVPVHHPLEPYLALLKLDGKLVLLGVIGERLSFVSPMVMLGRKAITGSFIGSIDETAEVLQFCVDKGL

AAADSLDYIIDTVPVHHPLEPYLSLLRLDGKHVLLGVIGEPLSEFVSPMVMLGRKAITGSFIGSIDETAEVLOQFCVDKGLT
AAGDSLDYIIDTVPVHHPLEPYLALLKLDGKLILMGVINQBRLSFISPMVMLGRKAITGSFIGSMAETEEVLNFCVDKGLT
AAADSLDYVIDTVPVKHPLEPYLSLLKMDGKLVLMGVIGEPRLSEVSPMVMLGRKSITGSFIGSMEETEEVLKFCVEKGLT
RLADSLDYIIDTVPVFHPLDPYLACLKLDGKLILMGVINTHLQFVTPLVILGRKVISGSFIGSIKETEEVLAFCKEKGLT
ELADSLDYVIDTVPVHHALEPYLSLLKLDGKLILMGVINNALOQFLTPLLMLGRKVITGSFIGSMKETEEMLEFCKEKGLS
SAMDTLDYIIDTVPVFHPLEPYISLLKVDGKLIMTGVINQBMQFVTPMIMLGRKSIIGTFVGSMEEAQEMLEFCKEKGLT

AANDSLDYIIDTVPVFHPLEPYLSLLKVNGKLILMGVINQRLQFVTPAVMLGRKTITGSFIGSMDETLEMLEFCEKKGLT
A A AA AA

330 340 350 360
B L Pt IR KR PSRN (R [ I IR
SQIEVVKMGYVNEALERLERNDVRYRFVVDVAGSNVEAEAAAADAASN

SQIEVVKMGYVNEALERLERNDVRYRFVVDVAGSNVEED--AADAPSN
SQIEVVKMDYVNQALERLERNDVRYRFVVDVAGSNIDDADAPPA----
SQIEVVKMDYLNEALERLERNDVRYRFVVDVAGSKIEDAA--——-—-——
STIETVKIDELNIAFERLRKNDVRYRFVVDVAGSNLVEEAATTTN---
SIIEVVKMDYVNTAFERLEKNDVRYRFVVDVEGSNLDA-—-—-————-———
SMIEMVEMDYVNQAMERLERNDVRYRFVVDVARSKL-——-—————————
SMIEMVKMEQINEAMERLERNDVRYRFVVDVAGSKLDP-——-————-———

quence alignment of EgCAD1, EgCAD2 and

Zn”*-binding motifs are underlined. The NADP-binding motif is indi-

of Zea mays (ZmCAD?2), Sorghum bicolor cated with asterisk (¥). The residues constituting a substrate-binding
(SbCAD2), Oryza sativa (OsCAD2), Brachypodium distachyon pocket are marked with triangles (A) and the residues forming the

acid residues are shaded. The conserved boxed
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loops that interact with NADP as proposed by Youn et al. (2006) are
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Fig.3 Three-dimensional pro-
tein structure models of bona a
fide EgCADs. The homodimer
structures of EGCADI1 (a) and
EgCAD?2 (b) were constructed
using SWISS-MODEL work-
space based on the crystal struc-
ture of Arabidopsis AtCADS
(SMTL ID: 2cf5.1.B). The
nucleotide-binding and catalytic
domains of the bottom subunit
are colored in green and red,
respectively; while their coun-
terparts in the upper subunit are
shown in dark green and dark
red, respectively. Comparison of
the substrate binding pockets of
EgCADI1 (c¢) and EgCAD2 (d).
Difference in the side chain of
amino acid residues that form-
ing the substrate binding pocket
is marked with a circle

7 asa U

EgCAD1 -“ - —

EgCAD2 .“-”
= . B 3 £t e
= . i

Ct Pr Yl Yr If Ms

Fig.4 Expression profiles of EgCADI and EgCAD?2 genes in various
organs of oil palm. Agarose gel electrophoresis of the RT-PCR prod-
ucts amplified from the cDNA samples of coleoptile (Ct) and primary
root (Pr) of germinating seed, young leaf (Y1) and young root (Yr)
of 1-year-old palm, immature fruitlet (If) and mesocarp tissue (Ms)
of developing fruit. Refer Online Resource 4 for more information on
the samples studied. GAPDH was used as the internal control for the
gene expression analysis

