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Abstract: Dalbergia odorifera is a valuable material used in the crafting of luxury furniture, and the
chemical constituents from heartwood possess significant medicinal value. The WRKY gene family,
one of the most extensively studied gene families, plays an important role in plants. However, a
comprehensive genome-wide identification of the WRKY gene family in D. odorifera has not been
reported yet. In this study, a total of 99 WRKY genes were identified in D. odorifera. The DoWRKY
genes were categorized into three primary groups with five subgroups. A collinearity analysis
revealed 38 segmental duplications and 3 tandem duplications within the DOWRKY genes, indicating
the pivotal role of segmental duplication in gene family expansion. Through the analysis of DOWRKY
transcriptomic data across diverse tissues and under wounding stress, we found that only eight
genes were universally expressed, while a subset displayed distinct tissue-specific patterns. Notably,
DoWRKY41 was exclusively expressed in leaves; DoWRKY 04 was solely in roots; and DoWRKY17,
DoWRKY28, DoWRKY47, and DoWRKY67 were uniquely in flowers. Furthermore, we identified
24 WRKY proteins that tightly respond to wounding stress (20 upregulated; 4 downregulated). This
comprehensive investigation offered valuable insights into the WRKY gene family of D. odorifera,
serving as a foundational resource for forthcoming explorations into the functional roles of these
genes amid wounding stress.

Keywords: WRKY gene family; D. odorifera; transcriptome analysis; wounding stress

1. Introduction

Dalbergia odorifera T. Chen, a valuable plant of the genus Dalbergia, is often referred to
as “Huanghuali” in Chinese. D. odorifera is native to Hainan Province, China. Renowned
for its exceptional resistance to insects and corrosion, it has become a highly precious
species used in the production of luxurious furniture and exquisite crafts [1]. Moreover,
the heartwood of D. odorifera possesses significant medicinal value and is referred to as
“Jiang Xiang” in the Chinese pharmacopoeia. It is extensively utilized in the treatment
of conditions related to blood stasis and ischemia [2]. Additionally, its unique fragrance
renders it a valuable asset in the production of refined essential oils for perfumes [3].
Due to extensive exploitation, the wild D. odorifera trees, valued for their medicinal and
commercial significance, have become scarce, prompting their inclusion in the IUCN Red
List and underscoring the imperative for urgent protection and conservation efforts.

Transcription factors (TFs) are essential proteins that exert regulatory control over
gene expression. This pivotal role enables them to influence a diverse array of biological
processes [4]. Through an in-depth investigation of plant transcription factors, it is possible
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to elucidate some intricate physiological regulatory mechanisms in plants. At present, the
WRKY gene family stands as one of the most extensively investigated transcription factor
families in plants [5], with its members unified by the highly conserved WRKY domain, a
hallmark of the family. The most prominent feature within this highly conserved WRKY
domain is the presence of an exceedingly conserved sequence (WRKYGQK) and zinc finger
motifs (C2H2 or C2HC). These transcription factors serve crucial roles in governing gene
expression through their interaction with specific DNA sequences, ultimately leading to
the altered transcriptional activity of multiple target genes [6]. This DNA-binding domain
specifically attaches to the W-box sequence located within the promoter region of the target
gene [7].

WRKY gene families are usually classified into three major groups, considering the
number of WRKY domains and the type of zinc-finger domains they contain. Members
of Group I possess a dual presence of WRKY domains, while Group II and Group III
constituents have a single WRKY domain [8]. Subsequently, we differentiated the second
and third groups based on the type of zinc-finger domain. Members of Group II typically
exhibited a C2H2-type zinc-finger domain, whereas those of Group III featured a C2HC-
type zinc-finger domain. However, due to the excessive number of individuals in the
second group, it is common practice to further categorize the Group Il into five subgroups
in accordance with the phylogenetic tree results. Group II is typically subdivided into
two major branches, Ila + IIb and IId + Ile, while the remaining members belong to the
IIc subgroup; in addition, Group II genes are not monophyletic [9]. In the last few years,
significant advancements have been achieved in the identification of the WRKY gene family
across numerous plant species. For instance, Dendrobium catenatum was found to possess
62 WRKY gene family members [10]; the number of WRKY genes in eggplant is 58 [11],
and Helianthus annuus L. harbors a remarkable total of 90 WRKY genes [12]. However, a
comprehensive genome-wide identification of the WRKY gene family in D. odorifera has
not been reported yet.

Abundant studies indicated that WRKY TFs have the capacity to regulate numer-
ous physiological activities in plants. These procedures cover a range of growth and
development-related activities, including hormone signaling [13], senescence [14], and
embryonic morphogenesis [15], as well as seed germination [16]. Furthermore, the WRKY
gene family participates in responding to abiotic stressors, including drought and salt [2],
as well as biotic stressors caused by fungi, bacteria, and viruses [17]. In cotton, GRWRKY27
is capable of modulating leaf senescence through its interaction with other genes [18].
OsWRKY29 directly downregulates the expression of OsABF1 and OsVP1, resulting in
repressing seed dormancy in rice [19]. Multiple stresses are tolerated by wheat through the
actions of the TatWRKY?2 [20] and TaWRKY44 [21]. By interacting with W-box elements of
the SbRD19 promoter, SSWRKY30 controls the drought stress response gene in sorghum,
thus increasing drought tolerance [22]. Low temperature and ABA both substantially
activate the BceWRKY46 gene in Brassica campestris, increasing the plant’s resistance to low
temperatures [23]. In terms of biotic stress, AtWRKY3 and AtWRKY4 have been revealed to
contribute positively to resistance against necrotrophic infections in Arabidopsis [24]. Greater
sensitivity to both virulent and nonvirulent Magnaporthe grisea strains was seen in rice when
the OsWRKY22 gene was functionally lost, but greater resistance was seen in rice when
OsWRKY?22 was overexpressed [25]. In several studies, it has been demonstrated that the
WRKY gene family plays an important role in the regulatory response to physical damage
in various plant species [26-28]. In cotton, we found that GRWRKY40 overexpression affects
the expression of defense-related genes in response to wounding [29]. To conclude, WRKY
genes are widely acknowledged as key regulatory factors in the field of gene regulation,
and they are capable of functioning as both beneficial and detrimental regulators.

