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ABSTRACT 31 

Background Avocado (Persea americana Mill.) is a significant fruit crop in tropical 32 

and subtropical regions. However, its growth, yield, and fruit quality are substantially 33 

impacted by biotic stresses, such as insect herbivory and pathogen infections. WRKY 34 

transcription factors are crucial in regulating plant growth, development, hormone 35 

signaling, and stress responses. Despite their importance, comprehensive genome-wide 36 

identification and characterization of the WRKY gene family, particularly in response 37 

to various biotic stresses, remain largely uninvestigated in Hass avocado. This study 38 

aims to identify the WRKY gene family at the genome-wide level and to explore its 39 

evolutionary characteristics, gene structures, tissue-specific expression patterns, and 40 

responses to biotic stresses in Hass avocado. 41 

Results A total of 70 PaWRKY genes were identified within the Hass avocado genome, 42 

exhibiting an uneven distribution across 12 chromosomes. Through analyses of 43 

phylogenetic relationships and conserved domain composition, these PaWRKY genes 44 

were categorized into three principal groups, with Group II further subdivided into five 45 

subgroups. Segmental duplication emerged as the primary mechanism driving the 46 

expansion of the PaWRKY gene family, with most duplicated gene pairs appearing to 47 

have undergone purifying selection. Investigations into gene structure, conserved 48 

motifs, cis-regulatory elements, and protein interaction networks indicated that 49 

PaWRKY members maintained relative conservation within subgroups, while also 50 

demonstrating potential for functional diversification. Transcriptomic analyses 51 

revealed distinct tissue-specific expression patterns and differential responses of 52 

PaWRKY genes to insect-infested leaves, diseased leaves, and insect-bored fruits. 53 

Compared to insect feeding, diseased leaves elicited more extensive and robust defense 54 

responses, which were further linked to tissue damage and senescence-related processes. 55 

Through integrative analyses employing K-means clustering, weighted gene co-56 

expression network analysis (WGCNA), differentially expressed genes (DEG) 57 

screening, and UpSet plots, several candidate core PaWRKY genes implicated in biotic 58 

stress responses were identified. The predicted three-dimensional protein structures 59 

revealed that these core PaWRKY proteins exhibit localized structural variations while 60 



maintaining highly conserved WRKY domains.  61 

Conclusion This study systematically characterizes the WRKY gene family in Hass 62 

avocado, emphasizing its evolutionary diversification and differential responses to 63 

biotic stresses. These findings offer valuable candidate genes and theoretical support 64 

for future resistance breeding and molecular enhancement of avocado to combat biotic 65 

stresses.  66 

Keywords Hass avocado; Persea americana; WRKY transcription factor; Gene family; 67 

Biotic stress; Insect herbivory; Pathogen infection; Transcriptome analysis. 68 

Backgroud 69 

Among them, biotic stresses caused by pathogenic microorganisms and herbivorous 70 

insects can disrupt plant tissue integrity and physiological metabolism, ultimately 71 

leading to growth inhibition, quality deterioration, and yield losses [1, 2]. To mitigate 72 

these stresses, plants have developed intricate defense mechanisms that preserve 73 

structural and functional stability. These defense responses are governed by complex 74 

regulatory networks, wherein transcription factors (TFs) play pivotal roles. They 75 

achieve this by binding to cis-acting elements in the promoters of downstream target 76 

genes or by interacting with other TFs to regulate functional gene expression during 77 

plant responses to biotic stress [3, 4]. 78 

Among the various TF families in plants, the WRKY family is notable for being 79 

plant-specific and is among the most extensive in the plant kingdom [5]. In the model 80 

organisms Arabidopsis thaliana and rice, 74 and 100 WRKY members have been 81 

identified, respectively. In contrast, plants with more complex genomes, such as 82 

Brassica juncea, Fragaria × ananassa, Gossypium hirsutum, and Camelina sativa, 83 

have been reported to contain over 200 WRKY members [6-9]. The WRKY family is 84 

named for its highly conserved WRKY domain, characterized by an N-terminal 85 

WRKYGQK heptapeptide and a C-terminal zinc-finger motif, which can be either 86 

C2H2 (C–X4–5–C–X22–23–H–X–H) or C2HC (C–X7–C–X23–H–X–C) [10]. WRKY 87 

proteins regulate downstream gene expression by recognizing W-box cis-acting 88 

elements [TGACC(A/T)] in the promoters of target genes [11]. Based on the number 89 



of WRKY domains and the type of zinc-finger motif, WRKY proteins are generally 90 

classified into three groups: I, II, and III. Group I proteins contain two WRKY domains, 91 

while Groups II and III contain a single WRKY domain. Additionally, Groups I and II 92 

feature C2H2-type zinc-finger motifs, whereas Group III is characterized by C2HC-93 

type motifs [10]. Group II can be further categorized into five subgroups: IIa, IIb, IIc, 94 

IId, and IIe [11]. The structural diversity observed in WRKY proteins is likely a 95 

consequence of whole-genome duplication events coupled with adaptive pressures 96 

arising from diverse ecological conditions [12]. 97 

An increasing body of evidence suggests that WRKY proteins play a crucial role in 98 

plant growth and development, hormone signal integration, and stress responses. 99 

Notably, under conditions of biotic stress, WRKY proteins are often rapidly and 100 

robustly induced, facilitating plant responses to fungal, bacterial, and viral pathogens, 101 

as well as herbivore predation. This is achieved through the regulation of defense-102 

related gene expression, hormone signaling pathways, and secondary metabolic 103 

processes [13-15]. Mechanistically, WRKY proteins function as transcriptional 104 

regulators, either activating or repressing gene expression by binding to W-box cis-105 

acting elements located in the promoters of target genes, thus influencing downstream 106 

gene expression [16]. In cotton, the activation of GhWRKY40a facilitates the expression 107 

of ethylene-responsive factors and defense-related genes, thereby augmenting 108 

resistance to Fusarium wilt [17]. Furthermore, research has demonstrated that a WRKY 109 

protein from subgroup IIc can directly interact with and activate the promoter of 110 