The regulatory regions of EQCAD1 and EgCAD2
contain lignin and defence-related cis-regulatory
elements

To obtain more clues for predicting the functions of the
genes, we cloned and analysed the 5’ flanking sequences
of EgCADI and EgCAD2. The 5' flanking sequences of

Vs

Jate ¢llod & .
s st @) Springer

b

Catalytic
domain

both genes (approximately 1.5 kb upstream of the ORF)
were obtained and deposited in GenBank under the acces-
sion numbers OK539817 and OK539818 for EgCADI and
EgCAD?2, respectively. The transcription start sites (TSS)
of both genes were determined empirically by 5’ RACE in
this study. The TSS of EgCADI was an adenine nucleotide
(Online Resource 5) located 41 bp upstream of the trans-
lation initiation site (ATG), revealing the EgCADI gene
possesses a 41 bp 5’ untranslated region (UTR). The TSS
denotes the +1 position of the EgCAD] transcript and serves
as a reference point to determine the positions of the cis-
acting elements in the 5’ flanking region. The sequencing
result showed five different TSSs in EgCAD2 (Fig. 5 and
Online Resource 5), indicating the occurrence of alterna-
tive transcription initiation (ATI) in EgCAD2. The TSSs
identified correspond to the adenine (A), or guanine (G)
nucleotides positioned 273 bp (A), 262 bp (G), 213 bp (G),
205 bp (G) and 79 bp (A) upstream of the translation ini-
tiation site (ATG), resulting in the formation of different
lengths of 5" UTR. Despite varying lengths, the 5’ UTR of
EgCAD? is longer than that of EgCADI. To streamline the
characterization of the 5’ flanking region, the position of
the most upstream TSS, i.e., the adenine nucleotide located
273 bp upstream of the translation initiation site of EgCAD2,
was regarded as +1 and referred to as distal TSS hereafter
(Fig. 5).
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TTCTCCTCGCGTGACGGCAGCCTGACATCCTCTCTCGCCTCACTCACCTACCGCGCTTCACCCACTCCACCCTGCCAATCCCTTTCCCCGACCCTTTCCC
1 L 1 1 L L 1 1 T 1

TC microsatellite
AAACCCAAGGTGACTGGTCACCTICTCTCTCTCTCTCTCTCTCTCTCTCTCTCGATCTCTCGATCTCTCGAAGTCTTAACATTTACTTTCCTCCAATGGCC

1 1 1 1
Al G2 G861 G69

ATGATTTCTATCTCACCAAAAAAAAAAAAAAACGTCACGATTTCCTTACGTTTTCCATCCTATATA;CACCGTGGCCGCATCTCATCATCCCAAAAAGCC
L L L 1 L 1 L L L 1 L 1 1 L L L 1 L 1

100

200

L ]
TATA-box A195

AAGGAGTATAGCACCATCTTTCCCAAATCCTGCTCTCCTTCTCATTCATATTTTCCACTCGACATCCTGAGAAATLY
L L L 1 L 1 L L L 1 L 1 L 1 'l

Fig.5 Organization of the DNA elements that potentially involved in
transcription initiation of EgCAD?2. All of the TSSs are indicated with
an arrow under the nucleotides. The most upstream transcription start
site (TSS), i.e. the A' nucleotide is given number + 1. The nucleotides

Sequence analysis further revealed that EgQCADI contains
a TATA-box with the sequence “TATAAAT” located at
position —30. In the 5’ flanking region of EgCAD?2, we only
found a TATA-box (TATATAA) at position 161 (Fig. 5),
which is 34 nucleotides upstream of the most downstream
TSS (A!%) of EgCAD2. This suggests that the other alter-
native TSSs (A!, G'2, G® and G*) might employ other
core promoter elements to initiate gene transcription like
other TATA-less promoters. Similar to the sorghum vpl
promoter (Carrari et al. 2001), which is a TATA-less pro-
moter, a microsatellite consisting of 15 CT repeats (or TC
microsatellite) was found upstream of the G®' and G® TSSs.
We also noticed two 6-base-long TC-rich motifs (TCTCTC)
situated immediately upstream of the G®' and G*. In addi-
tion, another two TC-rich regions (TCCCTTTCCCC and
CCCTTTCCC) spanning positions —22 to —12 and —9 to
—1 were present upstream of the distal TSS (A') (Fig. 5).

