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Abstract

Mangroves are adapted to intertidal zones, which present extreme environmental conditions. WRKY's are among the most
prominent transcription factors (TFs) in higher plants and act through various interconnected networks to regulate responses
to multiple abiotic stressors. Here, based on omic data, we investigated the landscape and evolutionary patterns of WRKY's
in the main mangrove genus Avicennia. We found that both the number and the proportion of TFs and WRKYs in Avicen-
nia species exceeded their inland relatives, indicating a significant expansion of WRKYSs in Avicennia. We identified 109
WRKY genes in the representative species Avicennia marina. Comparative genomic analysis showed that two recent whole-
genome duplication (WGD) events played a critical role in the expansion of WRKYs, and 88% of Avicennia marina WRKYs
(AmWRKYs) have been retained following these WGDs. Applying comparative transcriptomics on roots under experimental
salt gradients, we inferred that there is high divergence in the expression of WGD-retained AmWRKYs. Moreover, we found
that the expression of 16 AmWRKYs was stable between freshwater and moderately saline water but increased when the trees
were exposed to high salinity. In particular, 14 duplicates were retained following the two recent WGD events, indicating
potential neo- and sub-functionalization. We also found that WRKY's could interact with other upregulated genes involved
in signalling pathways and natural antioxidant biosynthesis to enhance salt tolerance, contributing to the adaptation to inter-
tidal zones. Our omic data of the WRKY family in A. marina broadens the understanding of how a TF family relates to the
adaptive evolution of mangroves.
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Introduction

Plant adaptations to extreme environments is a popular
research topic in evolutionary biology. Intertidal zones,
which represent the interface between land and sea, are asso-
ciated with a combination of extreme conditions, including
high salinity, hypoxia, intense UV light, tidal fluctuations,
and high temperature (Giri et al. 2011). Nevertheless, man-
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grove trees have thrived in such extreme habitats and have
evolved specialized phenotypes, such as salt tolerance, aerial
roots, and vivipary (Ball 1988; Friess et al. 2019; Tomlin-
son 2016), indicating that they constitute an ideal model
for research on adaptive evolution. Previous studies have
investigated mangrove trees from physiological, ecological,
and genomic perspectives (Feng et al. 2021; He et al. 2019,
2020; Huang and Wang 2010; Lyu et al. 2018; Ouyang and
Lee 2020; Richards et al. 2020; Xu et al. 2017). However,
few studies have focused on the evolution of specific gene
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families, especially those of transcription factors (TFs), due
to the insufficiency of high-quality genomic and transcrip-
tomic data.

Gene duplication can lead to the generation of new func-
tional genes and is therefore an important driver of evolution
(Innan and Kondrashov 2010; Lynch 2002). Whole-genome
duplication (WGD), an important method through which
genes can be duplicated, has been widely observed in plants
and is believed to contribute to novel environmental adapta-
tions (Clark and Donoghue 2018; Van de Peer et al. 2017,
2021). Plants have evolved a series of strategies to combat
unfavourable environmental conditions. Stress signalling
pathways are critical in plant responses to external abiotic
and biotic stressors (Fujita et al. 2006; Xiong and Zhu 2001;
Zhu 2016). These pathways include signal perception, sig-
nal transduction, and activation of stress-responsive genes.
TFs, which are central to the regulation of gene expression,
are involved in these pathways by enhancing or suppressing
downstream stress-responsive genes. Usually, a single TF
can modulate different kinds of downstream genes. Different
TFs can also interact with each other resulting in complex
regulatory networks. These abilities allow the robustness
of stress-response pathways under complex environmental
stress. In plants, approximately 10% of protein-coding genes
encode TFs. To date, a wide range of TFs, such as WRKYs,
MYBs, bZIPs, NACs, and bHLHs, have been thoroughly
documented via functional analysis, such as knockdown/
knockout or overexpression experiments, as being involved
in the stress response and ultimately contributing to adap-
tive evolution (Khan et al. 2018). Genetic engineering has
been a popular research topic for elucidating the regulatory
mechanism and enhancing stress tolerance in plants (Mick-
elbart et al. 2015; Wang et al. 2003).

WRKYs compose one of the largest TF families in
higher plants and are particularly widespread in green
plants (Rushton et al. 2010; Ulker and Somssich 2004). Each
WRKY TF has at least one WRKY domain within its N-ter-
minal region. This domain is approximately 60 amino acid
residues long and contains a conserved WRKYGQK hepta-
peptide. WRKY TFs also have a zinc-finger motif of either
C,H, or C,HC at their C-terminus. WRKY proteins can be
classified into three groups based on their number of WRKY
domains and the structure of their zinc-finger motifs. Group
I WRKYs contain two sets of WRKY domains and C,H,
zinc-finger motifs, while the WRKYSs of the other groups
have only one. Group I WRKYs can be further divided into
five subgroups according to their sequence features. Group
III WRKYs contain a distinct C,HC motif. The first WRKY
gene, SPF1, was cloned from sweet potato in 1994 (Ishiguro
and Nakamura 1994). Since then, many WRKY genes have
been revealed, cloned, and investigated in a variety of plant
species, such as Arabidopsis, rice, wheat, soybean, and cot-
ton (Jiang et al. 2017; Phukan et al. 2016). Genome-wide
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identification has also been performed in various plant spe-
cies (Du et al. 2022; Li et al. 2020; Liu et al. 2020; Nan and
Gao 2019; Ross et al. 2007; Song et al. 2018; Wu 2005;
Xu et al. 2016a; Zhang et al. 2021). The important biologi-
cal functions of WRKYs in response to different kinds of
abiotic and biotic stressors have been well demonstrated in
these studies. Advances in genomic studies have provided
higher quality genomes, allowing better identification and
characterization of WRKYs, which ultimately can help to
reveal the origin, diversification, and adaptation of this gene
superfamily.

Avicennia marina is a typical mangrove species and is
distributed in the Indo-West Pacific (IWP) region (Fig. 1).
Considering its wide distribution range and high-salt toler-
ance, it is regularly called a “pivot mangrove species”. In
addition, this species has evolved a series of adaptive traits,
including specialized aerial roots and salt secretion glands
(Tomlinson 2016). Previous studies revealed that transpos-
able element load reduction, amino acid usage preference,
WGD events, and highly divergent regions are relevant
to the adaptation of Avicennia (Friis et al. 2021; He et al.
2020; Lyu et al. 2018). However, how specific gene families,
especially those of TFs, participate in these adaptations is
still poorly understood. In this study, we investigated the
landscape and evolutionary pattern of WRKY's in Avicen-
nia based on high-quality genomic and transcriptomic data.
Using the WRKY family as a specific case, we sought to gain
new insights into the roles of TFs in the adaptation of man-
grove trees to high salinity and improve our understanding of
adaptive evolution of plants living in extreme environments.

Results

Avicennia mangrove trees encode a relatively large
number of TFs, especially WRKYs

In a previous study, after combining Illumina short reads,
PacBio SMRT long read sequencing data, and Hi-C tech-
nology, we obtained a high-quality chromosome-level
genome of A. marina (Fig. 1) (He et al. 2020). The genome
is composed of 32 pseudochromosomes with a total length
of 453.2 Mb. Recently, we also de novo assembled high-
quality reference genomes of six other mangrove species in
the genus Avicennia (He et al. 2022). These genomic data
are suitable for a comprehensive analysis of the evolution
of gene families in the major mangrove genus Avicennia.
TFs, which are central to the regulation of gene expres-
sion, form superfamilies with hundreds to thousands of cop-
ies and play important roles in adaptive evolution. The size
of TF gene families varies considerably among organisms,
correlating with organismal complexity (Levine and Tjian
2003; Shiu et al. 2005). To explore the pattern of TFs in
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Fig. 1 Morphology and distri-
bution of Avicennia marina. A
Bushes. B Flowers. C Leaves.
D Fruits (A-D from Global
Biodiversity Information Facil-
ity contributed by Graeme Rigg,
Stephen Fricker, Graeme Rigg,
and Ian Cowan, respectively).