GhMKK2, a pivotal gene in the MAPK signaling pathway, thereby modulating signal 111 

cascade regulation and enhancing cotton's defense mechanisms [18]. WRKY proteins 112 

also contribute to plant resistance by promoting the biosynthesis of secondary 113 

metabolites. In rice, OsWRKY67 undergoes phosphorylation by OsMPK6, subsequently 114 

inducing the expression of naringenin 7-O-methyltransferase (OsNOMT). This 115 

induction results in the accumulation of the flavonoid phytoalexin sakuranetin, 116 

significantly mitigating the severity of rice false smut [19]. In grapevine, the 117 

overexpression of VqWRKY56 bolsters resistance to powdery mildew through 118 

interaction with VqbZIPC22 and activation of genes involved in proanthocyanidin (PA) 119 



biosynthesis, thereby increasing PA accumulation [20]. Furthermore, WRKY 120 

transcription factors play a pivotal role in mediating plant defenses against pathogens 121 

and insect pests by modulating hormone signaling pathways, particularly those 122 

involving salicylic acid (SA) and jasmonic acid (JA). In Betula platyphylla, BpWRKY6 123 

directly interacts with the promoters of genes related to JA biosynthesis, such as 124 

BpLOX15, BpAOC4, and BpAOS1, leading to increased JA accumulation and 125 

consequently enhancing birch resistance to insect herbivory [21]. In Camellia sinensis, 126 

an LRR-RLK–MPK–WRKY–JA signaling module is activated following insect 127 

feeding, underscoring the essential role of WRKY in JA-mediated anti-herbivore 128 

signaling [22]. With respect to SA signaling, WRKY in pepper can bind directly to W-129 

box elements in the promoters of pathogenesis-related (PR) genes, which are key 130 

markers of the SA signaling pathway, thereby bolstering resistance to Phytophthora 131 

capsici [23]. Similarly, in Nicotiana benthamiana, NbWRKY40 interacts with the W-132 

box element in the NbICS1 promoter, facilitating SA accumulation and upregulating the 133 

signaling genes PR1b and PR2 [24]. 134 

Avocado (Persea americana Mill.), belonging to the genus Persea within the family 135 

Lauraceae, represents a significant tropical and subtropical fruit crop of economic 136 

importance, indigenous to Central America. The fruit of the avocado is abundant in 137 

minerals, vitamins, proteins, and unsaturated fatty acids, thereby conferring substantial 138 

nutritional value and health-promoting attributes [25-27]. Avocados are typically 139 

categorized into three botanical races based on their ecological origins: Mexican, 140 

Guatemalan, and West Indian. Among these, the Hass variety, a hybrid of the 141 

Guatemalan and Mexican races, currently dominates as the primary commercial 142 

cultivar [28]. Recent data from FAOSTAT indicate that global annual avocado 143 

production has surpassed 10 million tonnes, positioning avocado among the four major 144 

fresh tropical fruits worldwide [29]. Mexico stands as the leading avocado-producing 145 

nation, with an annual output of 2.761 million tonnes [30]. In recent years, propelled 146 

by rising market demand, the avocado industry in China has experienced rapid growth, 147 

with Yunnan emerging as the principal avocado-producing region and Menglian County 148 

evolving into the largest avocado cultivation base in the country. In 2024, it was 149 



documented that the avocado cultivation area in Menglian County expanded to 120,700 150 

mu, with 25,700 mu actively under production, yielding an annual fresh fruit output of 151 

19,500 tonnes [31]. Similar to other fruit crops, avocados are nutrient-rich but 152 

susceptible to damage from herbivorous insects and pathogens, which can significantly 153 

impact fruit yield and quality, leading to considerable economic losses [32, 33]. Our 154 

preliminary survey of Hass avocado plantations in Menglian County and adjacent 155 

regions revealed frequent occurrences of leaf spot disease, caused by Pseudocercospora 156 

purpurea (Cooke) Deighton, and malformed fruits due to gall midge infestation (Fig. 157 

1). These findings suggest that local Hass avocado production is currently contending 158 

with significant combined pressures from diseases and insect pests.  159 

Presently, research on WRKY transcription factors in avocados is limited. Fick et al. 160 

identified 82 WRKY genes within the genome of a West Indian avocado accession and 161 

further analyzed their expression profiles in roots and lower stems following infection 162 

by Phytophthora cinnamomi [32]. Nonetheless, due to the significant genetic 163 

background variations among different avocado races and cultivars, the current findings 164 

may not comprehensively reflect the composition of the WRKY gene family or its 165 

response mechanisms to biotic stress within the Hass cultivar. Consequently, this study 166 

undertakes a systematic identification of the WRKY gene family utilizing the Hass 167 

avocado genome. Subsequently, we conducted an analysis of their structural 168 

characteristics, conserved motifs, phylogenetic relationships, and cis-acting elements. 169 

Furthermore, we explored their expression patterns and potential functions under 170 

various biotic stress conditions. This research aims to lay the groundwork for 171 

elucidating the molecular mechanisms that underpin disease and insect resistance in 172 

Hass avocado, as well as for identifying candidate genes associated with resistance. 173 

Materials and Methods 174 

Plant materials, stress treatments, and sample collection 175 

Avocado samples were procured from the Nuodong orchard located in Menglian 176 

County, Yunnan Province, China. The mature experimental trees, aged between 8 and 177 