Comparison of the 5’ flanking sequences revealed
that EgCADI and EgCAD?2 shared similar cis-regulatory
elements in their regulatory regions. Details of the cis-
regulatory elements identified in the regulatory regions
of EgCADI and EgCAD?2 are listed in Table 2. These
cis-regulatory elements can be divided into two groups
based on their functions. The first group of regulatory
elements encompassed the Skn-1_motif and AC elements
involved in plant development. In consonance with the
role of CAD in lignin biosynthesis, both of the bona fide
EgCAD genes contain AC elements in their regulatory
regions. It is worth noting that the AC elements serve as
the binding sites for MYB transcription factors that regu-
late lignin biosynthesis in plant. Interestingly, EgCADI
possesses only one AC element (AC-II) in its regulatory
region, but EgCAD?2 contains two types of AC elements
(AC-I and AC-III) located adjacent to the TSS (Fig. 6).

that constituting the TATA-box are boxed. While the TC microsatel-
lite and TC rich sequences are underlined. The nucleotides in small
letters (atg) represent the translation initiation site of EgCAD2

The second group consists of the regulatory ele-
ments responsive to stresses and phytohormones. Sev-
eral defence-related motifs, such as the CGTCA-motif,
TGACG-motif, W-box and GT-1 motif were found in the
regulatory regions of EgCADI and EgCAD?2, implying the
genes play a role in plant defence. Furthermore, the two
bona fide EgCAD genes also possess the ACGTATERD1
motif responsive to water stress. Additionally, sequence
analysis revealed that the TATC-box motif, which is
involved in gibberellin responsiveness, is only present
in the regulatory region of EgCADI, but not EgCAD2;
this might be a factor contributing to the tissue-selective
expression of EgCADI in oil palm. Overall, the results
indicate that EgQCADI and EgCAD?2 are likely involved in
oil palm development and adaption to stresses.

Discussion

Oil palm is one of the important oil crops cultivated in
many countries for edible oil production. Besides, the oil
palm biomass is used as the feedstock to produce biofuels
(Mahlia et al. 2019). Thus, oil palm plantation promotes
international trade and contributes to global economic
growth. Unfortunately, the growth of oil palm is greatly
impaired by the basal stem rot disease and environmental
stresses, leading to reduced palm oil production (Paterson
2019; Gorea et al. 2020). Lignin has been known to serve
important functions in plant development and defence.
Many studies showed that it is possible to improve plant
growth and disease resistance by enhancing lignin accu-
mulation in plant cell walls (Mutuku et al. 2019; Zhang
et al. 2019; Tang et al. 2019). However, this strategy may
be impracticable or unfeasible in oil palm as far as oil
palm biomass for downstream processing activities is
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Table 2 Cis-regulatory elements identified in the regulatory regions of EgCADI and EgCAD2

No cis-acting elements Motif

Function

Source

EgCADI EgCAD2

-10PEHVPSBD TATTCT
2 AC-I ACCTACC
3 AC-II ACCAACC
4  AC-III ACCTAAC
5 ACGTATERDI1 ACGT
6 Box-4 ATTAAT
7  CGTCA-motif CGTCA
8 CURECORECR GTAC
9 GATABOX GATA
10  Skn-1_motif GTCAT
11 TATC-box TATCCCA
12 TGACG-motif TGACG
13 W-box TTGACC

14 GT-1 motif

Activated by blue, white or UV-A light

Xylem-specific expression of lignin
biosynthetic genes

Xylem-specific expression of lignin
biosynthetic genes

Xylem-specific expression of lignin
biosynthetic genes

Required for etiolation-induced expres-
sion of erd] (early responsive to
dehydration) in Arabidopsis