E The global distribution of A.
marina is shown in bottle green
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Avicennia, we collected 12 other representative plant spe-
cies in the order Lamiales for which genomic data were
available, encompassing 10 families (Acanthaceae, Peda-
liaceae, Lamiaceae, Phrymaceae, Orobanchaceae, Bigno-
niaceae, Lentibulariaceae, Linderniaceae, Plantaginaceae,
and Gesneriaceae), as well as Solanum lycopersicum, Cof-
fea canephora, and Vitis vinifera (Supplementary Tables S1,
S2), and performed a comparative genomic analysis. Phylo-
genetic relationships can help infer evolutionary trajectories
(Hancock and Edwards 2014). To correctly place Avicennia
within the order Lamiales, we reconstructed the phylogeny
of 22 eudicots, i.e., seven Avicennia species and subspecies,
12 other Lamiales species, and three outgroup species. After
identifying, aligning, and trimming, we identified 1008 low-
copy orthogroups. Using concatenated orthogroup align-
ments, we constructed a phylogenetic tree by RAXML-NG
(Supplementary Fig. S1) and estimated divergence times
using MCMCTree with two reliable calibrations. The results
were generally consistent with those of the well-known
APG IV system (The Angiosperm Phylogeny Group 2016),
except that Handroanthus impetiginosus was placed in the
Bignoniaceae family. Avicennia diverged from Androgra-
phis approximately 45.60 Mya, while speciation within the
genus Avicennia mainly occurred was approximately 15.76
Mya (Fig. 2). We identified 2727-2969 TFs encoded in the

different Avicennia species, accounting for 8.66%-9.56%
of the total genes in each species (Fig. 2; Supplementary
Fig. S2). The number and proportion of TFs ranked high-
est in the Avicennia species among the 22 plant species
and subspecies (7 test, P <7 X 10‘5); Lindernia brevidens
also had a large number of TFs, which may be due to their
involvement in the novel desiccation tolerance of this species
(Phillips et al. 2008; VanBuren et al. 2018). These results
suggested the TFs in Avicennia mangroves have undergone
expansion, which might contribute to adaptation to extreme
environments.

WRKYs, which constitute one of the most prominent
transcriptional regulator families in higher plants, are
involved in various interconnected regulatory networks in
response to multiple abiotic stressors (Phukan et al. 2016).
Therefore, we focused on the WRKY TF family to investi-
gate the landscape and evolutionary patterns in Avicennia.
We initially identified putative WRKY genes in each spe-
cies by integrating TF-specific classification with iTAK and
homology-based prediction with PfamScan (Supplementary
Table S3). The WRKY domain structure is crucial because
of its indispensability for DNA binding and protein com-
plex formation. We strictly filtered ambiguous members
lacking the complete WRKYGQK heptapeptide or several
variants (such as WRKYGKK, WRKYGEK, WRKYGRK)
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Fig.2 Expansion of TFs and WRKY genes in the Avicennia lineage.
Phylogenetic tree of 22 eudicots, namely, seven Avicennia species and
subspecies (red), 12 other Lamiales plant species (green), and three
outgroups (white). The node bars represent 95% confidence intervals,

according to the alignment data. And 100-121 WRKY genes
were identified among different Avicennia species, which
accounted for approximately 4% of their total TFs (Supple-
mentary Fig. S2). Using the same workflow (Supplementary
Fig. S3), we identified 16-89 WRKY genes among 11 other
Lamiales plant species as well as 103 in L. brevidens, 78 in
S. lycopersicum, 49 in C. canephora, 59 in Vitis vinifera, and
72 in the model plant species Arabidopsis thaliana (Fig. 2;
Supplementary Table S3). We concluded that WRKY gene
families had significantly expanded in the Avicennia line-
age compared with other Lamiales species (Supplementary
Fig. S2). In addition, the results were consistent with previ-
ous reports of genome-wide WRKYs in A. thaliana (Eulgem
et al. 2000), C. canephora (Dong et al. 2019), and V. vinifera
(Wang et al. 2014), although there were slightly fewer than
those reported in S. lycopersicum (Huang et al. 2012), which
indicated that our identification method was accurate and
robust. This method further solidified the substantial expan-
sion of WRKYs in the Avicennia lineage.

WRKY genes are well categorized into (sub)groups

To further categorize and investigate the evolutionary
relationship of WRKY genes in Avicennia, we selected
representative plant species and, using RAXML-NG
with the Jones—Taylor—Thornton (JTT) model, con-
structed a phylogenetic tree of WRKY domains within
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and the red nodes indicate two calibration nodes. The stars represent
the phylogenetic positions of two recent WGD events in Avicennia.
The gene numbers of all the TFs and WRKYs among these plant spe-
cies are shown on the right

109 AmWRKYs in A. marina, 56 ApWRKYs in the closely
related plant species Andrographis paniculata, and 62
EgWRKYs and 72 AtWRKYs in the two model plant spe-
cies Erythranthe guttata and A. thaliana, respectively
(Kozlov et al. 2019). The WRKY domain sequence
from the unicellular protist Giardia lamblia was used
as the outgroup. The maximum likelihood phylogenetic
tree showed that the WRKY gene family members could
be classified into three major groups and that WRKY
domains could be assigned to eight (sub)groups, namely,
I-N (N-terminal WRKY domains of group I), I-C (C-ter-
minal WRKY domains of group I), Ila, IIb, Ilc, IId, IIe,
and IIT (Fig. 3; Supplementary Table S4). The N-terminal
and C-terminal WRKY domain clusters of group I were
separated into different clades, indicating the occurrence
of parallel evolution. The accuracy of this classification
was also verified by the annotations of the best homo-
logues in A. thaliana of the WRKY genes of the other
three species. Interestingly, WRKY domains in the same
subgroup of different species were more similar than were
other members in the same species. In some subclades,
the WRKY gene topology was generally in accordance
with the species topology (for example, the Andrographis
genes are sister group members of the Avicennia genes).
In contrast, the topology in other subclades was more
complex, suggesting the occurrence of gene duplication
and loss events. Specifically, among the 109 AmWRKYs,
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Fig. 3 Phylogenetic tree of
WRKY domains from Avicen-
nia marina, the closely related
plant Andrographis paniculata,
and two model plant species
(Erythranthe guttata and Arabi-
dopsis thaliana). The colours
of the nodes represent WRKY
domains from these four plant
species and an outgroup. The
colours of the arcs indicate
different groups (or subgroups)
of the WRKY domain. I-N and
I-C indicate the N-terminal and
C-terminal WRKY domains,
respectively, of group I

17 members belonged to group I, 82 belonged to group
II, and 10 belonged to group III. Group II was further
divided into five subgroups (Ila-e), which included 6,
15, 33, 12 and 16 members, respectively (Supplementary
Figs. S4, S5, S6; Supplementary Table S4). Moreover,
WRKYs in group II, especially subgroup Ilc, were found
to have significantly expanded in A. marina.

Genomic location and duplication events
among AmWRKY genes

WGD events are prevalent throughout the evolutionary his-
tory of plants and are speculated to contribute to novel envi-
ronmental adaptations (Clark and Donoghue 2018; Van de
Peer et al. 2017, 2021). WGD events provide an abundance
of genetic material with the potential to evolve novel func-
tions, and WGD is an effective way through which many
gene families can expand and diversify, especially gene
families involved in signal transduction and transcriptional
regulation (Blanc and Wolfe 2004). Since the well-known
v-WGD event occurred in core eudicots, A. marina has
experienced two subsequent WGD events (Xu et al. 2023).
Cytogenetically, however, A. marina is currently considered
a normal diploid organism. Therefore, we were interested in
whether preferential retention following a WGD event is an
essential method for AmWRKY expansion. We first named
these AmWRKYs located on 28 chromosomes AmWRKY1
to AmWRKY 109 (Supplementary Table S5) according to
the order of their positions and further identified 97 high-
confidence AmWRKYs that contain zinc-finger motifs (C,H,

= o0, @ Avicennia marina

@ Erythranthe guttata
@ Arabidopsis thaliana
@® Outgroup

I-C C-terminal WRKY domains of group |
I-N N-terminal WRKY domains of group |
lla WRKY domains of group lla
L\ llb WRKY domains of group Ilb
LAl 2 2 llc WRKY domains of group llc
lld WRKY domains of group Ild
lle WRKY domains of group lle
Il WRKY domains of group Il

..........

or C,HC). Using BLASTP and MCScanX, we scanned the
genome of A. marina and identified 396 syntenic block pairs
with a minimum of five shared genes. The extensive syn-
tenic block pairs confirmed that WGD events occurred in
the recent past. Synonymous substitution rates (Ks) within
paralogous gene pairs of syntenic blocks were subsequently
calculated. The bimodal mode of the Ks distribution showed
two recent WGD events (Supplementary Fig. S7). We found
that 96 AmWRKYs were retained following the recent WGD
events, while 91 members were high-confidence AmWRKYs.