10 years, were cultivated under natural field conditions. In June 2025, three distinct 178 



types of leaf samples were collected: (1) fully expanded healthy leaves devoid of visible 179 

damage or symptoms (CKL, Fig. 1A); (2) leaves exhibiting fresh feeding damage 180 

inflicted by common chewing insects present in the orchard (IHL, Fig. 1B), where both 181 

the damaged area and adjacent tissues were collected; and (3) leaves displaying 182 

characteristic leaf spot symptoms induced by P. purpurea infection (DL, Fig. 1C). Leaf 183 

samples were exclusively selected from the second to fourth fully expanded leaves 184 

below the shoot apex. Additionally, two types of fruit tissues were collected: (1) 185 

undamaged healthy fruits (CKF, Fig. 1D); and (2) developmentally arrested malformed 186 

fruits affected by gall midge larvae (IHF, Fig. 1E). Furthermore, three biological 187 

replicates of newly emerged buds and green stems were collected from different shoot 188 

tips. Samples were collected between 10:30 and 11:00 a.m., rinsed thrice with sterile 189 

water, rapidly frozen in liquid nitrogen, and subsequently stored at −80 °C. For each 190 

tissue type, three biological replicates were prepared, with each replicate comprising 191 

pooled tissues from a minimum of three independent trees. 192 

Identification of WRKY genes in P. americana 193 

P. americana was conducted utilizing the most recent whole-genome sequence and 194 

annotation data for Hass avocado. The WRKY gene family in avocado (PaWRKY) was 195 

identified through two complementary methodologies. Initially, protein sequences of 196 

the Arabidopsis thaliana WRKY gene family (AtWRKY) were retrieved from the 197 

Arabidopsis Information Resource (TAIR, https://www.arabidopsis.org/; accessed on 198 

13 June 2025). These sequences served as queries to identify homologous sequences 199 

among all avocado protein sequences using BLASTP version 2.16.0, employing an E-200 

value threshold of 1E−5, a sequence identity of at least 40%, and an alignment coverage 201 

of at least 50%. Second, the hidden Markov model (HMM) profile corresponding to the 202 

WRKY domain (PF03106) was retrieved from the Pfam database (http://pfam-203 

legacy.xfam.org/; accessed on 13 June 2025) and employed as a query to interrogate 204 

the annotated avocado protein sequences using HMMER v3.4 [33], applying an E-value 205 

threshold of 1E−5 and a domain coverage criterion of ≥ 50%. The candidate PaWRKY 206 

protein sequences identified through these two methodologies were consolidated, and 207 



redundant sequences were eliminated using CD-HIT v4.8.1 [34]. The conserved 208 

domains within the remaining candidate sequences were subsequently validated 209 

through the Conserved Domain Database (CDD, 210 

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; accessed on 13 June 2025) and 211 

the Simple Modular Architecture Research Tool (SMART, http://smart.embl-212 

heidelberg.de/; accessed on 13 June 2025). The isoelectric point (pI) and molecular 213 

weight (MW) of each PaWRKY protein were predicted utilizing the R package Peptides. 214 

Additionally, the subcellular localization of the PaWRKY proteins was predicted using 215 

the online WoLF PSORT program (https://wolfpsort.hgc.jp/; accessed on 13 June 2025). 216 

Chromosomal distribution and gene duplication 217 

The chromosomal locations of PaWRKY genes were visualized utilizing the RIdeogram 218 

package in R version 4.4.1, based on the avocado genome annotation file [35]. The 219 

PaWRKY family members were designated sequentially according to their physical 220 

positions on the chromosomes. Tandem and segmental duplication events among 221 

PaWRKY genes were identified using MCScanX [36] and subsequently visualized with 222 

Circos version 0.69–8 [37]. The synonymous (Ks) and nonsynonymous (Ka) 223 

substitution rates of duplicated gene pairs were calculated using TBtools version 2.315 224 

[38]. Furthermore, the Python-based MCScanX (JCVI) pipeline [39] was employed to 225 

conduct comparative synteny analyses among avocado, A. thaliana, camphor tree 226 

(Cinnamomum camphora), rice (Oryza sativa), and pineapple (Ananas comosus), 227 

facilitating the visualization of interspecific relationships of WRKY genes. 228 

Sequence alignment and phylogenetic analysis 229 

The identified PaWRKY protein sequences underwent multiple sequence alignment 230 

using MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/) with default settings. The 231 

resulting alignment was visualized and examined using Jalview v2.11.4.1 [40]. 232 

Subsequently, a neighbor-joining phylogenetic tree was constructed utilizing MEGA11 233 

[41] with 1,000 bootstrap replicates to ensure robustness. The PaWRKY proteins were 234 

categorized into distinct groups and subgroups based on the alignment of WRKY 235 



domains and their phylogenetic relationships. Furthermore, A. comosus WRKY 236 

(AcWRKY) protein sequences were retrieved from a prior study [42], and a 237 

comprehensive phylogenetic tree was generated incorporating all PaWRKY, AtWRKY, 238 

and AcWRKY protein sequences. The visualization of the phylogenetic tree was 239 

optimized by Evolview v3 [43]. 240 

Gene structure, cis-acting element, and protein interaction network analyses 241 

The conserved motifs of PaWRKY proteins were analyzed utilizing the MEME suite 242 

(https://meme-suite.org/meme/tools/meme), with the parameters set to a maximum of 243 

20 motifs, allowing for any number of repetitions, and a motif width range of 6 to 100. 244 

The coding sequence (CDS) distribution for each PaWRKY gene was visualized using 245 

R version 4.4.1, based on the avocado genome annotation file. To analyze cis-acting 246 

elements, the 1,500 base pair upstream sequences of all PaWRKY coding DNA 247 

sequences were submitted to the PlantCARE database 248 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the results were 249 

visualized using R version 4.4.1. Protein-protein interaction networks among PaWRKY 250 

proteins were predicted using the STRING database (https://string-db.org/), with A. 251 

thaliana selected as the reference organism. The minimum required interaction score 252 

was set at 0.40, while all other parameters were maintained at their default settings. 253 

Transcriptome data processing and differential expression analysis 254 

Total RNA was isolated from the collected avocado tissues utilizing the TRIzol reagent 255 

(Tiangen, Beijing, China) in accordance with the manufacturer's guidelines. The 256 

concentration and purity of the RNA were determined using a NanoDrop 2000 257 

microvolume spectrophotometer (Thermo Fisher Scientific, MA, USA), while RNA 258 

integrity was assessed via an Agilent Bioanalyzer 2100 system (Agilent Technologies, 259 

CA, USA). RNA-seq libraries were prepared employing the Hieff NGS Ultima Dual-260 

mode mRNA Library Prep Kit (Yeasen, Shanghai, China) as per the manufacturer's 261 

protocol and subsequently sequenced on the Illumina NovaSeq platform (Illumina, CA, 262 