A systematic genome-level analysis is required to fully comprehend the potential
functions of the D. odorifera’s WRKY gene family. With the partial completion of genomic
research on D. odorifera, we are now able to initiate further investigations into D. odor-
ifera [30]. In this research, all WRKY gene family members of D. odorifera were carefully
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determined, and then detailed investigations of their molecular properties, chromosomal
distribution, gene structure, conserved domains, and motif composition were carried out.
In addition, using transcriptomic data, we investigated the transcriptional expression levels
of the WRKY genes in tissues and in response to wounding. Overall, this study provided a
strong conceptual foundation for investigating WRKY genes in D. odorifera.

2. Materials and Methods
2.1. Identification of WRKY Genes in D. odorifera

The genomic and protein sequences of D. odorifera were retrieved from the Giga-
Science Database (http://gigadb.org/dataset/100760, accessed on 21 December 2022)
for our investigation. We retrieved the concealed Markov model (HMM) profile for
the WRKY DNA-binding domain (PF03106) from the PFAM protein family’s database
(http:/ /pfam.xfam.org, accessed on 21 December 2022) and used HMMER 3.0 for the
analysis to find WRKY genes in the D. odorifera genome (E < 1 x 107°) [31]. Subsequently,
all potential D. odorifera WRKYs were identified through the HMM searches and underwent
further confirmation using the SMART (http:/ /smart.emblheidelberg.de, accessed on 15
January 2023), CDD (https:/ /www.ncbinlm.nih.gov/cdd, accessed on 15 January 2023),
and InterProScan (http:/ /www.ebi.ac.uk/interpro, accessed on 15 January 2023) databases.
Only those sequences containing a conserved WRKY domain, as confirmed through a
comparison with each respective database, were considered for subsequent analyses. The
conserved heptapeptide sequence in the predicted WRKY domain’s N-terminal region was
then carefully checked for in each gene.

2.2. Phylogenetic Analysis and Classification of D. odorifera WRKY Gene Family

It was necessary to obtain previously categorized plants” WRKY proteins in order
to construct the WRKY phylogenetic tree and divide them into groups. The Arabidopsis
WRKY amino acid sequences in the TAIR database (http://www.arabidopsis.org, accessed
on 21 December 2022) were downloaded. In this study, we used the MUSCLE algorithm
with the default parameters to perform the alignment of multiple sequences of DoWRKY
proteins and WRKY proteins isolated from Arabidopsis. The aligned sequences were then
utilized to build a phylogenetic tree using the maximum likelihood approach in FastTree2
software [32]. The parameters used for tree construction included the JTT + CAT model and
1000 bootstrap replicates to ensure robustness and accuracy in the inferred relationships
among the WRKY protiens. Subsequently, the generated phylogenetic tree was visualized
using iTOL (https://itol.embl.de, accessed on 18 March 2023), a web-based tool [33]. Group
I has two WRKY domains, while Groups II and III have one each. Group II members
usually have a C2H2-type zinc-finger domain, while Group IIl members have a C2HC-type
zinc-finger domain. The first step involves a preliminary classification into three major
groups based on the number of WRKY domains and the types of zinc finger structures. In
the second step, we construct a phylogenetic tree that includes both grouped AtWRKY and
ungrouped DoWRKY genes, further distinguishing subgroups of the second group. The
categorization method was used to separate all discovered D. odorifera WRKY genes into
three major groups and five subgroups.

2.3. Protein Properties and Sequence Analysis

The amino acid number, isoelectric point (pl), and molecular weight of the DoOWRKY
proteins were predicted using ExPASy [34] (https://web.expasy.org/protparam, accessed
on 15 January 2023). To predict the subcellular localization of the DoWRKY proteins, we
utilized the Plant-mPLoc predictor, a web-based tool that is accessible at http:/ /www.csbio.
sjtu.edu.cn/bioinf/plant-multi, accessed on 18 March 2023. Furthermore, we conducted
an in-depth analysis of conserved motifs within the WRKY proteins from D. odorifera,
employing the online MEME tool available at http://meme-suite.org, accessed on 15
January 2023. The parameters were as follows: the number of motifs could have a maximum
of only 20, and the ideal width of each motif could range from 6 to 100 residues [35].
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Moreover, to investigate the gene structures, we obtained exon and intron positions from
the gene annotation file of D. odorifera. To facilitate the visualization of the identified
conserved motifs and gene structures, we employed the TBtools Gene Structure View tool,
allowing for an intuitive and comprehensive representation of the findings [36].

2.4. Chromosomal Distribution and Gene Duplication

The WRKY family members of D. odorifera were given sequential numbers based on
the positions of these genes on the chromosomes and some scaffolds. As the gene naming
for D. odorifera abbreviation name, we chose a species-related word (Do), accompanied by
the gene family acronym (WRKY), and a consecutive number. This standardized naming
system enables the clear identification of specific genes within the WRKY family in this
plant species [37]. Based on the physical position data from the file of the D. odorifera
genome, all DOWRKY proteins were assigned to D. odorifera chromosomes, using the
TBtools Gene Location Visualize tool. Gene density files on chromosomes were obtained
by gene annotation files. With the default settings, the Multiple Collinearity Scan toolkit
(MCScanX) was used to examine the gene duplication occurrences [38]. Using the One Step
MCScanX tool in TBtools, the collinearity relationships and gene density were visualized.
KaKs_Calculator 2.0 was used to determine the non-synonymous substitution (ka) and
synonymous substitution (ks) of each duplicated WRKY gene pair [39].