Part of a module for light response

Involved in the MeJA-responsiveness

Copper-response element

Required for high level, light regulated,
and tissue specific expression

Required for endosperm expression

Involved in gibberellin responsiveness

Binding site for bZIP transactivating
factors, involved in the MeJA-respon-
siveness

Binding site for members of the WRKY
family of transcription factors, respon-
sible for the pathogen inducibility

Recognized specifically by salicylic acid

(SA)-induced WRKY DNA binding
proteins

GAAAAA Required for respond towards pathogen

and NaCl-induction

Thum et al. (2001)

Zhong and Ye (2009), Hatton et al.
(1995)

Hatton et al. (1995), Zhong and Ye
(2009)

Zhong and Ye (2009), Hatton et al.
(1995)

Simpson et al. (2003)

PlantCARE

Rouster et al., (1997), Wang et al. (2010)

Kropat et al. (2005)
Rubio-Somoza et al. (2006)

PlantCARE
Gubler and Jacobsen (1992)
Rouster et al. (1997)

Rushton et al. (1996)
Xu et al. (2006)

Park et al. (2004)

X X

X
X

X
X X
X X
X X
X X
X X
X X
X
X X
X X
X X

“X” indicates the presence of regulatory element

W-boxl|  (Box-4)
CURECORECR | l
\F

Skn-1_motif]

GT-1 motif

CGTCA-motf|

GT-1 motif CURECORECR] (W-box TATC-box ACTD
CURECORECR CURECORECR ‘ TGACG-motif W-box | \‘ GATABOX | TATC-box TATA
“10PEHVPSED l GATABOX l ACGTATERDL CURECORECR;J‘ ‘\‘\ l ACGTATERDL -10PEHVPSBED S
i e} i i A
{=1r h iLr 1 i

TS5 (G61
ACGTATERDL “LOPEHVPSED) TSS (G69;
GATABOX GT-1 motif CURECORECR| TGACG-motif CGTCA-matf
GATABOX ACGTATERDL ~10PEHVPSBD GATABOX GATABOX AC-T ACGTATERD1
7
CURECORECR GATABOX GATABOX ‘ GATABOX GT-1 motif| (785 (A1)l TATA-box
CGTCA-motif] Box-4. l TGACG-motif! CURECORECR W-box AC-IIT L TSS (A195]
| i ol A h I i
. e et

[

I

Skn-1_motif|
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1 1F il

ACGTATERD1

Fig. 6 Distribution of cis-elements in the 5' regulatory regions of EgCADI (a) and EgCAD?2 (b). Functions of the cis-elements were summarized

in Table 2

concerned, as lignin impedes the enzymatic saccharifica-
tion of oil palm biomass during biofuel production, result-
ing in additional cost incurred for the removal of lignin
from lignocellulosic materials (Lockhart 2015; Ladeira
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Azar et al. 2020). In addition, modulation of lignin bio-
synthesis in oil palm requires identification of lignin bio-
synthetic genes in oil palm and an in-depth understanding
of the regulation of the target gene.
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As CAD controls the final step of the biosynthesis of
monolignols (monomers of lignin), it has been a target
for alteration of lignin content in plants. Previous stud-
ies showed that perturbation of CAD in switchgrass and
Brachypodium reduced the lignin content of transgenic
plants without compromising the plant growth and resulted
in improved saccharification efficiency (Saathoff et al.
2011a; Fuet al. 2011; Bouvier d'Yvoire et al. 2013). How-
ever, some studies demonstrated that suppression of CAD
altered the lignin composition but not the lignin content of
transgenic plants (Baucher et al. 1999; Fornalé et al. 2012;
Trabucco et al. 2013). Since the CADs from higher plants
are encoded by a multigene family, and they are divided
into different groups, it has been proposed that a specific
group of CAD genes is associated with a specific function
in plant. For example, the group I CAD is well recognized
as bona fide CAD responsible for lignin biosynthesis (Ma
2010; Hirano et al. 2012), while the group IV CAD was
shown to be associated with defence (Rong et al. 2016).
Therefore, selecting the right CAD gene to manipulate is
critical to accomplish the desired effects.