USA). The raw sequencing reads underwent processing with fastp v0.22.0 263 



(https://github.com/OpenGene/fastp) to eliminate adapter sequences, poly-N reads, and 264 

low-quality reads. The quality of the filtered reads was further evaluated using FastQC 265 

v0.12.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) prior to 266 

conducting downstream analyses. 267 

The reference genome sequence and annotation files for avocado were procured from 268 

the NCBI database (GCA_051132755.1; accessed on June 13, 2025). High-quality, 269 

clean reads were aligned to the reference genome utilizing HISAT2 version 2.1.0. Gene 270 

read counts and FPKM (fragments per kilobase of transcript per million mapped reads) 271 

values were calculated using StringTie and HTSeq version 2.0.2, with FPKM values 272 

serving as normalized expression estimates. Principal component analysis (PCA) was 273 

conducted using the prcomp function in R to assess sample grouping and biological 274 

reproducibility. To elucidate stress-responsive gene expression patterns in leaves and 275 

fruits, the optimal number of K-means clusters was initially determined using the 276 

cascadeKM function from the vegan R package, followed by K-means clustering. 277 

Clustering was executed with 1,000 random starts (nstart = 1000) to enhance the 278 

stability of the results. Genes within each cluster exhibited similar expression trends. 279 

Functional enrichment analyses for each gene cluster were conducted utilizing Gene 280 

Ontology (GO; www.geneontology.org) [44] and Kyoto Encyclopedia of Genes and 281 

Genomes (KEGG; www.genome.jp/kegg/) [45] terms, employing the clusterProfiler R 282 

package version 4.6.2 [46]. Differential expression analysis was executed using the 283 

DESeq2 package version 1.38.3 [47] in R v4.2.2. Genes exhibiting an adjusted p-value 284 

of less than 0.01 and an absolute fold change of at least 2 were classified as 285 

differentially expressed genes (DEGs). The expression values of the identified 286 

PaWRKY genes were extracted to examine their expression profiles across various 287 

tissues and to assess their responses to diverse stress conditions. Clustered heatmaps of 288 

gene expression were generated using the circlize package version 0.4.16 in R. 289 

Weighted gene co-expression network analysis 290 

Previous research has demonstrated that the sequence in which DEG filtering and 291 

weighted gene co-expression network analysis (WGCNA) are executed can 292 



significantly influence the precision of functional enrichment outcomes. Notably, 293 

conducting WGCNA to identify trait-associated modules prior to DEG filtering has 294 

been shown to more effectively capture genes that are significantly correlated with 295 

specific traits [48]. Consequently, to enhance the accuracy of stress-responsive gene 296 

screening and functional enrichment analysis, and to maintain network topology during 297 

WGCNA, co-expression networks were constructed utilizing the expression profiles of 298 

all annotated genes across various treatments before implementing DEG-based filtering. 299 

The WGCNA was carried out using the WGCNA package in R [49]. Initially, sample 300 

clustering was performed to identify and exclude outlier samples. Subsequently, a 301 

similarity matrix was generated based on Pearson correlation coefficients derived from 302 

gene expression values. This similarity matrix was then transformed into an adjacency 303 

matrix, and the optimal soft-thresholding power was determined using the 304 

pickSoftThreshold function. A topological overlap matrix (TOM) was developed 305 

utilizing the chosen soft-thresholding power, and genes were categorized into modules 306 

through dynamic tree cutting based on 1−TOM dissimilarity. Pearson correlation 307 

analysis was employed to assess the associations between module eigengenes and 308 

various stress treatments, with results visualized via the labeledHeatmap function. 309 

Modules exhibiting a p-value of less than 0.05 were deemed statistically significant. 310 

Genes within these significant modules underwent GO and KEGG enrichment analyses 311 

to elucidate their potential biological functions. 312 

Integrated screening of PaWRKY genes under biotic stresses 313 

To further elucidate the key PaWRKY genes implicated in biotic stress responses, gene 314 

sets associated with insect-infested leaves (IHL), diseased leaves (DL), and insect-315 

bored fruits (IHF) were extracted from the aforementioned analyses. These analyses 316 

included relevant K-means cluster gene sets, gene sets derived from WGCNA that 317 

exhibited significant module correlations, and DEG sets. Subsequently, these gene sets 318 

were integrated with the 70 identified PaWRKY genes. The intersections among the 319 

various gene sets were visualized using the UpSetR package version 1.4.0 in R [50] o 320 

identify candidate stress-responsive PaWRKY genes. PaWRKY genes located at the 321 



intersection of K-means clusters, WGCNA modules, and DEG sets were designated as 322 

high-confidence core response genes. Conversely, PaWRKY genes present in one or 323 

two of the relevant gene sets were classified as extended stress-responsive genes. Based 324 

on the expression matrix, the expression levels of genes corresponding to each 325 

intersection category were extracted and visualized as log10(FPKM + 1). To validate the 326 

transcriptome-based expression patterns, the core stress-responsive PaWRKY genes 327 

were further analyzed using quantitative real-time PCR (qRT-PCR) (Table S1). The 328 

avocado β-actin gene served as an internal reference, and relative expression levels 329 

were determined utilizing the 2−(ΔΔCt) method. Each sample comprised three biological 330 

replicates, with each biological replicate further analyzed in three technical replicates. 331 

Three-dimensional protein structure prediction 332 

The protein sequences of core stress-responsive PaWRKY genes, identified under 333 

various biotic stress conditions, were subjected to homology modeling using the 334 

SWISS-MODEL platform (https://swissmodel.expasy.org/) to predict their tertiary 335 

structures. The quality of the resulting three-dimensional models was assessed through 336 

the Global Model Quality Estimate (GMQE) score and sequence identity metrics [51]. 337 

The GMQE score, which ranges from 0 to 1, serves as an indicator of model reliability, 338 

with higher scores denoting increased reliability. Only models exhibiting a sequence 339 

identity of 90% or greater were retained for further analysis. 340 

Statistical analysis 341 

Statistical analyses were conducted utilizing SPSS version 23.0. Mean differences were 342 

assessed through Duncan's multiple range test. Results are expressed as the mean ± 343 

standard deviation (SD), with statistical significance determined at a threshold of p < 344 