2.5. Expression Pattern Analysis of WRKY Genes in D. odorifera

To investigate the transcript patterns of WRKY genes of D. odorifera, we used tran-
scriptomics data of D. odorifera, spanning multiple tissues (PRINA552194) and stem tissue
under wounding stress (PRJNA612155) from the NCBI. The eight different tissues included
in the dataset were flower, seed, leaf, root, stem, and three regions of vascular cambium.
Additionally, the stem’s damaged (D) and healthy (H) regions were used to obtain tran-
scriptome data related to the injury response [40]. To ensure data quality, all RNA sequence
datasets from D. odorifera underwent filtration using Fastp, with default parameters [41].
Subsequently, the HISAT2 program was then used to map the clean reads to the D. odorifera
genome sequences [42]. The mapping quality parameter was set to 30, and the Samtools
program was used to perform quality filtering and further sorting of the BAM result
files [43]. To quantify gene expression, we used the StringTie program to calculate the
normalized mapped reads for each gene as FPKM values, using the parameters “-B -e
-G” [44].

3. Results
3.1. Identification and Analysis of Physicochemical Properties of the WRKY Genes in D. odorifera

WRKY domains (PF03106) in the D. odorifera genome were recognized using the HM-
MER algorithm, and the conserved domains in WRKY proteins were subsequently verified
in the SMART and CDD databases. Finally, given the physical position in chromosomes, a
total of 99 WRKY genes were identified and given the names DoWRKY01 to DoWRKY99
(Supplementary File S1). We examined the physicochemical characteristics of the 99 discov-
ered WRKY proteins by using the ExPaSy program. The results revealed that these proteins
ranged in length from 142 to 763 amino acids, exhibiting molecular weights ranging from
16.7 to 83.17 kDa. The mean theoretical isoelectric point (pl) of all WRKY proteins was
calculated to be 6.9, with a range spanning from 4.8 to 9.9. Remarkably, 59 WRKY proteins
exhibited pl values below 7, classifying them as acidic, while the remaining 40 WRKY
proteins had pl values above 7, classifying them as alkaline. Except for DOWRKY?79, which
was shown to be potentially dispersed in both the cell membrane and nucleus, all the
proteins’ subcellular localization was anticipated to be in the nucleus (Supplementary
Table S1). This detailed examination of the physicochemical characteristics and subcellular
localization of the identified WRKY proteins contributes to a deeper understanding of their
significance in D. odorifera.
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3.2. Characterization and Phylogenetic Study of WRKY Genes in D. odorifera

Phylogenetic trees of WRKY genes from D. odorifera and Arabidopsis thaliana were
constructed using the ClustalW and FastTree2 programs. The heptapeptide WRKYGQK
structural domain and the zinc-finger domain serve as the WRKY family’s distinguishing
characteristics. However, each group has unique distinctions in the two elements. Accord-
ing to Eulgem et al.’s classification criteria in Arabidopsis, we performed a phylogenetic
analysis and revealed the result that D. odorifera WRKY genes might be classified into three
main groups. The findings indicated that, out of the 99 DoWRKY proteins, there were 12 in
Group I, 70 in Group II, and 17 in Group III (Figures 1 and 2). Group I had 12 genes with
two WRKY domains. These two conserved DNA-binding domains are located at the C-
and N-terminal of the WRKY protein sequence. Group II possess a WRKY domain and a
C2H2-type zinc finger structure. Moreover, through a systematic phylogenetic analysis,
Group II can be divided into five subgroups, namely Ila, IIb, IIc, IId, and Ile, each com-
prising 7, 16, 28, 9, and 10 DoWRKY members, respectively. In comparison to Group II,
the 17 DoWRKY proteins in Group III differ primarily in their zinc-finger domains. The
zinc-finger domain found in Group III proteins is of the C2HC-type (Figure 2).

3.3. D. odorifera’s WRKY Gene Duplication and Chromosomal Location

The DoWRKY proteins were located on their appropriate chromosome by scanning the
publicly available genomic information of D. odorifera. In our investigation, the 99 DoWRKY
proteins were distributed across 10 chromosomes and 3 scaffolds, with chromosome 8
containing the most DoWRKY genes (19) (Figure 3). To investigate the gene expansion
processes of the DOWRKY family, we utilized MCScanX to analyze fragment duplication
events. Our analysis revealed 38 pairs of segmentally duplicated (SD) genes and 3 pairs
of tandem duplications (TDs) among the 99 DoWRKY proteins, indicating that the gene
expansion of DOWRKY proteins was significantly influenced by segmental duplications
(Figures 3 and 4). Red lines and the inner circle (Figure 4) showed the gene density on the
chromosome. Circle 3 (Figure 4) indicated the chromosomal positions of the WRKY genes.

We estimated the Ka/Ks ratios for the duplicated gene pairs to obtain additional infor-
mation into the adaptive evolution of DOWRKY proteins. It is a usual practice to measure
the selection pressure on genes that code for proteins using the Ka/Ks ratio. Purifying
(negative) selection is indicated by a Ka/Ks value below 1, neutral evolution is suggested by
a Ka/Ks value of 1, and adaptive (positive) selection is indicated by a Ka/Ks value higher
than 1 [45]. Remarkably, the Ka/Ks ratios of all duplicated gene pairs in our analysis were
below 1, showing that negative selection was likely a factor in the development of these
duplicated genes. However, for four pairs of segmentally duplicated genes, we found it
difficult to determine their Ka/Ks values (Table 1). Our findings contribute to an improved
comprehension of the mechanisms driving the diversification and functional evolution of
this significant gene family by shedding light on the evolutionary dynamics and selection
forces impacting the growth of the DoWRKYs in D. odorifera.
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| DOWRKYO2N LAIDKPADBGYNWINYGOMOVEGSE . B...... HLNeP APDGHITEIINKGOHNHEK