There are two bona fide CAD genes in oil palm

Among the higher plants, the CAD gene family of Arabi-
dopsis thaliana has been extensively studied. Out of the
nine putative AtCAD genes, AtCAD4 and AtCADS had been
identified as bona fide CAD genes, which played a major
role in lignin biosynthesis in Arabidopsis (Sibout et al. 2005,
2003). Perturbation of these genes affected the lignin content
and composition in the plant and led to higher disease sus-
ceptibility (Tronchet et al. 2010; Sibout et al. 2005, 2003).
It is also worth noting that A7CAD]1 also takes part in lignin
biosynthesis in the elongating stems of Arabidopsis (Eudes
et al. 2006). A study of the AtCAD4 and AtCADS proteins
revealed that the latter possesses higher catalytic capacity
and used sinapyl aldehyde as its substrate more effectively
compared to the former (Kim et al. 2004). To better charac-
terise the AtCADS, Youn et al. (2006) also studied its crystal
structure and determined the amino acid residues involved
in its catalytic activity. Owing to the detailed study of the
members of the CAD gene family from Arabidopsis, AtCADs
always serve as a reference for the characterization of the
CAD gene family in other species.

In the present study, we have identified seven puta-
tive EgCAD genes (EgCAD1-7) in the oil palm genome
(Table 1). We also found another six loci annotated as
CAD in oil palm genome (data not shown), but they were
considered as pseudogenes. Previously, Singh et al. (2013)
reported that abundant homologous duplicated sequences
are present in the 16 chromosome pairs of oil palm due to
segmental duplications. Therefore, the presence of mul-
tiple EgCAD genes in the oil palm genome is probably

due to the segmental duplications of chromosome arms.
Apart from segmental duplication, whole-genome duplica-
tion also occurred in many angiosperms during evolution,
producing multiple duplicate genes in their genomes (Qiao
et al. 2019; Ren et al. 2018). Among the putative EgCAD
genes identified, EgCADI and EgCAD?2 are suggested to
be the bona fide CAD genes of oil palm judging by the
features exhibited, particularly the high similarity between
them and the bona fide CAD genes from other higher plant
species. In addition, our phylogenetic analysis showed that
the EgCAD1 and EgCAD?2 are clustered together with the
bona fide CADs, which were determined to play major
roles in lignin biosynthesis in other plants (Fig. 1). To
date, all of the studied higher plants possess one or two
copies of bona fide CADs. For example, a single copy of
bona fide CAD is found in the genomes of Brachypodium
distachyon, Liriodendron tulipifera and Populus tomentosa
(Bukh et al. 2012; Xu et al. 2013; Chao et al. 2014), while
there are two bona fide CADs in the genomes of Arabi-
dopsis thaliana, Panicum virgatum and Cucumis melo (Jin
et al. 2014; Kim et al. 2004; Saathoff et al. 2011b).

EgCAD2 is accountable for the biosynthesis of lignin
throughout plant development

Gene expression analysis revealed that the two bona fide
EgCAD genes exhibited different expression patterns in
the tissues studied (Fig. 4), indicating that the two genes
might play different roles in oil palm. EgCADI expressed
preferentially in the root tissues under normal growth
conditions. A previous study showed that the expression
of EgCADI elevated in oil palm seedlings upon patho-
gen infection (Goh et al. 2018). It is most likely that the
induced gene expression after pathogen infection is associ-
ated with the biosynthesis of cellular components required
for plant defence. Previously, Rong et al. (2016) showed
that the expression of TaCAD12 also elevated in wheat
plants in response to Rhizoctonia cerealis infection, and
the role of TaCAD 1?2 in disease resistance had been deter-
mined through functional analyses. Hence, we suggest
that EgCADI plays a role in plant defence, particularly in
pathogen-induced lignin biosynthesis for plant defence.
Contrary to EgCADI, EgCAD2 was expressed consti-
tutively in all the tissues studied, indicating that EgCAD?2
plays a predominant role in lignin biosynthesis during the
growth and development of oil palm. Undoubtedly, this
might be attributed to the presence of multiple TSSs and
AC elements in the 5’ flanking region of EgCAD?2 (Figs. 4,
5). The AC element is required to direct the expression
of lignin biosynthetic genes in lignified tissues (Zhong
and Ye 2009). Previously, Bukh et al. (2012) reported
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that BACADS, a bona fide CAD, displayed a constitutive
expression pattern in Brachypodium distachyon. In rice,
the OsCAD?2 responsible for lignin biosynthesis is also
expressed constitutively throughout all stages of plant
development (Park et al. 2018; Martin et al. 2019). Since
lignin is indispensable during plant development, the con-
stitutive expression of EgCAD?2 is most probably account-
able for the biosynthesis of lignin throughout plant devel-
opment. Therefore, we suggest that EgCAD?2 is a bona
fide CAD that acts as the key player in lignin biosynthesis
in oil palm and mainly contributes to the production of
monolignols required for the growth and development of
oil palm.