Large-scale gene losses after WGD events and differ-
ent nucleotide substitution rates make it difficult to dis-
tinguish duplicate pairs from specific WGD events when
only Ks distributions are used. To determine the expansion
patterns of AmWRKYs resulting from the two most recent
WGD events (called o and p), we performed a phyloge-
netic analysis to reconstruct a species tree and gene trees of
each WRKY homologous gene group (Supplementary Fig.
S8). We integrated all syntenic duplicates related to WRKY
genes in A. marina generated by the two recent WGD events
and assigned them to eight four-copy, 11 three-copy, and
19 two-copy groups (see the Materials and methods sec-
tion). Considering A. marina undergoing a lineage-specific
a-WGD and sharing a slightly earlier B-WGD event with E.
guttata, we reconstructed the gene tree of each different-
copy group with corresponding orthologues from E. gut-
tata and A. thaliana to distinguish AmWRKYs derived from
the two different WGD events (Supplementary Fig. S8). We
inferred that duplicates in the four-copy group were gener-
ated by the two WGD events and were completely retained,
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and that the two WGD events also resulted in the generation
of duplicates in the three-copy group with a one-copy loss.
In the two-copy groups, 13 duplicate pairs were generated
by the a-WGD event, while six pairs were generated by the
B-WGD event (Fig. 4A). In addition, we found that seven
duplicates lost WRKY domains, all of which were generated
by the a-WGD event. Integrating Ks-base and phylogenetic
approaches, we ultimately identified 33 AmWRKY pairs gen-
erated by the a-WGD event and 53 AmWRKY pairs generated
by the p-WGD event. Taken together, these results suggested
that the expansion of WRKYs in Avicennia was a dynamic
process and that WGD events played a critical role.

Expression divergence of two WGD-retained
AmWRKY genes

Considering that multiple alignments could affect the accu-
racy of the expression patterns of the WRKY gene family
members, we first evaluated genetic divergence among the
109 AmWRKYs (see Materials and methods). We found that

Fig.4 Duplication and expression patterns of AmWRKY genes. A
Chromosomal distribution and relationships of AmWRKY genes.
Each linking line in the circle centre connects a pair of AmWRKY
genes generated by two recent WGD events. The blue lines indicate
the Avicennia lineage-specific WGD (a-WGD) event, while the red
lines indicate a slightly earlier recent WGD (B-WGD) event. The
circular track presents the 28 chromosomes with AmWRKY genes.
The approximate distribution of each AmWRKY gene is marked
on the circular track. The AmWRKY gene names with blue colours
indicate high-confidence WRKY genes. The number on the inner
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the genetic divergence of these AmWRKY gene pairs was
greater than 0.158, and the number of mismatches in all the
sliding windows (window size =99 bp) across gene pairs
was never less than four base pairs (Supplementary Fig. S9).
These results indicated that multiple alignments of RNA
sequencing (RNA-seq) reads would not have had any effect
on the expression of these AmWRKY genes.

The differentiation of retained genes reduces gene redun-
dancy and provides a primary genetic foundation for adap-
tive evolution. Paralogous AmWRKY pairs exhibited greater
genetic divergence (Supplementary Fig. S9), indicating
sequence differentiation. In addition to sequence diver-
gence, expression divergence is also important. Therefore,
we performed an exact conditional test to investigate the
expression divergence of retained AmWRKY pairs derived
from a-WGD and B-WGD events based on transcriptomic
data under different salinity conditions (see Materials and
methods). As shown in Fig. 4B, we identified 58, 50 and 60
retained AmWRKY pairs that were differentially expressed
across three different conditions. Moreover, 42 (79.25%)

AmWRKY pairs
generated by
B-WGD+a-WGD

AmWRKY58 1 | | AmWRKY10 1R
AmWRKY61 [1[] AmwWRKY12 (1
AmWRKY60 1 AmWRKY44 [0
AmWRKY67 1 lla AMWRKYS5 oo
AmWRKY94 1 AmWRKY70 [
AmWRKY105 (1 AmWRKY83 [1H
AmWRKYS [ AmwWRKY2 [ | 1
AmWRKY174 1R AmWRKY40 [0
AmWRKY45 [ AmWRKY4 [JH
AmWRKY53 [ AmWRKY25 [
AmWRKY34 [0 AmWRKY11 [0 | lle
AmWRKY71 QO AmWRKY43 [0
AmWRKY95 [ AmWRKY56 Q[
AmWRKY104 (1l RO

track indicates the chromosome number. B Venn diagram of differ-
entially expressed WGD-retained AmWRKY pairs among the three
salinity conditions. The orange and blue numbers indicate counts of
AmWRKY pairs generated by p-WGD and a-WGD events, respec-
tively. C Expression patterns of WGD-retained AmWRKY genes in
root tissue across salinity conditions. The solid squares represent
upregulation, solid triangles represent downregulation, and hollow
squares represent no significant difference in expression. Continuous
genes with the same greyscale colour are paralogues generated as a
result of the two recent WGD events
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B-WGD-retained AmWRKY pairs and 27 (81.82%) a-WGD-
retained AmWRKY pairs were differentially expressed in
at least one condition, while 42 AmWRKY pairs were dif-
ferentially expressed across all three conditions. The Ka/
Ks ratios of the AmWRKY pairs generated by the a-WGD
(mean=0.339) and B-WGD (mean=0.293) events were
higher than those of all the paralogous genes generated from
the two recent WGD events (mean =0.248). These results
showed that most duplicated AmWRKY's have evolved under
relaxed purifying selection. The results of expression diver-
gence and the Ka/Ks ratio data suggested the potential neo-
and sub-functionalization of these AmWRKYs under relaxa-
tion of purifying selection occurring after the WGD events.

AmWRKY genes involved in high salinity
adaptations

High and dynamic salinity hinders plant growth and pro-
duction (Ball 1998; Singh 2015). Moreover, salinity is
the most severe threat to mangrove species in intertidal
zones. WRKYs act through various regulatory networks to
play critical roles in plant responses to biotic and abiotic
stressors, secondary metabolite synthesis, and plant devel-
opment (Jiang et al. 2017; Phukan et al. 2016). To under-
stand the underlying salt tolerance mechanisms induced
by WRKYs in A. marina, we performed a comparative
transcriptome analysis based on salt gradient experimental
treatments (see Materials and methods). A 250 mmol/L
NaCl concentration is approximately half that of normal
seawater NaCl concentration, so we used solutions of 0,
250 and 500 mmol/L NaCl to simulate low, moderate
and hypersaline conditions. Using a Tophat2-Cufflinks
workflow (Kim et al. 2013; Trapnell et al. 2012), we
examined expression profiles and identified differentially
expressed genes (DEGs) in the root tissues of plants in
two groups (0 compared to 250 mmol/L, and 250 com-
pared to 500 mmol/L; Supplementary Tables S6, S7). We
found that 16 AmWRKYs were significantly upregulated
in the moderate to high-salt comparison group and that
two AmWRKYs were significantly downregulated in the
low-to-moderate salt comparison group (Fig. 4C). Nota-
bly, the expression levels of all 16 AmWRKYs were stable
between low and moderate salinity but increased when
the plants were exposed to hyper salinity (Supplemen-
tary Fig. S10). Moreover, 14 duplicates of 16 upregulated
AmWRKYs were retained following the two recent WGD
events (Fig. 4C). The compatibility of these genes under
moderate salinity indicates that WGD events might shape
the regulation of genes induced in response to WRKYs,
which might be associated with salt adaptation.

To further explore the regulation induced by WRKY's
across salinity conditions, we identified 557 other
genes with the same expression pattern as that of the 16

AmWRKYs and performed a functional analysis. We found
that AmWRKYs with this expression pattern were signifi-
cantly enriched (Fisher’s exact test, P < 7.6 x 107!1). Sev-
eral upregulated genes were involved in the salt overly
sensitive (SOS) signalling pathway, MAPK signalling
pathway, phytohormone (abscisic acid (ABA)-, gibber-
ellin-, jasmonate-, auxin- and ethylene-mediated) sig-
nalling pathways, and natural antioxidant biosynthesis
(Supplementary Table S8). We also noticed that various
genes encoding receptor-like protein kinases, peroxidases,
cytochrome P450s, heat shock proteins, and LEA proteins
that increased in abundance across salinity conditions
might interact with WRKY proteins (Fig. 5). Specifically,
the expression of five LEA genes (Am009922, Am009923,
Am013278, Am028735, and Am029771) in root tissues
increased across salinity conditions. It has been reported
that the products of these genes can sequester accumulated
ions in cells and act as chaperones to prevent cellular pro-
tein aggregation and inactivation to enhance salt tolerance
(Battaglia et al. 2008).

Discussion

This study reports, for the first time, a whole-genome-scale
investigation of WRKY gene family evolution in mangrove
plants, which evolved a series of traits to adapt to intertidal
environments. High-quality genomic data provide a rich
source of material for investigation and thus lay a reliable
foundation for our results.