DOWRKYO3N GVVRT . SDEGYNWRRYGOUOVKGSE . T .. QPN SHRGQITEIINKGTHNHAK
DOWRKYOQ7N QRRTEWGY NTRRYGOUOVKGSE . T......HP . TLRGQITEIV¥KGTHNHPK
DOWRKY11N DRP JVKGSE . T......HPN®P SLBGQTAEIV¥KGEHNHPK
DOWRKY20N LNVDKPAL JVKGSE . T - . . YANSP' LDGHITAI R
DOWRKY24N| GVGGAP JVKGSE . - . . HPN@OVKWKVER . SHEGHITEI IYKGAHNHPK
DOWRKY34N| VSVDKPNDBGYNTRRYGQU)VKGSE . FPRSMYKECT. . . . . . HPKWPVRUKVER . SLEGHVTAI IYKGEHNHOR
DoWRKY4 5N VASERVSDIBGYNWIRMYGOWHVKGSE . FPRSWYKET.. . . . . . HPNSEVKSLFER . SHBGQITEI I¥KGTHDHPK
DOWRKY48N TSA JVKSPT. T - . . HSDCAKWSIECC . DHLGHVIDIV¥KSQHSHDP
DOWRKY 63N VSKEGYNDRYGOUHVEGNE . E‘Imﬂl‘ - . . HPNOLAKSOLEQ . SNDGQIADSINIGOHNHPR
DOWRKY 64N VVAERVCDNGY NORRYGORHVKGSE . FPRSMYKCT . - . HPN@EVKWLFER . SHBGQITEI INKGTHDHPK
DoWRKY68N|  QTLSRRSDIBGYNRNYGOROVKGSE . NPRSWYKET . « « YPNSPTKIWKVER . SFBGQI TEIV¥KGTHNHPK
DOWRKY02C DLLD®GY VKGNP . . . SRGONVRWHVERAS SDPKAVI TEYEGKHNHDY
DOWRKYO03C DILDEGYRMBYGOAVEGNP . .. VVITYEGKHNHEV
DOWRKY07C DILDEGY RMAYGOAVVEGNP . «.AP IKSVITTYEGKHNHDV
DoWRKY11C EILGMGF VKGNS . TDIPRAFV'I-EGKI}IEM
DOWRKY20C DLLDBGYRMMUYGQVKGNE , ...T TDRKAVIT
DOWRKY24C DILDEGYRMRYGOAVEGNP . . .NAGST ‘(SVI'I-'EIKI}IDV
DOWRKY34C DILD®GY VRGNP . ..T TDPKAVIT v
DOWRKY45C DILDMGY VRGNP . . KAVIT v
DoWRKY48C GISGRGY RMRYGOMVEKGNP . . SA@PVWHIETAVDISDAVI ITYKGVHDHDM
DOWRKY63C DFVNEGY VKGNT . . .SPGeP IVITTYEGQHDHEL
DOWRKY64C DILI VRGNP . . .NAGSP IT v
DOWRKY68C DILDGY MGV VEGNP . RAVITBYEGKHNHDV

“a DOWRKY55 LIVK-YMV'I‘DNP mmxls. e .FAPSPVWSVDIQSVLVA.EIE&}HPH
DOWRKY75 FAPSWP JRSVEDPTII
DOWRKY76 . .MAPSWP, JRCTHDKSILVASYI
DOWRKY77 . . FAPS@PVKWKVQRSVEDPTI LVATYEGEHNHGH
DoWRKY78 . .MAPSEPAKKVORCIHDKS I LVASYDGEHNHGA
DOWRKY91 . . FAPNSPVKSKVQORSAEDPTLLVATYEGEHRNHGH
DoWRKY96 . .FAPSWP JRSVDBQSVI

”b DOWRKY14 - .MAAGEPVRSQVORCAEDNTVLVITYEGNHNHPL
DOWRKY19 QTM}‘C(mIAIGNP CPRAVYRET. . . . . VSPSEPVRISQUORCVEDMSI LI TPYEGTHNHPL
DoWRKY23 PTMNBGCONRYGO T AKANPSCPRAMYRET . . . . . VAPASPVRISOUSG . AAPFGNAPALESGLNF SHL
DOWRKY26 M[AIGNP mml‘ . . VAPG@PVRISQUQRCLDBMSI LI TEYEGTHNHPL
DOWRKY27 PMISEGCC - .MAVGSPVRSQUORCAEDRTILI TRYEGTHNHPL
DOWRKY31 SLMGEGCOMIYGORT . «+ . MGTSWPVRUQVORCFEDETVI I TEYEGKHNHPL
DoWRKY32 PVISBGCONMYGORMAKGNP . CPRAMYRET . . . . . MASGEPVRSQVQRCAEDQTVLVTTYEGNHNHP L
DOWRKY33 . - . VSPS®PVKSQUQRCSEDMS I LI TRYEGTHNHPL
DOWRKY36 ATMN®GCC «+...VAPGEPVRUQVORCIDBMSILITP¥YEGTHNHPL
DOWRKY46 SVIPEGCONMYGORMAKGNP . CPRAMYRES. . . . . MGTGOPVRSQVORCAEDRSVLVITYEGOHNHPL
DOWRKY47 P’IM}-CMIAIGNP mmu'r. « + « « JAQSEPVRISOVORCAEDMS I LLTRYEGNHNHPL
DOWRKY50 SLVmSIGNP c—mms + + + . MGTASPVRSQVORCSADETVLI TSYEGRENHSL
DOWRKYS52 PMISEGCC . . MAVGSPVRSQVQRCAEDRATLTTTYEGTHNHPL
DOWRKY65 SMIVEGC( . «+ .« . .MSTGEPVROQUORCAEDQSVLI TE¥YEGOHNHPL
DOWRKY83 PTMNBGCONRNYGOII SKGNP . CPRAMYRCT . . . . . VGSSEPVRSOVORCAODMS I LI TRYEGNHNHPL
DoWRKY95 PMITIMGCHTINYGORMAKGNP . MRIT. ++ + . MAAGEPVRISQVORCAEDTTI LI TRYEGNHNHPL