Lignin and defence related cis-regulatory elements
control the expression of EgCAD1 and EgCAD2

The expression behaviours of EgCADI and EgCAD?2 reflect
the different manners the genes are regulated in oil palm.
Since gene expression is largely regulated by its promoter
and cis-regulatory elements, the cloning and analysis of
the 5’ flanking sequences of EgCADI and EgCAD2 would
provide essential information for predicting their promoter
activities. As anticipated, AC elements were found to be
present in the 5' flanking sequences of both genes. It is worth
noting that AC elements serve as the binding sites for the
MYB transcription factors, which activate the transcriptions
of lignin biosynthetic genes (Zhou et al. 2009). In addition,
studies also showed that AC elements were required to
direct the expression of a gene in vascular tissues (Séguin
et al. 1997; Hatton et al. 1995). Raes et al. (2003) reported
that AC elements are present in the regulatory region of
most lignin biosynthetic genes in Arabidopsis. Our previ-
ous works also showed the presence of AC elements in the
regulatory regions of EgPALI and Eg4CLI genes from oil
palm, another two important genes in the phenylpropanoid
pathway (Yusuf et al. 2018a, b). Hence, the presence of AC
elements in the regulatory regions of EgCADI and EgCAD2
further implies that these genes are bona fide CAD genes
involved in lignin biosynthesis.

Apart from the cis-acting elements mentioned above, we
also found several defence-related motifs, including W-box,
GT-1 motif and CGTCA-motif in the 5’ flanking regions
of EgCADI and EgCAD?2 (Table 2). It is well known that
defence-related transcription factors such as WRKY and
trihelix are usually produced in plants upon pathogen infec-
tion (Liu et al. 2021b; Bi et al. 2021; Wang et al. 2016).
The WRKY transcription factor binds to the W-box in the
promoter of many defence-related genes, enhancing the
gene transcription for defence purposes (Liu et al. 2019;
Yang et al. 2020), while the trihelix transcription factor
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binds to the GT-1 motif to activate the defence mechanism
(Park et al. 2004; Xu et al. 2018). Defence against pathogens
often involves the activation of the jasmonic acid signalling
pathway in plants (Zhang et al. 2018; Yang et al. 2019).
Methyl jasmonate (MeJA), a derivative of jasmonic acid,
has been shown to induce the expression of defence genes
in many plants (Benevenuto et al. 2019; Repka et al. 2004).
The CGTCA-motif responsive to MeJA is widely distributed
in the promoter regions of many pathogenesis-related genes
(Hussain et al. 2018; Jiang et al. 2014; Kaur et al. 2017; Fang
et al. 2019). Hence, the above-mentioned defence-related
motifs in the 5’ flanking regions of EgCADI and EgCAD2
imply that the genes are associated with plant defence. This
agrees with the induced EgCAD1 gene expression observed
by Goh et al. (2018) in oil palm seedlings infected by Gano-
derma boninense. Together, these observations lead us to
propose that both bona fide EgCAD genes are responsive to
pathogen infection.