TFs, which are central to the regulation of gene expres-
sion, play a key role in the regulation of plant development
and responses to abiotic and biotic stressors. The WRKY
family is one of the most prominent TF families in higher
plants. Several members of the WRKY family have been
shown to be associated with multiple abiotic and biotic
stressors (Eulgem et al. 2000; Jiang et al. 2017; Phukan
et al. 2016; Rinerson et al. 2015; Rushton et al. 2010, 2012;
Ulker and Somssich 2004). We identified the WRKY TFs
across the genomes of seven Avicennia species and subspe-
cies and 15 non-mangrove plant species for which genomic
data were available and found that WRKYs had significantly
expanded in the Avicennia lineage compared with other
Lamiales species except L. brevidens. Several important TFs
involved in dehydration were preferentially retained in L.
brevidens (VanBuren et al. 2018). Due to tidal fluctuations in
the extreme intertidal environment, dynamic and high salin-
ity appears to be the greatest challenge for mangrove trees
(Feng et al. 2020). Adaptation to high-salt environments
involves a long-term and dynamic process. Salt-responsive
genes and important signalling pathways such as the SOS
pathway Ca®* signalling pathways, and phytohormone sig-
nalling pathways help to enhance plant salt tolerance (Ji
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Fig.5 Mechanism of salt toler-
ance in A. marina. The genes
upregulated across salinity
conditions are involved in the
SOS signalling pathway, MAPK
signalling pathway, phytohor-
mone signalling pathways, and
natural antioxidant biosyn-
thesis. The regulation of root
apoplastic barrier formation by
WRKY-mediated CYP94B1 is
shown in the lower panel, lead-
ing to increased salt tolerance.
The content is based on that of
Krishnamurthy et al. (2020)

- —— = ——

et al. 2013; Ryu and Cho 2015; Yang et al. 2019). WRKYs
also provide tolerance to salt stress, such as AtWRKY25 and
AtWRKY33 in A. thaliana, DgWRKY1 and DgWRKY3 in
Dendranthema grandiflorum, OsWRKY45 and OsWRKY72
in rice, GhWWRKY68 in cotton, TaWRKY10 in Triticum aesti-
vum, and ZmWRKY23 in Zea mays (Jiang et al. 2017).

In mangrove trees, WRKY s act through various regula-
tory networks to play critical roles in adaptation to high-salt
concentrations. Taking root tissue as an example, we found
that many AmWRKYs maintained consistent expression lev-
els between freshwater and moderate-salinity conditions
while exhibiting increased expression levels when the plants
were exposed to a high-salt environment. Co-expressed
genes were involved in the SOS signalling pathway, MAPK
signalling pathway, and phytohormone signalling pathways,
and various genes involved encode receptor-like protein
kinases, cytochrome P450s, heat shock proteins, and LEA
proteins. Receptor-like protein kinases are usually involved
in the phosphorylation of MAPKSs. Thereafter, WRKY
proteins can be phosphorylated via MAPK cascades and
together regulate ACC synthase activity during ethylene
production (Li et al. 2012), which might play a key role in
inducing ethylene biosynthesis and signalling in the roots to
control growth and development when plants are exposed
to high-salt concentrations (Tao et al. 2015). On the other
hand, in the endodermis of its roots, Avicennia has evolved a
hydrophobic barrier that prevents more than 90% of salt from
entering the xylem (Krishnamurthy et al. 2014). A trans-
genic experiment demonstrated that AAWRKY33-mediated
AtCYP94B1 regulates apoplastic barrier formation, leading
to increased salt tolerance in Arabidopsis (Krishnamurthy
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et al. 2020). Moreover, secondary oxidation stress is usually
caused by hypersalinity stress, resulting in reactive oxygen
species (ROS) accumulation. WRKY s regulate downstream
genes related to the biosynthesis of natural antioxidants,
including glutathione and peroxidase, contributing to scav-
enging ROS produced in response to high salinity (Anjum
et al. 2014). Overall, these WRKY genes can maintain cel-
lular environmental homeostasis and can enhance the salt
tolerance of mangrove trees, contributing to adaptation to
intertidal zones (Fig. 5).

Widely observed WGD events in plants and animals can
increase short-term adaptive potential and long-term bio-
logical complexity (Dehal and Boore 2005; Van de Peer
et al. 2017). WGD doubles the raw genetic material for
adaptation, enabling polyploid plants to survive and thrive
in extreme environments (He et al. 2020; Van de Peer et al.
2021; Wu et al. 2020). Before the colonization of intertidal
zones, several mangrove species independently experienced
recent WGD events (Feng et al. 2021; He et al. 2015, 2020;
Hu et al. 2020; Xu et al. 2017, 2023). The present study of
AmWRKYs may provide another perspective of how WGD
promoted the adaptive potential of mangrove trees via the
expansion of TFs. Since the well-known y-WGD event
occurred in core eudicots, A. marina has experienced two
subsequent WGD events. We found that 88% of AmWRKYs
were retained following recent WGD events and inferred
that WGD is an essential method through which the WRKY
gene families expand in Avicennia species. The results of
our comparative transcriptomic analyses suggested that 14
duplicates of 16 upregulated AmWRKYs in mangrove trees
under high-salt conditions were retained following the two
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recent WGD events, pointing towards neo-functionalization.
Moreover, based on the transcriptomic data corresponding
to each condition, we estimated the expression divergence of
retained AmWRKY pairs derived from a-WGD and f-WGD
events by the exact conditional test. The expression of most
of the two WGD-retained AmWRKY gene pairs highly
diverged, suggesting that there has been potential neo- and
sub-functionalization of these AmWRKYs under relaxed
purifying selection. We also found that seven syntenic dupli-
cates related to AmWRKYs had lost their WRKY domain;
all of them were generated by the a-WGD event, while five
AmWRKYs without complete zinc-finger motifs were gener-
ated by the a-WGD or -WGD event. Putative WRKY genes
that lost their WRKY domain after the f-WGD event may
have been deleted due to loss of function. Therefore, the
landscape of WRKYs in Avicennia is the result of a dynamic
process driven by gene duplication, relaxed purifying selec-
tion and gene loss.

In summary, we investigated the landscape and evolution-
ary patterns of WRKYs in the main mangrove genus Avicen-
nia through a combination of genomic and transcriptomic
data. We deduced that duplication, expansion, neo- and sub-
functionalization of WRKYs in mangrove trees could aid in
maintaining cellular environmental homeostasis, contrib-
uting to adaptation to intertidal environments. This infor-
mation provides new insights into the roles of TFs in the
salt adaptation of mangrove trees and improves our under-
standing of adaptive evolution of plants living in extreme
environments.

Materials and methods
Genomic data collection

We obtained whole-genome sequence data and annotation
data of seven Avicennia mangrove species and subspecies
(He et al. 2020, 2022), 12 other Lamiales plant species, i.e.,
A. paniculata (Sun et al. 2019), Sesamum indicum (Wang
et al. 2015), Premna obtusifolia, Clerodendrum inerme,
Salvia miltiorrhiza (Xu et al. 2016b), E. guttata (Hellsten
et al. 2013), Striga asiatica (Yoshida et al. 2019), H. impe-
tiginosus (Silva-Junior et al. 2018), Utricularia gibba (Lan
et al. 2017), L. brevidens (VanBuren et al. 2018), Antirrhi-
num majus (Li et al. 2019), and Boea hygrometrica (Xiao
et al. 2015), S. lycopersicum (The Tomato Genome Consor-
tium 2012), Coffea canephora (Denoeud et al. 2014), and V.
vinifera (The French-Italian Public Consortium for Grape-
vine Genome Characterization 2007). The seven Avicennia
species and subspecies were A. marina subsp. marina, A.
marina subsp. eucalyptifolia, A. marina subsp. australasica,
Avicennia officinalis, Avicennia alba, Avicennia rumphi-
ana, and Avicennia germinans. Their genomic sequences

were generated in our laboratory and are accessible from
the National Genomics Data Center (NGDC) or through
personal communication. The genomic sequences of the 15
non-mangrove plant species, covering the major families of
the Lamiales for which genomic data were available, were
downloaded from several genomic databases or obtained
via personal communication (Supplementary Table S1).
The completeness of the predicted genes was evaluated by
Benchmarking Universal Single-Copy Orthologs (BUSCO)
v.3.1.0 with the eudicotyledons_odb10 database (Seppey
et al. 2019).

Phylogeny reconstruction and molecular dating

We used OrthoFinder v2.4.0 (Emms and Kelly 2019) to
classify orthologous groups from the 22 plant species and
subspecies. In addition, we conducted a reciprocal BLASTP
best-hit method between the proteins of the 22 species and
the single-copy gene set of the BUSCO dataset. Combining
the two results above, we identified 1034 low-copy ortho-
groups. Within each orthogroup, we obtained amino acid
alignment via MAFFT v7.429 (Katoh and Standley 2013),
converted the data to codon alignments via PAL2NAL v14
(Suyama et al. 2006), trimmed the alignments via Gblocks
v0.91b (Castresana 2000) and discarded alignments shorter
than 150 bp, after which 1008 orthogroups were retained.
Based on the alignments, a phylogenetic tree was con-
structed, which was inferred via RAXML-NG v0.9.0 with
the GTR + GAMMA +1 model, with 1000 bootstrap repli-
cates (Kozlov et al. 2019), and with V. vinifera included
as an outgroup. We further dated the tree via MCMCTree
from the PAML v4.9j package with approximate likelihood
calculations (Reis and Yang 2011; Yang 2007) based on the
calibration times for divergence between S. lycopersicum
and C. canephora (83—89 Mya) and between C. canephora
and V. vinifera (114—125 Mya) (Guyot et al. 2012). After a
burn-in consisting of 1,000,000 iterations, 10 million gen-
erations of the MCMC process were run and sampled every
500 generations. The MCMC process was performed twice
independently to ensure convergence. The R package ggtree
was used to visualize the phylogenetic tree (Yu et al. 2017).