llc DOWRKYO1 DVLL VENSL. - . . HSN@RVKSRVERLSEDCRMVI TTYEGRHNHSP
DOWRKYO04 DILD®GY - . HHT@NVRSQUORLSKDTSIVVITYEGIHNHPC
DOWRKYO08 Q‘IG_YMSIINSS msnaﬂ' . .NPRESAKSQVERSNEDPDTLI ITYEGLHLHFA
DoWRKY09 DI mmVIANK F“E'UT « . HOGENVKSQVORLTKBDEGVVVTEYEGVHTHP I
DoWRKY13 DHLE®GY NDP VTPYEGQHTHP:
DOWRKY21 DHLD®GY NSIGTVWRIEISSEIPTIVIWCIHT
DOWRKY22 KPAMVIGSE mmr HLWVW ALDAHITEIINKGOHNHKK
DOWRKY29 DNLDIBGF VKDSP . . EDASRVLTTYEGOHNHPL
DoWRKY35 . NSKITVWSSAIPSWIWCIHT
DoWRKY38 - . TOKWTVKYRVERSFQDPTTVI TRYEGQHNHPV
DOWRKY39 DRDDSSYVIT
DOWRKY40 QDmeLAE‘jPRMVI TTYEGRHAHSP
DoWRKY41 oo YOX JIQRHSTREQIVVTEYEGMHIHPYV
DOWRKY51 . .Tmmmssm?ﬂmmc
DOWRKY54 . TDPSVVVITYEGQHTHPS
DOWRKYS56 DVLDGY VENSL. HvamLSE‘CRMVImSP
DOWRKY58 AE MKGSE . T......RP . TLBGHITEIV¥KGTHNHPK
DOWRKY 60 DILDBGFRMNYGQUAVENST . YPRSWYRCT. . . . . . HHTWTVKSQVQRLSKDTSIVVTIYEGIHNHPC
DOWRKY66 DHL T SCKWIVKSRVERSFQODPSIVITTYEGQHNHHC
DOWRKY67 RVVDEGYNMRYEBYLLKSSG . Tﬂs-RlT - . YTR@WPGKYEVER . TMBGEIVDIL¥XGTHTHGK
DOWRKY®69 RRVDINGYNOIRYEEX(P LKRRG . NOT AMYRET . - . HTN@SVKSKVER . NIGGHI IDVLYKGTHAHCK
DOWRKY80 DVLDBGY KMRYGKRMVKNSP . NPRNIYRES | + . VDGSDVKIWRVERDKDDPRYVI TRYEGKHTHPS
DOWRKY82 DVLD®GY VKNNK . - . . HOGONVKSQOTIQRQSENEQIVVTTYEGIHTHPV
DOWRKY89 EIMDEGY . .o )RDPRSYVLTI¥DGVHNHES
DOWRKY 30 DVLDNGY VENTQ. .0 PRMVI TBYEGRHVHSP
DoWRKY92 EVLDIBGF /KNSP . « . . VDGEPVKSRVERDRDDPKYVI TTY¥DGTHTHP S
DOWRKY98 GMGL TKN . DTLIITYEGLHLHFA
DOWRKY99 DHLE®GY .F TDPSVVVTTYEGQHTHP

“d DOWRKY10 DIPANDY IKGSP. LEEPSMLIVIYEGEHNHPK
DoWRKY16 DIPP®DY IKGSP. .o LDDP SMLVVIYEGEHNHSL
DoOWRKY30 DIPPWEF SMIRWYGORP IKGSP . « . TVRGWP DDPNMLIVEYEGEHRENP
DOWRKY49 DIPASEF SMIRWYGOAP IKGSP . MS - . SVRGPARYHVERAQDDPNMLIVEYEGEHRHPT
DOWRKYS7 DIPSEDY SMRYGORP IKGSP . . LEEPTMLIVI¥EGEHNHPK
DOWRKY74 DIPPBEY STRNYGORP IKGSP . y-mxls . TVR@PAMHIEHAADIPAML[V‘EIERIAV
DoWRKY81 DIPPEDY STIRUYGORP IKGSP . T.....SVRGHP. ODTNMLVVEYEGEHNHSL
DOWRKY84 DIPPWEF IKGSP. ..T DDPSMLI
DOWRKY 37 DIPASEF SMRYGORP IKGSP . mmxis . svammmompmtv-mmr

| le DOWRKYOS NLSSEIRAMRYGOUP IKGSP . YPRWRCS. . . . . SSKGELARSQVERNRSDP TME IVIY TREHNHPA
DOWRKY12 GPPSBYWSMIRUYGOXP IKGSP . YPRGWRES. . . . . TSKGESAKSOVERCRTDASTLI ITYTSTHNHPA
DoWRKY17 EGE( GQXP IKGSP . FPRSWYKES. . . . . SSKWSRIIPNVFIV}ITIB}-PH
DOWRKY25 NLSHELRAMREGOMP IKGSP . .o WERSLTDPGMEFVVEYT
DOWRKY28 VVP SELRAMYGOMP TKGSP . . JVERSRTDPNMLVITYT W
DOWRKY37 VVP SELWAMRRYGORP TKGSP . mﬁls . SSK@PWSRI‘PNMLVI-TBESEPW
DOWRKY42 IGVORA IKGSP. « . SSKGELARSOVERNHLDPGVF LVEY TAEHNHPH
DOWRKY53 NL IKGSP. - . SSKGECARSOVERSNEEANMF I ITY TGDHNHPR
DOWRKYS59 NLSSRIRAMRYGOE TKGSP . - - SSKGELAR TMEIVEYT
DOWRKY 94 YPP IKGSP. TKLIVEYAYEHNHSI