Apart from biotic stress, we also anticipate that the
expression of EgCADI might be inducible by gibberellin due
to the presence of TATC-box (gibberellin responsiveness
element) in the 5’ flanking region of EgCAD] (Table 2). Pre-
viously, other studies also reported the presence of TATC-
box in the promoter regions of lignin biosynthetic genes in
other plants (Jin et al. 2014; Sun et al. 2020; Li et al. 2020).
It is well known that gibberellin acts as a regulator of plant
growth and development (Wang et al. 2015; Binenbaum
et al. 2018; Hedden and Sponsel 2015). The presence of
TATC-box in the 5’ flanking region of EgCAD] hints that
there might be crosstalk between gibberellin and EgCADI in
controlling oil palm development. Perhaps the endogenous
gibberellin levels in a particular oil palm tissue could affect
the lignin content of the tissue by altering the expression
level of EgCADI. A recent study by Falcioni et al. (2018)
demonstrated that the concentration of gibberellin posi-
tively affected the total lignin content of the tobacco plant.
Recently, Wang et al. (2020) reported increased expressions
of lignin biosynthetic genes and enhanced lignin accumu-
lation in carrot tissues treated with exogenous gibberellin.
In roots, gibberellin is biosynthesized and accumulated
exclusively in the endodermal cells of the root elongation
zone (Barker et al. 2021; Shani et al. 2013). Considering the
root-selective expression of EgCADI, it is most likely that
the gene is responsible for the biosynthesis of monolignols
required for cell wall construction during root development
and elongation in response to gibberellin. Judging by the
expression patterns and the cis-acting elements in the regu-
latory regions of EgCADI and EgCAD?2, it is suggested that
the two genes play different but overlapping roles in oil palm
during plant growth and in response to various abiotic and
biotic stresses. The potential roles of EgCADI and EgCAD?2
genes in oil palm were summarized in Fig. 7.
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Fig.7 Potential roles of
EgCADI and EgCAD?2 genes
in oil palm judging by their
expression patterns and the cis-
acting elements in their respec-
tive regulatory regions

» Plays a subsidiary role in
lignin biosynthesis

» Responsible for lignin
biosynthesis in roots
during root elongation
triggered by gibberellin

Alternative transcription initiation occurs in EgCAD2

Identification of TSS provides a clear picture of the structure
and the regulatory region of a gene. In addition to the Cap
Analysis of Gene Expression (CAGE) method and its deriva-
tives, the 5" Rapid Amplification of cDNA Ends (RACE)
through template switching approach is widely used in the
determination of gene TSS nowadays (Liu et al. 2018a).
Through 5" RACE, we discovered that the EgCAD2 gene
possesses multiple TSSs, allowing alternative transcription
initiation (ATI) to take place. Consequently, EgCAD?2 tran-
scripts with varying lengths of 5" UTR were produced from
the same gene locus. Previously, ATI has been reported in
Arabidopsis (Garcia and Sanchez-Puerta 2021). Apart from
plants, ATI is also found in protozoans, animals and humans
(Markus et al. 2021; Nepal et al. 2020; Anvar et al. 2018).
In certain cases, ATI altered the translational activities of
mRNAs derived from a gene and affected the protein yields
(Rojas-Duran and Gilbert 2012). In the gene with multiple
TSSs, the selection of TSS during transcription varied at dif-
ferent developmental stages (Zhang et al. 2017). It can also
be influenced by external factors such as light and carbon
sources (Kurihara et al. 2018; Inoue et al. 2020). In light of
the previous findings of ATI, we speculated that the presence
of alternative TSS would allow the regulation of EgCAD2
at the translation level by using different TSSs for transcrip-
tion initiation at different developmental stages or tissues
and in response to external factors. This further implies the
importance of EgCAD?2 in oil palm for plant development
and adaptation.

Despite many studies on ATI, the role of ATI is still
unclear and remains controversial. Previously, stud-
ies showed that ATI was important in the transcriptional

EgCAD2

» Acts as akey gene in

» Adaptation to various lignin biosynthesis during
biotic & abiotic stresses plant growth and
(Pathogen attack, development
drought, salinity, light
stress, etc.) » Required to produce lignin

in the entire plant to
provide strength and
structural support

regulation of the enolase-encoding gene in Aspergillus ory-
zae under different environmental conditions (Inoue et al.
2020). Besides, Persson et al. (2016) reported that ATI regu-
lates the retrotransposon activity in the genome. However,
Xu et al. (2019) suggested that ATI occurs primarily due
to molecular errors. Therefore, a comprehensive study is
required before concluding the involvement and the impor-
tance of ATI in regulating the EgCAD?2 activity in oil palm.