Identification and comparison analysis of WRKY TFs
in the order Lamiales

We identified TFs among the 22 high-quality genomic
datasets via iTAK v17a and then assigned them to detailed
TF families according to their annotations (Zheng et al.
2016). We also performed functional annotations via Pfam-
Scan with the Protein family database (Pfam) identifier of
the WRKY domain (PF03106) (Finn et al. 2010). Merging
these results together, we identified putative genes with
WRKY domains. Using only the WRKY domain of each
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sequence, we then aligned all the putative WRKY proteins
of the same species with MAFFT v7.429 (L-INS-i model)
(Katoh and Standley 2013). Subsequently, we manually fil-
tered putative proteins without complete WRKYGQK hep-
tapeptide or several variants (WRKYGKK, WRKYGEK,
WRKYGRK) to eliminate ambiguous sequences. We also
eliminated splice variants and retained only the longest
variant for further analysis. Based on the workflow (Sup-
plementary Fig. S3), we successfully identified all WRKY
gene families among these 22 plant species and subspe-
cies and considered those genes whose products have with
a zinc-finger motif as high-confidence WRKY genes. We
identified the WRKY TF family of the model plant species
A. thaliana from The Arabidopsis Information Resource
(TAIR) database (https://www.arabidopsis.org/browse/
genefamily/ WRKY.jsp). Almost all of the AtWRKYs were
high-confidence WRKY genes, with one exception: the pro-
tein encoded by AtWRKY19 (AT4G12020) did not contain
a zinc-finger motif. For AftWRKY52, due to the improve-
ment of the genome annotation, AT5G45270 was omit-
ted, and AT5G45260 was used to replace it in the TAIR10
genome assembly.

Multiple sequence alignment, phylogenetic
analysis, and classification of WRKYs in A. marina
and its relatives

Using MAFFT v7.429 with the L-INS-i model, we first
aligned the WRKY domain sequences of all the identified
WRKY proteins in A. marina, the closely related plant
species A. paniculata, two model plant species (E. guttata
and A. thaliana), and the unicellular protist G. lamblia
(accession EAA40901) as the outgroup (Katoh and Stand-
ley 2013). We then constructed a phylogenetic tree inferred
via RAXML-NG v0.9.0 (Kozlov et al. 2019) with the JTT
model selected by ProtTest v3.4.2 (Darriba et al. 2011;
Guindon and Gascuel 2003). Based on the phylogenetic
tree and known classification of AtWRKYs, we assigned all
identified WRKYs to different groups and subgroups. To
further ensure the accuracy of the classification, we also
searched for A. thaliana homologues of each WRKY in the
other three species and retained the best hits.

Features of AmMWRKYs

We used a consistent naming pattern for all the WRKY
genes in A. marina for further organization. Each gene
name starts with an abbreviation for the species name A.
marina (Am), followed by the TF family name (WRKY)
and order related to its position in the genome (e.g.,
AmWRKYI1, AmWRKY2, ...). We then generated and
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visualized the exon—intron structures of the AmWRKY
genes via Gene Structure Display Server (GSDS) v2.0
(http://gsds.gao-lab.org) based on their respective gene
sequences and positions (Hu et al. 2015).

Expansion pattern of AmWRKYs

WGD is the primary source of duplicate genes in plants,
especially genes that encode TFs. To determine the degree
of collinearity, we utilized BLASTP to align the protein
sequences in A. marina with optimal parameters (iden-
tity >30%, e-value < 1071, alignment length > 30% of both
query and reference sequence length). Using MCScanX,
we identified syntenic blocks with at least five paralogous
gene pairs (Wang et al. 2012). Then, we aligned each gene
pair and applied KaKs_Calculator v2.0 to calculate Ks with
the YN substitution model (Wang et al. 2010). We subse-
quently visualized the Ks distribution of these gene pairs
within A. marina. The bimodal Ks distribution showed two
rounds of recent WGD events (Supplementary Fig. S7). To
identify duplicates from the two recent WGD events in A.
marina, we calculated the Ks values of all the gene pairs
within syntenic blocks and obtained the median Ks of each
block. Then, we selected gene pairs in the syntenic blocks
whose median Ks was between 0 and 1.2 and filtered the
gene pairs with Ks values larger than 1.55. When only Ks
distribution information is available, the large-scale gene
losses after WGD events make it hard to distinguish from
which WGD events these duplicates are derived. Therefore,
we applied a phylogenetic approach to detect the WGD pat-
tern among the AmWRKYs. We integrated all the paralogous
duplicates in A. marina generated by the two recent WGD
events via the R package igraph (https://igraph.org). Within
each A. marina, E. guttata and A. thaliana orthogroup, the
orthologues of AmWRKYs in the other two species were
defined according to the best BLAST hit, and a phylogenetic
tree was reconstructed by RAXML-NG v0.9.0 (Kozlov et al.
2019). Because A. marina has experienced a lineage-specific
WGD event and shares another WGD event with E. guttata,
we characterized the WGD pattern of AmWRKYs according
to the phylogenetic tree data and identified different WGD-
retained genes among the AmWRKYs (Supplementary Fig.
S8). Then, we calculated the Ka/Ks ratios of AmWRKY pairs
derived from the two WGD events using KaKs_Calculator
v2.0 with the YN substitution model based on the above
alignment results (Wang et al. 2010) and compared them
with those of all the paralogous genes generated as a result
of the two recent WGD events.

Transcriptome sequencing and analysis

To understand how salt tolerance is induced by WRKYs in A.
marina, we performed a comparative transcriptome analysis


https://www.arabidopsis.org/browse/genefamily/WRKY.jsp
https://www.arabidopsis.org/browse/genefamily/WRKY.jsp
http://gsds.gao-lab.org
https://igraph.org

Marine Life Science & Technology (2023) 5:155-168

165

of root tissues of A. marina plants under experimental salt
gradient treatments. We obtained RNA-seq data (accession
numbers SRR16279087, SRR16279088, SRR16279089,
SRR16279090, SRR16279092, and SRR16279093 UNDER
BioProject ID PRINA719266 in the NCBI Sequence Read
Archive database) from our previous study (Xu et al. 2023).
The experimental details are described by Xu et al. (2023).
Three groups of seedlings were irrigated with 0, 250, or
500 mmol/L NaCl solutions for seven days, simulating low,
moderate and hypersaline conditions, respectively. Each
group contained two biological replicates. Reads of low
quality were removed following the protocol described in
our previous study (Feng et al. 2020).

We first evaluated the genetic divergence among the 109
AmWRKYs. The amino acid alignment of each AmMWRKY
pair was obtained by MAFFT v7.429 (Katoh and Standley
2013) and then converted to codon alignment data by PAL-
2NAL v14 (Suyama et al. 2006). Then, using the Kimura
two-parameter method, we calculated the genetic divergence
of the gene pairs among the 109 AmWRKYs (Kimura 1980).
We also used a sliding window approach (window length
with 99 bp adjusted to the RNA-seq read length) to estimate
mismatches of each pair.

The clean RNA-seq reads were then mapped back to
the high-quality chromosome-level genome of A. marina
(He et al. 2020) by TopHat v2.1.1 (Kim et al. 2013) and
Bowtie2 v2.2.9 (Langmead and Salzberg 2012) with the
option “—read-mismatches 2” to avoid multiple alignments
in genome locations belonging to different AmWRKYs.
The Cufflinks package v2.2.1 (Trapnell et al. 2012) was
employed to assemble transcripts and quantify expression.
We then identified DEGs in the 0 mmol/L and 250 mmol/L
NaCl, and in the 250 mmol/L and 500 mmol/L NaCl, com-
parison groups. Genes whose expression fold-change was
greater than two and whose q-value was less than 5% were
considered differentially expressed. AmWRKY expression
patterns were characterized, with expression increasing with
salt concentration “upregulated”, a change in the opposite
direction “downregulated”, and “no significant difference”
for the remaining genes. To further explore the regulation of
the AmWRKYs across salinity conditions, we identified key
co-expressed genes in A. marina (defined as BLASTP hits
against the content of the A. thaliana TAIR10 genome, with
a cut-off e-value < 1071°).