0.05. 345 

Results 346 

Identification of WRKY proteins in P. americana 347 

Utilizing A. thaliana WRKY protein sequences in conjunction with the HMM profile 348 

specific to the WRKY domain (PF03106), an initial identification of 73 putative 349 



members of the WRKY gene family was conducted in avocado via BLASTP and 350 

HMMER searches. Subsequent analyses focusing on sequence integrity and conserved 351 

domain presence refined this number to 70 PaWRKY gene family members, as detailed 352 

in Table S2. These genes were systematically designated as PaWRKY1 through 353 

PaWRKY70, following their respective chromosomal positions within the avocado 354 

genome (Fig. 2A). The CDS lengths of the PaWRKY genes varied from 373 base pairs 355 

(bp) in PaWRKY19 to 2,483 bp in PaWRKY20. Correspondingly, the resultant proteins 356 

ranged from 124 amino acids (PaWRKY19) to 829 amino acids (PaWRKY20), with an 357 

average protein length of 371 amino acids. The molecular weights of the PaWRKY 358 

proteins spanned from 14.62 kilodaltons (kDa) for PaWRKY19 to 90.58 kDa for 359 

PaWRKY20, averaging at 40.93 kDa. The predicted isoelectric points of these proteins 360 

ranged from 4.70 (PaWRKY68) to 10.39 (PaWRKY22), with an average isoelectric 361 

point of 7.59. The prediction of subcellular localization indicated that all PaWRKY 362 

proteins, with the exception of three (PaWRKY14, PaWRKY19, and PaWRKY25) 363 

predicted to localize within chloroplasts and one (PaWRKY12) predicted to localize 364 

within the cytoskeleton, were anticipated to localize to the nucleus (Table S2). 365 

Chromosomal localization, gene duplication, and comparative genomic analysis 366 

Utilizing the avocado genome annotation, the 70 PaWRKY genes were systematically 367 

mapped onto 12 chromosomes employing the RIdeogram package in R. The 368 

distribution of PaWRKY genes across the avocado chromosomes was notably uneven 369 

(Fig. 2A). Chromosome 1 exhibited the highest concentration of PaWRKY genes, 370 

encompassing 16 members, followed by chromosome 5 with 11 members. In stark 371 

contrast, chromosome 11 contained only a single PaWRKY gene, PaWRKY66.  372 

To further elucidate the evolutionary expansion of the PaWRKY gene family, an 373 

analysis of gene duplication events was conducted. MCScanX analysis revealed five 374 

pairs of tandemly duplicated genes among the 70 PaWRKY members: 375 

PaWRKY4/PaWRKY5, PaWRKY11/PaWRKY12, PaWRKY23/PaWRKY24, 376 

PaWRKY37/PaWRKY38, and PaWRKY54/PaWRKY55. These tandemly duplicated 377 

pairs were localized on chromosomes 1, 3, 5, and 9. Additionally, 32 pairs of PaWRKY 378 



genes were found to be associated with segmental duplication events (Fig. 2B). 379 

Chromosome 1 contained the greatest number of segmental duplication events. On 380 

chromosome 5, with the exception of PaWRKY41, all segmentally duplicated PaWRKY 381 

genes participated in two segmental duplication events with other genes. The Ka/Ks 382 

ratios for the 32 duplicated gene pairs were all below 0.4, with the exception of 383 

PaWRKY23/PaWRKY37, which exhibited a value of 0.43. This suggests that the 384 

majority of duplicated PaWRKY genes have been subject to strong purifying selection 385 

throughout their evolutionary history ( Table S3). 386 

To further investigate the evolutionary origins and comparative genomic 387 

relationships of the PaWRKY gene family, syntenic analyses were conducted among 388 

avocado, A. thaliana, C. camphora, O. sativa, and A. comosus using JCVI, a Python-389 

based MCScanX pipeline. In these analyses, 18, 13, and 14 orthologous gene pairs were 390 

identified between avocado and A. thaliana, O. sativa, and A. comosus, respectively 391 

(Fig. 2C). 392 

Phylogenetic analysis of PaWRKY proteins 393 

To enhance the understanding of the subgroup classification within the PaWRKY gene 394 

family and to elucidate the phylogenetic relationships among PaWRKYs, A. thaliana 395 

WRKYs (AtWRKYs), and A. comosus WRKYs (AcWRKYs), a phylogenetic tree was 396 

constructed using MEGA11. This analysis was based on the protein sequences of 70 397 

PaWRKYs, 72 AtWRKYs, and 54 AcWRKYs, as depicted in Fig. 3. The findings 398 

revealed that the 196 WRKY proteins were categorized into three principal groups: I, 399 

II, and III. Group II was the most populous, comprising 128 proteins, while Groups I 400 

and III contained 39 and 29 members, respectively. Furthermore, Group II was 401 

subdivided into five subgroups: IIa, IIb, IIc, IId, and IIe, consisting of 11, 23, 44, 24, 402 

and 23 members, respectively. Notably, subgroups IIa, IIb, and IIc demonstrated closer 403 

phylogenetic affinity with Group I, whereas subgroups IId and IIe exhibited closer 404 

clustering with Group III. 405 

In the analysis of the 70 PaWRKY proteins, 13 were categorized into Group I, while 406 

6, 8, 16, 10, and 9 were assigned to subgroups IIa through IIe, respectively, and 8 were 407 



classified under Group III (Fig. 4). The proteins in Group I uniformly exhibited two 408 

WRKY domains along with a C2H2-type zinc-finger motif characterized by the 409 

sequence C–X4–C–X23–H–X–H. Notably, the domains and zinc-finger motifs within 410 

Group I demonstrated greater conservation compared to those in Groups II and III, with 411 

no significant variations observed. Members of Group II were characterized by the 412 

presence of a single WRKY domain and a C2H2-type zinc-finger motif, denoted as C–413 