IIl [DowRrKYOS AP TDBGHC TLNAK, HKFDQQQAvaDlPPLFKmmTcRN
DOWRKY15 GSLDmGY DILGAK.F ERNVQGSLATSQVQKSDEDPTI IEVEYRGRHTHKA
DOWRKY18 GTQDMGY DILGAK.
DOWRKY43 DILGAK.
DoWRKY44 RPP_YMILGAK Ymm’l‘ + . HRNVOGELATWOVORSEEDPTVEE ITY IGRHTCTA
DOWRKY61 GSLDBGY SMRYGQXO ILGAK . FPRAMYRCT . . . HRNVOGELATSOVQORSDEDPTIYEIAYRGRHTQSK
DOWRKY 62 QTDE‘HMIQNAK Y D. .. HKYDQCIQAWQEZPPLYRI-YB}ETHPA
DOWRKY70 ILNSK.L T...RKYDOGECADYLVORTQOENPEMYLTEYIGIHTCKA
DOWRKY71 ATAl GORDIONSK. + + - RKSDOGECATIROVORTOENPEMY LTEY IGMHTIPK
DOWRKY72 MPOEWGF TMRWYGOMEILGSK . Y-“RIT. + - HOKLYGWPAKSOVORLDHSPNIFEVIYRGEHTCHM
DOWRKY73 GSLL DILGAK. + . EKNVQGSMATSOVQORSNEDP TVFE ITYREKHTCTM
DOWRKY79 IYSPSLE®GY TMRUCERREGLKMK . mmrmmsﬂmmmnﬂyssmx-snmm!
DOWRKY85 GPLD®GY DILGAM. - ERNVOGELATSQVORSDEDPTVEE ITYREOHTCTV
DOWRKY86 GPLDBGY ’ILGAM.Y'MRIT. +  HRNVOGSLATWOVQRSDEDP TVEE IBYREGOHTCTV
DOWRKY87 ONI ILNSK T...RKFDCG@RATSOVORMEENPDMYQITY¥IGLHTCTG
DOWRKY88 QPPDIBGE ILGSK T. . .HOKLYEWLAKSOVORVDDTP SMF LVI¥YRGNHIHKS
DOWRKY93 ILTDRGHOMMRYGOUKTTNSK . YIRNMYRET . . . EKLDQGWPADOVOOTQEDPPLYRTTY IGHENHE L
Consensus d wrk k Yy c k

Figure 1. Multiple sequence alignments of DOWRKY proteins. (Dark blue regions indicate the highest
consensus, followed by pink regions and light blue regions.)
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IIb

Figure 2. Phylogenetic tree of WRKY proteins sequences in D. odorifera and Arabidopsis (different
colored shaded areas are used to differentiate distinct groups or subgroups, and bold text indicates
WRKY proteins of D. odorifera).
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Figure 3. Chromosomal locations of the 99 DoWRKYs. Those with green shading represent tandemly
duplicated genes.
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Figure 4. The intrachromosomal segmental duplication map of the DoWRKYs. Green lines are the
syntenic gene pairs of DOWRKYs. Gray lines are collinear blocks in D. odorifera. Red lines show the
gene density on the chromosome.
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Table 1. Ka, Ks, and Ka/Ks of syntenic gene pairs of the WRKY gene family in D. odorifera.

Duplicated Gene Non-Synonymous Synonymous Ka/Ks Duplicated
Pairs (Ka) (Ks) Type

DoWRKY97&DoWRKY30 0.14 1.04 0.13 segmental
DoWRKY97&DoWRKY31 0.00 0.02 0.16 segmental
DoWRKY15&DoWRKY18 0.50 217 0.23 segmental
DoWRKY02&DoWRKY22 0.17 0.66 0.25 segmental
DoWRKY02&DoWRKY34 0.32 1.98 0.16 segmental
DoWRKY05&DoWRKY42 0.52 2.02 0.26 segmental
DoWRKY13&DoWRKY51 0.43 - - segmental
DoWRKY13&DoWRKY54 0.16 0.59 0.27 segmental
DoWRKY01&DoWRKY56 0.11 0.69 0.16 segmental
DoWRKY10&DoWRKY57 0.08 0.54 0.15 segmental
DoWRKY15&DoWRKY61 0.19 0.44 0.44 segmental
DoWRKY04&DoWRKY60 0.21 1.11 0.19 segmental
DoWRKY05&DoWRKY59 0.23 0.88 0.26 segmental
DoWRKY06&DoWRKY62 0.32 0.88 0.37 segmental
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Table 1. Cont.

Duplicated Gene Non-Synonymous Synonymous Ka/Ks Duplicated
Pairs (Ka) (Ks) Type

DoWRKY07&DoWRKY68 0.34 1.64 0.21 segmental
DoWRKY09&DoWRKY82 0.37 - - segmental
DoWRKY19&DoWRKY23 0.56 1.68 0.33 segmental
DoWRKY20&DoWRKY22 0.35 2.55 0.14 segmental
DoWRKY19&DoWRKY33 0.25 0.58 0.43 segmental
DoWRKY20&DoWRKY34 0.18 0.71 0.25 segmental
DoWRKY21&DoWRKY35 0.29 0.78 0.37 segmental
DoWRKY17&DoWRKY42 0.29 0.75 0.38 segmental
DoWRKY18&DoWRKY43 0.23 0.51 0.45 segmental
DoWRKY19&DoWRKY47 0.53 1.88 0.28 segmental
DoWRKY23&DoWRKY57 0.47 2.45 0.19 segmental
DoWRKY25&DoWRKY53 0.36 1.00 0.36 segmental
DoWRKY25&DoWRKY59 0.65 - - segmental
DoWRKY16&DoWRKY81 0.36 - - segmental
DoWRKY19&DoWRKY83 0.48 1.28 0.38 segmental
DoWRKY23&DoWRKY83 0.48 2.48 0.19 segmental
DoWRKY27&DoWRKY32 0.37 2.28 0.16 segmental
DoWRKY26&DoWRKY36 0.21 0.70 0.29 segmental
DoWRKY28&DoWRKY37 0.24 0.70 0.34 segmental
DoWRKY27&DoWRKY52 0.16 0.75 0.21 segmental
DoWRKY30&DoWRKY49 0.14 1.06 0.13 segmental
DoWRKY31&DoWRKY50 0.23 0.55 0.42 segmental
DoWRKY32&DoWRKY95 0.20 0.71 0.28 segmental
DoWRKY27&DoWRKY95 0.32 3.01 0.11 segmental
DoWRKY77&DoWRKY75 0.01 0.02 0.43 tandem
DoWRKY78&DoWRKY76 0.01 0.03 0.34 tandem
DoWRKY70&DoWRKY71 0.15 0.32 0.47 tandem