We also investigated the expression divergence of
retained AmWRKY pairs derived from the a-WGD and
B-WGD events in the three conditions. The number of reads
uniquely mapped to each gene for each condition was deter-
mined using HTSeq (v1.99.2) (Anders et al. 2015). We then
performed an exact conditional test to determine the dif-
ferential expression of each pair of duplicate AmWRKYs
(Gu et al. 2008), which has been applied at length in both
soybean and Brassica (Liu et al. 2014; Roulin et al. 2013).

The P value was computed from the exact conditional test
using the R function binom.test() for each pair of duplicate
AmWRKYs. Multiple testing was corrected by applying the
Bonferroni correction method. We considered gene pairs
with a corrected P value below 5% differentially expressed.
Only gene pairs whose read number was greater than 0 were
included in the analysis. We ultimately identified WGD-
retained AmWRKY pairs with differential expression for each
condition based on the consistency between two biological
replicates.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/542995-023-00177-y.

Acknowledgements We thank Qipian Chen, Zuyao Liu and Min Liu
for technical support. We thank the editors and reviewers for their help-
ful contributions. The project was supported by the National Natural
Science Foundation of China (32170230, 31971540 and 31830005),
the Guangdong Basic and Applied Basic Research Foundation
(2023B1515020083), and the Innovation Group Project of Southern
Marine Science and Engineering Guangdong Laboratory (Zhuhai)
(311021006).

Author contributions ZH and SS conceived the study. XF, GL, WW,
JW, CL and ZH analyzed the data. HL and CZ collected plant mate-
rials. XF, GL and ZH wrote the manuscript. All authors read and
approved the final manuscript.

Data availability All the data generated and analysed during this study
are included in this published article and its supplementary files.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Animal and human rights statement This article does not contain any
studies with human participants or animals performed by any of the
authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anders S, Pyl PT, Huber W (2015) HTSeq—a Python framework to
work with high-throughput sequencing data. Bioinformatics
31:166-169

Anjum NA, Aref IM, Duarte AC, Pereira E, Ahmad I, Igbal M (2014)
Glutathione and proline can coordinately make plants withstand

@ Springer


https://doi.org/10.1007/s42995-023-00177-y
http://creativecommons.org/licenses/by/4.0/

166

Marine Life Science & Technology (2023) 5:155-168

the joint attack of metal (loid) and salinity stresses. Front Plant
Sci 5:662

Ball MC (1988) Ecophysiology of mangroves. Trees 2:129-142

Ball MC (1998) Mangrove species richness in relation to salinity and
waterlogging: a case study along the Adelaide River floodplain,
northern Australia. Glob Ecol Biogeogr Lett 7:73—-82

Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Covarru-
bias AA (2008) The enigmatic LEA proteins and other hydro-
philins. Plant Physiol 148:6-24

Blanc G, Wolfe KH (2004) Functional divergence of duplicated genes
formed by polyploidy during Arabidopsis evolution. Plant Cell
16:1679-1691

Castresana J (2000) Selection of conserved blocks from multiple
alignments for their use in phylogenetic analysis. Mol Biol Evol
17:540-552

Clark JW, Donoghue PCJ (2018) Whole-genome duplication and plant
macroevolution. Trends Plant Sci 23:933-945

Darriba D, Taboada GL, Doallo R, Posada D (2011) ProtTest 3: fast
selection of best-fit models of protein evolution. Bioinformatics
27:1164-1165

Dehal P, Boore JL (2005) Two rounds of whole genome duplication in
the ancestral vertebrate. PLoS Biol 3:e314

Denoeud F, Carretero-Paulet L, Dereeper A, Droc G, Guyot R, Pietrella
M, Zheng C, Alberti A, Anthony F, Aprea G, Aury JM, Bento P,
Bernard M, Bocs S, Campa C, Cenci A, Combes MC, Crouzil-
lat D, Silva CD, Daddiego L et al (2014) The coffee genome
provides insight into the convergent evolution of caffeine bio-
synthesis. Science 345:1181-1184

Dong X, Yang Y, Zhang Z, Xiao Z, Bai X, Gao J, Hur Y, Hao S, He
F (2019) Genome-wide identification of WRKY genes and their
response to cold stress in Coffea canephora. Forests 10:335

dos Reis M, Yang Z (2011) Approximate likelihood calculation on a
phylogeny for Bayesian estimation of divergence times. Mol Biol
Evol 28:2161-2172

DuZ, You S, Zhao X, Xiong L, Li J (2022) Genome-wide identification
of WRKY genes and their responses to chilling stress in Kandelia
obovata. Front Genet 13:875316

Emms DM, Kelly S (2019) OrthoFinder: phylogenetic orthology infer-
ence for comparative genomics. Genome Biol 20:238

Eulgem T, Rushton PJ, Robatzek S, Somssich IE (2000) The WRKY
superfamily of plant transcription factors. Trends Plant Sci
5:199-206

Feng X, Xu S, Li J, Yang Y, Chen Q, Lyu H, Zhong C, He Z, Shi
S (2020) Molecular adaptation to salinity fluctuation in tropi-
cal intertidal environments of a mangrove tree Sonneratia alba.
BMC Plant Biol 20:178

Feng X, Li G, Xu S, Wu W, Chen Q, Shao S, Liu M, Wang N, Zhong C,
He Z, Shi S (2021) Genomic insights into molecular adaptation
to intertidal environments in the mangrove Aegiceras cornicu-
latum. New Phytol 231:2346-2358

Finn RD, Mistry J, Tate J, Coggill P, Heger A, Pollington JE, Gavin
OL, Gunasekaran P, Ceric G, Forslund K, Holm L, Sonnhammer
ELL, Eddy SR, Bateman A (2010) The Pfam protein families
database. Nucleic Acids Res 38:D211-D222

Friess DA, Rogers K, Lovelock CE, Krauss KW, Hamilton SE, Lee SY,
Lucas R, Primavera J, Rajkaran A, Shi S (2019) The state of the
world’s mangrove forests: past, present, and future. Annu Rev
Environ Resour 44:89-115

Friis G, Vizueta J, Smith EG, Nelson DR, Khraiwesh B, Qudeimat E,
Salehi-Ashtiani K, Ortega A, Marshell A, Duarte CM, Burt JA
(2021) A high-quality genome assembly and annotation of the
gray mangrove, Avicennia marina. G3-Genes Genomes Genet
11:25

Fujita M, Fujita Y, Noutoshi Y, Takahashi F, Narusaka Y, Yamaguchi-
Shinozaki K, Shinozaki K (2006) Crosstalk between abiotic
and biotic stress responses: a current view from the points of

@ Springer

convergence in the stress signaling networks. Curr Opin Plant
Biol 9:436-442

Giri C, Ochieng E, Tieszen LL, Zhu Z, Singh A, Loveland T, Masek
J, Duke N (2011) Status and distribution of mangrove forests
of the world using earth observation satellite data. Glob Ecol
Biogeogr 20:154-159

Gu K, Ng HKT, Tang ML, Schucany WR (2008) Testing the ratio of
two Poisson rates. Biometrical J 50:283-298

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Syst Biol
52:696-704

Guyot R, Lefebvre-Pautigny F, Tranchant-Dubreuil C, Rigoreau M,
Hamon P, Leroy T, Hamon S, Poncet V, Crouzillat D, de Kochko
A (2012) Ancestral synteny shared between distantly-related
plant species from the asterid (Coffea canephora and Solanum
sp.) and rosid (Vitis vinifera) clades. BMC Genomics 13:103

Hancock L, Edwards EJ (2014) Phylogeny and the inference of evolu-
tionary trajectories. J Exp Bot 65:3491-3498

He Z, Zhang Z, Guo W, Zhang Y, Zhou R, Shi S (2015) De novo
assembly of coding sequences of the mangrove palm (Nypa fru-
ticans) using RNA-seq and discovery of whole-genome duplica-
tions in the ancestor of palms. PLoS ONE 10:e0145385

He Z, Li X, Yang M, Wang X, Zhong C, Duke NC, Wu CI, Shi S (2019)
Speciation with gene flow via cycles of isolation and migration:
insights from multiple mangrove taxa. Natl Sci Rev 6:275-288

He Z, Xu S, Zhang Z, Guo W, Lyu H, Zhong C, Boufford DE, Duke
NC, Shi S (2020) Convergent adaptation of the genomes of
woody plants at the land—sea interface. Natl Sci Rev 7:978-993

He Z, Feng X, Chen Q, Li L, Li S, Han K, Guo Z, Wang J, Liu M, Shi
C, Xu S, Shao S, Liu X, Mao X, Xie W, Wang X, Zhang R, Li G,
Wu W, Zheng Z et al (2022) Evolution of coastal forests based
on a full set of mangrove genomes. Nat Ecol Evol 6:738-749