X4–5–C–X23–24–H–X–H. Within Group II, two distinct variants of the WRKY 414 

heptapeptide were identified: WRKYGKK in PaWRKY17 from subgroup IIc and 415 

WKKYGQK in PaWRKY34 from subgroup IId. Furthermore, variations in the C2H2-416 

type zinc-finger motif were identified in PaWRKY14 from subgroup IIc and 417 

PaWRKY52 from subgroup IId. Group III proteins were characterized by a single 418 

WRKY domain, with the heptapeptides in PaWRKY8 and PaWRKY39 being replaced 419 

by WIKYGLK and WKKYGQK, respectively. Among the Group III members, seven 420 

contained a C2HC-type zinc-finger motif (C–X7–C–X23–H–X–C), while one member 421 

exhibited a C2H2-type zinc-finger motif (C–X7–C–X23–H–X–H) (Fig. 4). In summary, 422 

PaWRKY proteins exhibit the characteristic classification features and structural 423 

conservation typical of WRKY transcription factors. However, variations observed in 424 

the conserved motifs of certain members may suggest potential functional divergence 425 

in their roles in transcriptional regulation. 426 

Gene structure, cis-acting element, and protein interaction network analyses 427 

The diversity in gene structures can significantly influence the evolutionary trajectory 428 

of gene families. In order to elucidate the structural characteristics and potential 429 

functional divergence within the PaWRKY family, a comprehensive analysis was 430 

conducted focusing on conserved domains, motif composition, and gene structures (Fig. 431 

5). It was observed that all PaWRKY proteins possessed at least one WRKY domain, 432 

with Group I members uniquely containing two WRKY domains. Notably, all members 433 

of subgroup IId exhibited a Pfam Plant zinc cluster domain in conjunction with the 434 

WRKY domain. Furthermore, the majority of PaWRKY proteins within subgroups IIa 435 

and IIb were found to possess a coiled-coil region, which may be indicative of specific 436 



functional roles (Fig. 5A). The MEME motif analysis revealed that PaWRKY proteins 437 

sharing similar motif compositions were systematically grouped, with all PaWRKY 438 

proteins exhibiting WRKY-associated motifs, specifically motif 1 and motif 3. 439 

Additionally, motif 7 was exclusively identified in all members of subgroups IIa and 440 

IIb (Fig. 5B). The CDS regions within PaWRKY genes varied from 2 to 9, with 441 

PaWRKY56 possessing the highest number of CDS regions, totaling 9 (Fig. 5C). The 442 

findings suggest that the PaWRKY family exhibits significant conservation within its 443 

subfamilies concerning domain composition, conserved motifs, and gene structure. 444 

This conservation is likely intricately linked to functional divergence and phylogenetic 445 

relationships. 446 

Following structural characterization, an in-depth analysis of cis-acting elements was 447 

conducted to predict the potential regulatory functions of PaWRKY genes. The 448 

promoter regions were delineated as the 1,500-bp sequences upstream of the 449 

transcription start sites (TSSs) of PaWRKY genes and were subsequently analyzed 450 

using the PlantCARE database (Fig. 6 and Fig. S2). This analysis identified 53 distinct 451 

types of cis-acting elements, categorized into four principal groups: light-responsive 452 

elements (30 types), phytohormone-responsive elements (8 types), stress-responsive 453 

elements (6 types), and elements related to plant growth and development (9 types). 454 

Notably, light-responsive elements were the most prevalent, with G-box, I-box, and 455 

Box 4 elements identified in the promoters of 42, 36, and 35 PaWRKY genes, 456 

respectively. Additionally, elements associated with responses to both biotic and abiotic 457 

stresses were extensively distributed across PaWRKY promoters. Within the category 458 

of phytohormone-responsive elements, the promoters of 35 PaWRKY genes were found 459 

to contain abscisic acid-responsive ABRE elements, as well as MeJA-responsive 460 

elements, including the TGACG and CGTCA motifs. Furthermore, the analysis 461 

revealed the presence of at least one gibberellin-responsive cis-acting element, either 462 

the GARE motif or the P-box, within the promoters of 35 PaWRKY genes. Promoters 463 

of 19 genes contained salicylic acid-responsive TGA elements. Among the abiotic 464 

stress-related elements, the ARE motif was the most prevalent, identified in 60 465 

PaWRKY genes. MYB-binding sites associated with drought inducibility (MBS) and 466 



low-temperature-responsive elements (LTR) were found in 33 and 25 PaWRKY genes, 467 

respectively. Regarding elements related to plant growth and development, the CAT-468 

box elements, associated with meristem expression, and the O2-site elements, linked to 469 

zein metabolism regulation, were the most common, appearing in 24 and 34 genes, 470 

respectively. Collectively, the presence of a diverse array of cis-acting elements 471 

associated with light signaling, hormone signaling, and stress responses in the 472 

promoters of PaWRKY genes indicates that these genes are likely to play significant 473 

roles in the growth, development, and stress-responsive biological processes of avocado. 474 

To further investigate the potential cooperative relationships among PaWRKY 475 

proteins, an interaction network for these proteins was constructed utilizing the 476 

STRING online database, with reference to WRKY protein interaction data from A. 477 

thaliana (Fig. 7). The analysis revealed that 26 proteins were involved in the network, 478 

forming a total of 164 predicted interactions. Notably, PaWRKY40, PaWRKY70, and 479 

PaWRKY6 exhibited significantly higher connectivity than the network's average, 480 

occupying central positions within the interaction framework. These findings imply that 481 

these three proteins may serve as critical hubs within the PaWRKY regulatory network, 482 

playing pivotal roles in coordinating various biological processes and stress responses. 483 

Transcriptome overview and expression patterns of PaWRKY genes across tissues 484 

and under biotic stresses 485 

To elucidate the transcriptomic responses of avocado to biotic stresses and to establish 486 

a foundation for deducing the potential functions of PaWRKY genes under such 487 

conditions, RNA-seq was conducted on samples collected from various tissues 488 

subjected to different biotic stress treatments. Following quality control and data 489 

filtering, a total of 134.84 GB of high-quality clean data was acquired, with mean Q30 490 

values ranging from 94.98% to 95.59%, indicative of superior sequencing quality. PCA 491 

demonstrated that biological replicates from identical treatments clustered cohesively, 492 

while distinct groups were distinctly separated. The first and second principal 493 

components (PC1 and PC2) accounted for 22.75% and 21.51% of the total variance, 494 

respectively, underscoring the stability and reproducibility of the transcriptomic data 495 



generated in this study (Fig. S2). 496 

To elucidate gene expression patterns across various tissues and stress conditions, a 497 