3.4. DOWRKY Genes’ Structure and Conserved Motifs

Similar patterns were observed for family members in the same group, suggesting
that they have related functions. Utilizing the online MEME tool, the conserved motifs
of DoOWRKY proteins were examined in order to further comprehend the similarities and
variety of their motifs. The WRKYGQK domain, which was thought to be a fundamental
feature of the WRKY family, was present in both Motif 1 and Motif 9. As shown, both Motif
1 and Motif 9 were present in the DoWRKYs of Group I, whereas only Motif 1 was present
in the other DOWRKYs (Figure 5A,B). We displayed the exon-intron configurations of the
99 DoWRKYs to examine the variety of gene architectures (Figure 5C). The number of
exons varied among the 99 DoWRKYs, ranging from 1 to 6. We specifically found 11 genes
containing six exons, 14 genes containing five exons, 11 genes containing four exons,
52 genes containing three exons, 10 genes containing two exons, and 1 gene containing one
exon. Notably, DOWRKY69 was exceptional, featuring a unique gene structure consisting of
only one exon. The accuracy of the group classifications is substantially supported by the
conserved motif and comparable gene architectures of the WRKY genes in the same group.

3.5. Expression Patterns of DOWRKY Proteins Based on Transcriptome Data

The WRKY gene family is recognized for its pivotal roles in a wide array of response
pathways. Determining gene function can be achieved by quantifying transcript levels
produced in different tissues. For a more complete insight into the physiological roles of
WRKY genes in D. odorifera, we conducted an in-depth analysis of the transcriptome data
of DoOWRKY across diverse tissues and under conditions of wounding stress. Depending
on the FPKM values from samples, the transcript levels of the 99 DoWRKY genes were
determined (Figure 6). The FPKM values of DOWRKY genes were grouped systematically
and shown in a heat map. Few DoWRKYs were discovered to be expressed in all tissues,
according to the expression profiles, whereas more than half of the genes were not present
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in any tissue. A selected group of genes, including DoWRKY02, DoOWRKY03, DoWRKY16,
DoWRKY48, DOWRKY55, DoWRKY57, DOWRKY 63, and DoWRKY 64, exhibited expression
across diverse tissue types, suggesting their potential significance in plant growth and organ
development. Notably, DoWRKY16 and DoWRKY55 were shown to be present in stems and
leaves, indicating their potentially crucial roles in these tissues. DOWRKY57, on the other
hand, was present in all tissues, but its expression was particularly pronounced in distinct
regions of the vascular cambium. This finding suggested that it is likely involved in vascular
functions. DoWRKY41 was exclusively expressed in leaves, emphasizing its importance
in leaf-related processes, while DoWRKY04 was present only in root samples, indicating
a possible role in root functions. Moreover, DOWRKY17, DoWRKY28, DoWRKY47, and
DoWRKY67 were present in flowers, suggesting their involvement in flower development
or flowering-related processes. Particularly intriguing, DoWRKY53 was present in both
the roots and vascular cambium tissue samples, with notably high expression levels in the
vascular cambium samples, further highlighting its potential regulatory role (Figure 6A,B).
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Figure 5. Conserved motifs, conserved domains, and gene structures of the DoWRKYs. (A) Con-
served motifs in DoOWRKYs. (B) The conserved domains in the DoWRKYs. (C) The exon—intron
structure of DOWRKYs.

Mechanical injury can stimulate D. odorifera to synthesize elevated levels of flavonoid
compounds, which are renowned for their multifaceted biological and pharmacological
activities [46], encompassing anti-inflammatory, antioxidant, antitumor, and antimicrobial
effects [47]. We investigated the changes in WRKY gene transcripts in response to injury
by utilizing transcriptomic data. The results revealed that approximately half of the
genes showed no expression before or after the treatment, while some genes exhibited a
significant increase in expression following the injury. The expression levels of DoWRKY 04,
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DoWRKY06, DoOWRKY07, DoWRKY09, DoOWRKY14, DoWRKY27, DOWRKY36, DoWRKY 38,
DoWRKY47, DoWRKY52, DOWRKY53, DoWRKY55, DOWRKY 60, DoWRKY66, DoOWRKY 67,
DoWRKY81, DOWRKY91, DoWRKY92, DoWRKY93, and DoWRKY 95 showed a remarkable
upregulation after mechanical injury. It is noteworthy that almost all of the aforementioned
genes are expressed at almost negligible levels before wounding occurs. It was surprising to
observe that four genes (DoWRKY01, DoWRKY12, DoWRKY40, and DoWRKY85) exhibited
downregulation after pruning (Figure 6C and Supplementary Table S2).
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Figure 6. Expression of DOWRKYs in tissues and under stress. (A) The expression of DoWRKYs
in seed, stem, flower, leaf, and root. (B) The expression of DOWRKYs in different parts of vascular
cambium, top (VCshang), middle (VCzhong), and bottom (VCxia). (C) The expression of DoWRKYs
in stems after wounding. Expression profiles were normalized to log;o(FPKM).

4. Discussion

By comprehensively analyzing the functional, genomic, and structural features of
these gene families, researchers can unravel the underlying mechanisms regulating plant
growth, development, and response to environmental cues [48]. Furthermore, studying
the characteristics of gene families enables us to gain insights into how plants cope with
biotic and abiotic stresses, such as drought [49], salinity [50], and pathogen attacks [51].
Identifying relevant gene families and conducting meticulous annotation work becomes
imperative for identifying genes with potentially specialized functions. Recent research
endeavors have primarily focused on conducting genome-wide analyses of plant gene
families, with particular emphasis on the WRKY gene family [52]. In this study, we utilized
recently available genomic data of D. odorifera to conclude the identification of 99 WRKY
gene members in D. odorifera following bioinformatics analysis.