Hellsten U, Wright KM, Jenkins J, Shu S, Yuan Y, Wessler SR,
Schmutz J, Willis JH, Rokhsar DS (2013) Fine-scale variation
in meiotic recombination in Mimulus inferred from population
shotgun sequencing. Proc Natl Acad Sci USA 110:19478-19482

Hu B, Jin J, Guo AY, Zhang H, Luo J, Gao G (2015) GSDS 2.0: an
upgraded gene feature visualization server. Bioinformatics
31:1296-1297

Hu MJ, Sun WH, Tsai WC, Xiang S, Lai XK, Chen DQ, Liu XD, Wang
YF, Le YX, Chen SM, Zhang DY, Yu X, Hu WQ, Zhou Z, Chen
YQ, Zou SQ, Liu ZJ (2020) Chromosome-scale assembly of the
Kandelia obovata genome. Hortic Res 7:75

Huang GY, Wang YS (2010) Physiological and biochemical responses
in the leaves of two mangrove plant seedlings (Kandelia candel
and Bruguiera gymnorrhiza) exposed to multiple heavy metals.
J Hazard Mater 182:848-854

Huang S, Gao Y, Liu J, Peng X, Niu X, Fei Z, Cao S, Liu Y (2012)
Genome-wide analysis of WRKY transcription factors in Sola-
num lycopersicum. Mol Genet Genomics 287:495-513

Innan H, Kondrashov F (2010) The evolution of gene duplications:
classifying and distinguishing between models. Nat Rev Genet
11:97-108

Ishiguro S, Nakamura K (1994) Characterization of a cDNA encod-
ing a novel DNA-binding protein, SPF1, that recognizes SP8
sequences in the 5’ upstream regions of genes coding for
sporamin and pB-amylase from sweet potato. Mol Gen Genet
244:563-571

Ji H, Pardo JM, Batelli G, Van Oosten MJ, Bressan RA, Li X (2013)
The Salt Overly Sensitive (SOS) pathway: established and
emerging roles. Mol Plant 6:275-286

Jiang J, Ma S, Ye N, Jiang M, Cao J, Zhang J (2017) WRKY transcrip-
tion factors in plant responses to stresses. J Integr Plant Biol
59:86-101



Marine Life Science & Technology (2023) 5:155-168

167

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol Biol Evol 30:772-780

Khan SA, Li MZ, Wang SM, Yin HJ (2018) Revisiting the role of
plant transcription factors in the battle against abiotic stress. Int
J Mol Sci 19:1634

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL
(2013) TopHat2: accurate alignment of transcriptomes in the
presence of insertions, deletions and gene fusions. Genome Biol
14:R36

Kimura M (1980) A simple method for estimating evolutionary rates
of base substitutions through comparative studies of nucleotide
sequences. ] Mol Evol 16:111-120

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A (2019)
RAXML-NG: a fast, scalable and user-friendly tool for maximum
likelihood phylogenetic inference. Bioinformatics 35:4453—4455

Krishnamurthy P, Jyothi-Prakash PA, Qin L, He J, Lin Q, Loh CS,
Kumar PP (2014) Role of root hydrophobic barriers in salt exclu-
sion of a mangrove plant Avicennia officinalis. Plant Cell Environ
37:1656-1671

Krishnamurthy P, Vishal B, Ho WIJ, Lok FCJ, Lee FSM, Kumar
PP (2020) Regulation of a cytochrome P450 gene CYP94B1
by WRKY33 transcription factor controls apoplastic bar-
rier formation in roots to confer salt tolerance. Plant Physiol
184:2199-2215

Lan T, Renner T, Ibarra-Laclette E, Farr KM, Chang TH, Cervantes-
Pérez SA, Zheng C, Sankoff D, Tang H, Purbojati RW, Putra A,
Drautz-Moses DI, Schuster SC, Herrera-Estrella L, Albert VA
(2017) Long-read sequencing uncovers the adaptive topogra-
phy of a carnivorous plant genome. Proc Natl Acad Sci USA
114:E4435-E4441

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359

Levine M, Tjian R (2003) Transcription regulation and animal diver-
sity. Nature 424:147-151

Li G, Meng X, Wang R, Mao G, Han L, Liu Y, Zhang S (2012) Dual-
level regulation of ACC synthase activity by MPK3/MPK6
cascade and its downstream WRKY transcription factor during
ethylene induction in Arabidopsis. PLoS Genet 8:¢1002767

Li M, Zhang D, Gao Q, Luo Y, Zhang H, Ma B, Chen C, Whibley A,
Zhang Y, Cao Y, Li Q, Guo H, LiJ, Song Y, Zhang Y, Copsey
L,LiY, Li X, Qi M, Wang J et al (2019) Genome structure
and evolution of Antirrhinum majus L. Nat Plants 5:174-183

Li Z, Hua X, Zhong W, Yuan Y, Wang Y, Wang Z, Ming R, Zhang
J (2020) Genome-wide identification and expression profile
analysis of WRKY family genes in the autopolyploid Saccha-
rum spontaneum. Plant Cell Physiol 61:616-630

Liu S, Liu Y, Yang X, Tong C, Edwards D, Parkin IAP, Zhao M, Ma
J, Yu J, Huang S, Wang X, Wang J, Lu K, Fang Z, Bancroft I,
Yang TJ, Hu Q, Wang X, Yue Z, Li H et al (2014) The Bras-
sica oleracea genome reveals the asymmetrical evolution of
polyploid genomes. Nat Commun 5:3930

Liu A, Liu C, Lei H, Wang Z, Zhang M, Yan X, Yang G, RenJ
(2020) Phylogenetic analysis and transcriptional profiling of
WRKY genes in sunflower (Helianthus annuus L.): genetic
diversity and their responses to different biotic and abiotic
stresses. Ind Crops Prod 148:112268

Lynch M (2002) Gene duplication and evolution. Science
297:945-947

Lyu H, He Z, Wu CI, Shi S (2018) Convergent adaptive evolution
in marginal environments: unloading transposable elements
as a common strategy among mangrove genomes. New Phytol
217:428-438

Mickelbart MV, Hasegawa PM, Bailey-Serres J (2015) Genetic mecha-
nisms of abiotic stress tolerance that translate to crop yield stabil-
ity. Nat Rev Genet 16:237-251

Nan H, Gao L (2019) Genome-wide analysis of WRKY genes and their
response to hormone and mechanic stresses in carrot. Front
Genet 10:363

Ouyang X, Lee SY (2020) Improved estimates on global carbon stock
and carbon pools in tidal wetlands. Nat Commun 11:317

Phillips JR, Fischer E, Baron M, van den Dries N, Facchinelli F, Kutzer
M, Rahmanzadeh R, Remus D, Bartels D (2008) Lindernia brev-
idens: a novel desiccation-tolerant vascular plant, endemic to
ancient tropical rainforests. Plant J 54:938-948

Phukan UJ, Jeena GS, Shukla RK (2016) WRKY transcription factors:
molecular regulation and stress responses in plants. Front Plant
Sci 7:760

Richards DR, Thompson BS, Wijedasa L (2020) Quantifying net loss
of global mangrove carbon stocks from 20 years of land cover
change. Nat Commun 11:4260

Rinerson CI, Rabara RC, Tripathi P, Shen QJ, Rushton PJ (2015) The
evolution of WRKY transcription factors. BMC Plant Biol 15:66

Ross CA, Liu Y, Shen QJ (2007) The WRKY gene family in rice (Oryza
sativa). ] Integr Plant Biol 49:827-842

Roulin A, Auer PL, Libault M, Schlueter J, Farmer A, May G, Stacey
G, Doerge RW, Jackson SA (2013) The fate of duplicated genes
in a polyploid plant genome. Plant J 73:143-153

Rushton PJ, Somssich IE, Ringler P, Shen QJ (2010) WRKY tran-
scription factors. Trends Plant Sci 15:247-258

Rushton DL, Tripathi P, Rabara RC, Lin J, Ringler P, Boken AK,
Langum TJ, Smidt L, Boomsma DD, Emme NJ, Chen X, Finer
JJ, Shen QJ, Rushton PJ (2012) WRKY transcription factors:
key components in abscisic acid signalling. Plant Biotechnol
J10:2-11

Ryu H, Cho YG (2015) Plant hormones in salt stress tolerance. J
Plant Biol 58:147-155

Seppey M, Manni M, Zdobnov EM (2019) BUSCO: assessing
genome assembly and annotation completeness. Methods Mol
Biol 1962:227-245

Shiu SH, Shih MC, Li WH (2005) Transcription factor families have
much higher expansion rates in plants than in animals. Plant
Physiol 139:18-26

Silva-Junior OB, Grattapaglia D, Novaes E, Collevatti RG (2018)
Genome assembly of the Pink Ipé (Handroanthus impetigi-
nosus, Bignoniaceae), a highly valued, ecologically keystone
Neotropical timber forest tree. Gigascience 7:gix125