K-means clustering analysis was conducted on the expressed genes. The optimal 498 

number of clusters was determined to be five, as identified using the cascadeKM 499 

function in the vegan package (Fig. S3). These five clusters comprised 7,492, 4,193, 500 

5,747, 6,926, and 5,366 genes, respectively (Fig. 8A). Notably, clusters 2, 4, and 5 501 

exhibited a strong association with biotic stress responses. Genes within cluster 2 were 502 

significantly upregulated in insect-bored fruits (IHF). Enrichment analysis revealed that 503 

these genes were predominantly linked to plant defense and hormone signaling 504 

pathways, including the diterpenoid biosynthetic process (GO:0016102), plant 505 

hormone signal transduction (ko04075), and cytochrome P450 (ko00199) (Fig. 8B and 506 

Fig. S4). Conversely, genes in cluster 4 were induced in insect-infested leaves (IHL). 507 

Functional analysis indicated that these genes were primarily associated with 508 

photosynthetic processes and defense responses, encompassing photosynthesis 509 

(GO:0015979), chloroplast organization (GO:0009658), photosynthesis, light reaction 510 

(GO:0019684), photosynthesis proteins (ko00194), and carbon fixation in 511 

photosynthetic organisms (ko00710). Pathways related to hormone signaling and 512 

defense mechanisms, such as plant hormone signal transduction (ko04075) and 513 

cytochrome P450 (ko00199), exhibited significant enrichment (Fig. 8B and Fig. S4). 514 

Within cluster 5, gene activation was observed in diseased leaves (DL), primarily linked 515 

to defense mechanisms, hormone responses, and senescence. This includes responses 516 

to fungal infection (GO:0009620), regulation of defense responses (GO:0031347), 517 

responses to salicylic acid (GO:0009751), responses to jasmonic acid (GO:0009753), 518 

plant organ senescence (GO:0090693), abscission (GO:0009838), leaf senescence 519 

(GO:0010150), the MAPK signaling pathway in plants (ko04016), and plant hormone 520 

signal transduction (ko04075) (Fig. 8B and Fig. S4). Collectively, biotic stresses across 521 

various tissues initiated transcriptional responses predominantly centered on hormone 522 

signal transduction and defense mechanisms. In diseased leaves, these responses were 523 

further associated with processes related to senescence and abscission, indicating that 524 

pathogen infection may elicit more pronounced tissue damage responses compared to 525 



insect herbivory. 526 

To further elucidate the transcriptional responses elicited by various biotic stresses, 527 

DEGs were identified utilizing the DESeq2 R package. The analysis revealed a total of 528 

6,743, 7,878, and 6,059 DEGs in IHL, DL, and IHF, respectively. Both insect herbivory 529 

and pathogen infection resulted in substantial down-regulation of gene expression in 530 

the leaves, with diseased leaves exhibiting the highest number of down-regulated genes 531 

(5,034) (Fig. S5). GO and KEGG enrichment analyses of these DEGs indicated 532 

significant enrichment in hormone- and defense-related biological processes and 533 

pathways (Fig. 9). These include the response to salicylic acid (GO:0009751), 534 

regulation of hormone levels (GO:0010817), response to jasmonic acid (GO:0009753), 535 

regulation of defense response (GO:0031347), plant hormone signal transduction 536 

(ko04075), phenylpropanoid biosynthesis (ko00940), flavonoid biosynthesis 537 

(ko00941), cytochrome P450 (ko00199), and alpha-linolenic acid metabolism 538 

(ko00592). The findings align with the clustering analysis, suggesting that biotic 539 

stresses elicit extensive gene expression responses in avocado, encompassing genes 540 

associated with hormone signaling and defense mechanisms. 541 

The expression levels of PaWRKY genes were analyzed to assess their expression 542 

profiles across various tissues, including flower buds, stems, leaves, and fruits (Fig. 543 

10A). In general, PaWRKY genes exhibited distinct tissue-specific expression patterns. 544 

A majority of PaWRKY genes demonstrated high expression in leaves, whereas only 545 

two genes, PaWRKY18 and PaWRKY54, exhibited elevated expression specifically in 546 

fruits, implying that other members may predominantly be expressed under stress 547 

conditions. Notable expression differences were observed among different subfamilies. 548 

Members of Groups I, IId, IIe, and III were highly expressed across multiple tissues, 549 

indicating their potential involvement in the regulation of avocado growth and 550 

development. Conversely, most members of Groups IIa, IIb, and IIc were 551 

predominantly expressed in leaves, suggesting possible functional divergence among 552 

the subfamilies. Collectively, these findings indicate that PaWRKY genes demonstrate 553 

tissue-specific expression patterns, potentially reflecting the diverse functions of 554 

various subfamily members during avocado growth and development. 555 



The expression profiles of PaWRKY genes under biotic stress conditions were further 556 

examined (Fig. 10B). In fruit tissues, IHF significantly upregulated the expression of 557 

most PaWRKY genes, although a few genes were downregulated. In leaf tissues, DL 558 

exhibited a considerably higher number of highly expressed PaWRKY genes compared 559 

to IHL. Numerous members from Groups I, IIa, IIb, IIc, and III were prominently 560 

expressed in DL. Conversely, PaWRKY genes induced by insect feeding in leaves were 561 

predominantly found in Groups I and IIe, suggesting that these two subfamilies may 562 

primarily respond to insect feeding in leaves. Furthermore, the expression levels of 563 

PaWRKY1, PaWRKY61, and PaWRKY14 in fruits remained unaffected by insect boring. 564 