In the DoWRKY gene family, some members displayed mutations in the WRKYGQK
heptapeptide structure, changing it to WRKYGKK or WRKYGEK. Similar variations in
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this region have been documented in other plant species, such as Chinese jujube (Ziziphus
jujuba) [53] and Oryza nivara [54]. The WRKYGQK domain’s capability to bind to w-box
cis-elements containing a core sequence of C/TTGACC/T has been previously established,
thereby activating downstream genes. The observed variations in the WRKYGQK domain
have the potential to influence DNA-binding specificity, leading to certain WRKY genes
lacking this motif potentially binding to other specific DNA sequences instead [55]. No-
tably, tobacco’s NtWRKY12 has shown a distinct binding affinity to the WK-box through
its WRKYGKK structural domain [56]. Variations in conserved WRKY sequences could
influence binding specificity with downstream target genes, thereby affecting gene func-
tion [57]. Further investigation into these variations will contribute to a comprehensive
understanding of the intricate regulatory processes orchestrated by WRKY transcription
factors in plants.

In this study, with the exception of a small number of WRKY proteins characterized by
partial domain absence or mutations, the rest of the members possess intact and accurate
structural components. Some motifs are extremely conserved, as shown by a careful ex-
amination of the conserved structural domains of D. odorifera WRKY proteins (Figure 5A).
Notably, all WRKY proteins encompass C-terminal Motif 1, while Group I proteins concur-
rently feature N-terminal Motif 4. Motif 5 was identified in both Ila and IIb, while Motif 10
was consistently present in both IId and Ile. This underscores the pronounced structural
conservation among members of the D. odorifera WRKY gene family.

In D. odorifera, upon grouping the confirmed 99 DoWRKYs members, it was observed
that the Ilc subgroup exhibited the highest member count, a trend similar to that seen in
other leguminous plants [58]. In comparison to the model species Arabidopsis thaliana (72
AtWRKYs), there was a notable increase in member count. Groups II and III both saw a gain
in members, with the exception of Group I, which had a drop of two members. Notably,
Group II displayed a substantial augmentation, with the addition of 25 members (Ila, 4;
IIb, 8; Ilc, 10; IId, 2; and Ile, 1), while Group III gained 4 members. These findings imply
that WRKY members in Group II expanded during the course of evolution, whereas Group
I'may have experienced gene loss events. Moreover, in line with the majority of research
findings, the expansion of the DoWRKY gene family in D. odorifera seems to be primarily
influenced by segmental duplications [59]. It is notable that, within Group Ilc, DoOWRKY58,
DoWRKY67, and DoWRKY 69 exhibit a closer phylogenetic relationship with Group I. An
oat study [60] showed a similar observation. There is evidence that both Groups Ilc and I
evolved from a Ilc-like ancestral WRKY. Therefore, we could speculate that Group Ilc and
Group I may have come from the same ancestor, or these three genes wanted to evolve into
Group L.

Meng validated HIS2 as the most stable reference gene in D. odorifera via RT-PCR
method, enhancing the accuracy of qRT-PCR data normalization [61]. From the sequence
transfer analysis, it was found that part of the DNA originated from the mitochondrial and
chloroplast genomes [62]. Most of the transfer events have taken place relatively recently,
indicating a possible role in environmental adaptation [63]. Ruoke discovered 126 members
within the R2R3-MYB transcription factor family of D. odorifera. The research highlighted
that segmental duplication events played an important role in expanding the R2R3-MYB
family, implicating DodMYB32, DodMYB55, and DodMYB89 as potential participants in the
regulatory process of heartwood [64]. Wang identified 24 CCR gene family members, and
a synteny analysis showed that segmental and tandem duplications were crucial in the
expansion of the CCR family [65].

The WRKY genes expression in D. odorifera indicus was found to be organ-specific,
with DoWRKY41 being expressed only in leaves; DoWRKY04 in roots; and DoWRKY17,
DoWRKY28, DOWRKY47, and DoWRKY67 in flowers. DoWRKY16 and DoWRKY55 were
present in stems and leaves, indicating their potentially crucial roles in these tissues.
DoWRKY57 was present in all tissues, with particularly pronounced expression in specific
regions of the vascular cambium, suggesting its likely involvement in vascular functions.
Additionally, 20 DoOWRKY genes showed a substantial increase in expression following
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wounds, suggesting that they may be involved in the regulation of damage stress in D.
odorifera. DoWRKY 95 showed a remarkable upregulation after mechanical injury. Observing
downregulation after pruning in four genes (DoWRKY01, DoWRKY12, DoWRKY40, and
DoWRKY85) was surprising. As a result, our thorough examination of the DoWRKYs
provides a useful foundation for the further functional genomic characterizations of these
genes. More WRKY genes will likely be discovered in different additional plant species
as the number of fully sequenced genomes rises. These findings will enable a deeper
investigation of the WRKY gene family’s functional properties and further contribute to
a more thorough knowledge of the genesis and development of the WRKY gene family.
Overall, the WRKY gene family’s evolutionary processes and functional diversity across
several plant species are critically illuminated by this research.

5. Conclusions

In this research, 99 DoWRKY proteins were identified from the Dalbergia odorifera
genome. The comprehensive analyses, including phylogenetic relationships, gene structure,
conserved motifs, chromosomal locations, and transcriptome expression patterns, were
conducted. We further explored the evolutionary expansion of the WRKY gene family in
D. odorifera, primarily resulting from segmental duplications. The functional annotation
and expression profiling of DOWRKY proteins revealed their active involvement in diverse
aspects of D. odorifera growth, development, and stress responses. The findings provide
significant and broad perspectives in the study of DoWRKY proteins and may inspire
further research in this area.
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