Singh A (2015) Soil salinization and waterlogging: a threat to envi-
ronment and agricultural sustainability. Ecol Indic 57:128-130

Song H, Sun W, Yang G, SunJ (2018) WRKY transcription factors
in legumes. BMC Plant Biol 18:243

Sun W, Leng L, Yin Q, Xu M, Huang M, Xu Z, Zhang Y, Yao H,
Wang C, Xiong C, Sha C, Jiang C, Xie N, Zheng X, Wang Y,
Song C, Peters RJ, Shilin C (2019) The genome of the medici-
nal plant Andrographis paniculata provides insight into the
biosynthesis of the bioactive diterpenoid neoandrographolide.
Plant J 97:841-857

Suyama M, Torrents D, Bork P (2006) PAL2NAL.: robust conversion
of protein sequence alignments into the corresponding codon
alignments. Nucleic Acids Res 34:W609-W612

Tao JJ, Chen HW, Ma B, Zhang WK, Chen SY, Zhang JS (2015)
The role of ethylene in plants under salinity stress. Front Plant
Sci 6:1059

The Angiosperm Phylogeny Group (2016) An update of the Angio-
sperm Phylogeny Group classification for the orders and fami-
lies of flowering plants: APG IV. BotJ Linn Soc 181:1-20

The French-Italian Public Consortium for Grapevine Genome Char-
acterization (2007) The grapevine genome sequence suggests
ancestral hexaploidization in major angiosperm phyla. Nature
449:463-467

@ Springer



168

Marine Life Science & Technology (2023) 5:155-168

The Tomato Genome Consortium (2012) The tomato genome
sequence provides insights into fleshy fruit evolution. Nature
485:635-641

Tomlinson PB (2016) The botany of mangroves, 2nd edn. Cambridge
University Press, Cambridge

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimen-
tel H, Salzberg SL, Rinn JL, Pachter L (2012) Differential gene
and transcript expression analysis of RNA-seq experiments
with TopHat and Cufflinks. Nat Protoc 7:562-578

Ulker B, Somssich IE (2004) WRKY transcription factors: from
DNA binding towards biological function. Curr Opin Plant
Biol 7:491-498

Van de Peer Y, Mizrachi E, Marchal K (2017) The evolutionary sig-
nificance of polyploidy. Nat Rev Genet 18:411-424

Van de Peer Y, Ashman TL, Soltis PS, Soltis DE (2021) Polyploidy:
an evolutionary and ecological force in stressful times. Plant
Cell 33:11-26

VanBuren R, Wai CM, Pardo J, Giarola V, Ambrosini S, Song X,
Bartels D (2018) Desiccation tolerance evolved through gene
duplication and network rewiring in Lindernia. Plant Cell
30:2943-2958

Wang W, Vinocur B, Altman A (2003) Plant responses to drought,
salinity and extreme temperatures: towards genetic engineering
for stress tolerance. Planta 218:1-14

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J (2010) KaKs_Calculator
2.0: a toolkit incorporating gamma-series methods and slid-
ing window strategies. Genomics Proteomics Bioinformatics
8:77-80

Wang Y, Tang H, DeBarry JD, Tan X, Li J, Wang X, Lee T, Jin H,
Marler B, Guo H, Kissinger JC, Paterson AH (2012) MCS-
canX: a toolkit for detection and evolutionary analysis of gene
synteny and collinearity. Nucleic Acids Res 40:e49

Wang M, Vannozzi A, Wang G, Liang YH, Tornielli GB, Zenoni S,
Cavallini E, Pezzotti M, Cheng ZM (2014) Genome and tran-
scriptome analysis of the grapevine (Vitis vinifera L.) WRKY
gene family. Hortic Res 1:14016

Wang L, YuJ, Li D, Zhang X (2015) Sinbase: an integrated database
to study genomics, genetics and comparative genomics in Sesa-
mum indicum. Plant Cell Physiol 56:e2

Wu KL (2005) The WRKY family of transcription factors in rice and
Arabidopsis and their origins. DNA Res 12:9-26

Wu S, Han B, Jiao Y (2020) Genetic contribution of paleopolyploidy
to adaptive evolution in angiosperms. Mol Plant 13:59-71

Xiao L, Yang G, Zhang L, Yang X, Zhao S, Ji Z, Zhou Q, Hu M,
Wang Y, Chen M, Xu Y, Jin H, Xiao X, Hu G, Bao F, Hu Y,
Wan P, Li L, Deng X, Kuang T et al (2015) The resurrection
genome of Boea hygrometrica: a blueprint for survival of dehy-
dration. Proc Natl Acad Sci USA 112:5833-5837

@ Springer

Xiong L, Zhu JK (2001) Abiotic stress signal transduction in plants:
molecular and genetic perspectives. Physiol Plant 112:152-166

Xu H, Watanabe KA, Zhang L, Shen QJ (2016a) WRKY tran-
scription factor genes in wild rice Oryza nivara. DNA Res
23:311-323

Xu H, Song J, Luo H, Zhang Y, Li Q, Zhu Y, Xu J, Li Y, Song C,
Wang B, Sun W, Shen G, Zhang X, Qian J, Ji A, Xu Z, Luo
X, He L, Li C, Sun C et al (2016b) Analysis of the genome
sequence of the medicinal plant Salvia miltiorrhiza. Mol Plant
9:949-952

Xu S, Guo Z, Feng X, Shao S, Yang Y, Li J, Zhong C, He Z, Shi S
(2023) Where whole-genome duplication is most beneficial:
adaptation of mangroves to a wide salinity range between land
and sea. Mol Ecol 32:460-475

Xu S, He Z, Zhang Z, Guo Z, Guo W, Lyu H, LiJ, Yang M, Du Z,
Huang Y, Zhou R, Zhong C, Boufford DE, Lerdau M, Wu
CI, Duke NC, The International Mangrove Consortium, Shi
S (2017) The origin, diversification and adaptation of a major
mangrove clade (Rhizophoreae) revealed by whole-genome
sequencing. Natl Sci Rev 4:721-734

Yang Z (2007) PAML 4: Phylogenetic Analysis by Maximum Likeli-
hood. Mol Biol Evol 24:1586-1591

Yang Z, Wang C, Xue Y, Liu X, Chen S, Song C, Yang Y, Guo
Y (2019) Calcium-activated 14-3-3 proteins as a molecular
switch in salt stress tolerance. Nat Commun 10:1199

Yoshida S, Kim S, Wafula EK, Tanskanen J, Kim YM, Honaas L,
Yang Z, Spallek T, Conn CE, Ichihashi Y, Cheong K, Cui S,
Der JP, Gundlach H, Jiao Y, Hori C, Ishida JK, Kasahara H,
Kiba T, Kim MS et al (2019) Genome sequence of Striga asi-
atica provides insight into the evolution of plant parasitism.
Curr Biol 29:3041-3052

Yu G, Smith DK, Zhu H, Guan Y, Lam TT (2017) GGTREE: an R
package for visualization and annotation of phylogenetic trees
with their covariates and other associated data. Methods Ecol
Evol 8:28-36

Zhang R, Chen Z, Zhang L, Yao W, Xu Z, Liao B, Mi Y, Gao H,
Jiang C, Duan L, Ji A (2021) Genomic characterization of
WRKY transcription factors related to andrographolide bio-
synthesis in Andrographis paniculata. Front Genet 11:601689

Zheng Y, Jiao C, Sun H, Rosli HG, Pombo MA, Zhang P, Banf M,
Dai X, Martin GB, Giovannoni JJ, Zhao PX, Rhee SY, Fei Z
(2016) iTAK: a program for genome-wide prediction and clas-
sification of plant transcription factors, transcriptional regula-
tors, and protein kinases. Mol Plant 9:1667-1670

Zhu JK (2016) Abiotic stress signaling and responses in plants. Cell
167:313-324



	Expansion and adaptive evolution of the WRKY transcription factor family in Avicennia mangrove trees
	Abstract
	Introduction
	Results
	Avicennia mangrove trees encode a relatively large number of TFs, especially WRKYs
	WRKY genes are well categorized into (sub)groups
	Genomic location and duplication events among AmWRKY genes
	Expression divergence of two WGD-retained AmWRKY genes
	AmWRKY genes involved in high salinity adaptations

	Discussion
	Materials and methods
	Genomic data collection
	Phylogeny reconstruction and molecular dating
	Identification and comparison analysis of WRKY TFs in the order Lamiales
	Multiple sequence alignment, phylogenetic analysis, and classification of WRKYs in A. marina and its relatives
	Features of AmWRKYs
	Expansion pattern of AmWRKYs
	Transcriptome sequencing and analysis

	Anchor 19
	Acknowledgements 
	References