It is well known that a TATA-box is required to initi-
ate gene transcription. However, most of the promoters in
plants are TATA-less (Molina and Grotewold 2005; Francki
et al. 2009). Although there are five TSSs in the 5’ flanking
region of EgCAD2, there is only a single TATA-box being
identified (Fig. 5). Judging by its position, this TATA-box
is expected to participate in the gene transcription when the
most downstream TSS (A'%) is used. Meaning that, other
types of core promoter elements take over the role of TATA-
box when other TSSs are utilized to initiate transcription.
The presence of TC microsatellite and TC-rich sequences
in the 5’ flanking region of EgCAD?2 (Fig. 5) prompts us to
speculate that these TC-rich sequences might play a role like
TATA-box in the initiation of transcription when those TSSs
that lack a TATA-box at their 5’ upstream regions are used
during transcription. This agrees with the findings reported
by several previous studies (Bernard et al. 2010; Francki
et al. 2009; Yamamoto et al. 2007; Zuo and Li 2011; Toki-
zawa et al. 2017).

Importance of this study

Manipulation of lignin content in plant has been an
approach employed by many researchers to enhance dis-
ease resistance, improve wood quality and facilitate the
conversion of lignocellulosic biomass to biodiesel. To
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manipulate the lignin content in oil palm, the target genes
must be first identified. Previously, our team has reported
the studies of two important lignin biosynthetic genes
in oil palm, i.e., EgPAL and Eg4CL genes (Yusuf et al.
2018a, b). In this study, the bona fide EgCAD gene candi-
dates were identified in oil palm, and their potential roles
were proposed. The study of lignin biosynthetic genes
in oil palm is important because it is a prerequisite for
manipulating lignin biosynthesis and lignin content in oil
palm. Identification of the molecular switch of lignifica-
tion in oil palm would allow one to manipulate the lignin
content either in a specific organ of a plant or throughout
the plant. Therefore, it would be possible to improve the
plant defence by increasing the lignin content in oil palm
roots and reducing the lignin content in fruit bunch and
leaf to improve the efficiency of biofuel production con-
currently. Apart from that, identifying bona fide EgCAD
genes in oil palm would also benefit genetic improvement
and plant breeding activities, particularly the development
of new oil palm varieties with modified lignin content and
composition through marker-assisted breeding or genetic
engineering.

Despite comprehensive information that has been
obtained through in silico sequence analysis and expression
data in this study, further functional analysis, a gene knock-
out experiment in particular, is still required to validate the
roles of EgCAD genes in oil palm. However, producing
transgenic oil palm is a great challenge as the plant showed
unsatisfactory transformation and regeneration efficiencies
under in vitro conditions. The long regeneration time of oil
palm explant further aggravates the problem. Hence, this
study sheds some light on the roles of the bona fide CAD
genes in oil palm. The findings of this study will be valuable
for the study and improvement of oil palm lignin content in
future. Study of the promoter will provide valuable informa-
tion on the regulations of the genes and further reveal the
involvement of these genes in lignin biosynthesis in oil palm.

Conclusions

In conclusion, seven EgCAD genes were identified in the
oil palm genome. However, we cannot rule out the possi-
bility of the existence of other unidentified EgCAD genes
in the oil palm genome, especially within the regions not
covered by the sequencing project. Our results indicated
that EgCADI and EgCAD?2 are the bona fide CAD gene
candidates in oil palm. Albeit both EgCADI and EgCAD?2
seem to be involved in lignin biosynthesis, we suggest
that the two genes play different, but overlapping roles in
oil palm during plant growth and in response to various
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abiotic and biotic stresses. Apparently, EgCAD?2 is the key
gene in lignin biosynthesis for growth and development,
while EgCADI plays a subsidiary role in lignin biosynthe-
sis for growth and development.
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