These differential response patterns suggest that members of distinct PaWRKY 565 

subfamilies may play specific regulatory roles in avocado responses to disease infection 566 

and insect feeding. 567 

WGCNA identifies stress-associated co-expression modules 568 

To elucidate gene co-expression patterns under various biotic stress conditions, 569 

WGCNA was conducted utilizing the expression profiles of 46,892 annotated avocado 570 

genes. The clustering of samples revealed that all samples grouped appropriately 571 

according to their respective categories, with no outliers detected (Fig. S6A). To 572 

achieve an approximately scale-free network topology, a soft-thresholding power 573 

analysis was executed using the WGCNA package in R, resulting in the selection of β 574 

= 16 for subsequent network construction (Fig. S6B, C). Ultimately, 28 color-coded 575 

modules were identified (Fig. 11A, B). 576 

The analysis of module–trait correlations indicated that distinct tissues and 577 

treatments were associated with specific characteristic modules. In CKL, the modules 578 

that exhibited significant correlations included black, darkolivegreen, lightcyan, 579 

lightgreen, lightyellow, orange, and salmon2 (p < 0.05), encompassing a total of 5,800 580 

genes. The genes were predominantly associated with processes related to growth, 581 

development, and hormonal regulation, including the regulation of post-embryonic 582 

development (GO:0048580), plant epidermis morphogenesis (GO:0090626), 583 

photoperiodism (GO:0009648), response to jasmonic acid (GO:0009753), and response 584 



to ethylene (GO:0009723) (Fig. 11C, D). In IHL, the modules that exhibited significant 585 

correlations included black, brown4, coral1, darkgrey, darkmagenta, plum2, and 586 

skyblue3 (p < 0.05), encompassing 5,917 genes. These genes were primarily enriched 587 

in processes related to photosynthesis and defense, such as photosynthesis 588 

(GO:0015979), carbohydrate biosynthetic process (GO:0016051), chloroplast 589 

organization (GO:0009658), and photosynthesis proteins (ko00194). Compared to CKL, 590 

the IHL-associated modules contained a greater number of genes enriched in 591 

photosynthesis-related terms, while the number of genes associated with growth and 592 

development-related terms was significantly reduced (Fig. 11C, D). In DL, the modules 593 

that showed significant associations were brown4, skyblue3, cyan, lavenderblush3, 594 

lightpink4, maroon, and saddlebrown (p < 0.05), comprising 3,827 genes. The genes 595 

were predominantly enriched in several biological processes and pathways, including 596 

response to fungus (GO:0009620), defense response to fungus (GO:0050832), plant 597 

organ senescence (GO:0090693), leaf senescence (GO:0010150), MAPK signaling 598 

pathway in plants (ko04016), and the metabolism of xenobiotics by cytochrome P450 599 

(ko00980) (Fig. 11C, D). These findings were consistent with the results obtained from 600 

K-means clustering analysis. In CKF, the modules that exhibited significant 601 

correlations were darkolivegreen, skyblue3, antiquewhite4, coral2, lightsteelblue1, 602 

darkgreen, and skyblue2 (p < 0.05), encompassing a total of 5,781 genes. These genes 603 

were primarily enriched in processes such as meristem development (GO:0048507), 604 

meristem maintenance (GO:0010073), regulation of developmental growth 605 

(GO:0048638), and ribosome (ko03011). Conversely, the modules associated with IHF, 606 

including blue2, darkolivegreen, darkseagreen4, and skyblue1 (p < 0.05), comprised 607 

only 1,365 genes. The majority of enriched developmental processes in IHF closely 608 

resembled those observed in CKF; however, there was a notable reduction in the 609 

number of associated genes. Furthermore, stress-related processes, such as the cellular 610 

response to acidic chemicals and the response to wounding, were enriched within the 611 

IHF-associated modules (Fig. 11C, D). In general, the genes within modules 612 

significantly associated with healthy leaves and fruits predominantly pertained to 613 

growth and development, hormone responses, and developmental regulation. 614 



Following insect herbivory and pathogen infection, modules linked to defense 615 

responses, hormone signal transduction, and stress regulation were activated, with 616 

disease infection further prompting the senescence of plant organs. 617 

Integrative analysis reveals key PaWRKY genes involved in biotic stress responses 618 

To further elucidate the key PaWRKY genes responsive to various biotic stresses, an 619 

UpSet integrative analysis was conducted utilizing stress-associated K-means clusters, 620 

significantly correlated WGCNA modules, DEG sets, and the PaWRKY gene set in IHL, 621 

DL, and IHF (Fig. 12). 622 

In the context of IHL, 30 PaWRKY genes were exclusively present within the WRKY 623 

set, while the remaining 40 PaWRKY genes exhibited overlap with at least one stress-624 

associated gene set. Notably, 25 PaWRKY genes coincided with the IHL_DOWN set, 625 

implying that insect feeding may transcriptionally repress the expression of certain 626 

PaWRKY genes. Specifically, PaWRKY14, PaWRKY40, PaWRKY50, and PaWRKY56 627 

were concurrently located at the intersection of the DEG_UP, WGCNA, and K-means 628 

stress-associated sets, suggesting that these genes may serve as critical core regulators 629 

in the response of avocado leaves to insect feeding (Fig. 12A). 630 

In the context of DL, a total of 20 PaWRKY genes were identified exclusively within 631 

the WRKY set, while the remaining 50 PaWRKY genes exhibited overlap with disease-632 

associated gene sets. This observation suggests that pathogen infection triggers the 633 

activation of a broader array of PaWRKY family members. Notably, sixteen PaWRKY 634 

genes, namely PaWRKY4, PaWRKY5, PaWRKY9, PaWRKY12, PaWRKY17, 635 

PaWRKY24, PaWRKY25, PaWRKY34, PaWRKY35, PaWRKY38, PaWRKY44, 636 

PaWRKY46, PaWRKY57, PaWRKY64, PaWRKY65, and PaWRKY69, were 637 

concurrently located at the intersection of the DEG_UP, WGCNA, and K-means stress-638 

associated sets. These genes potentially serve as core regulatory factors in the avocado 639 

leaf's response to disease stress (Fig. 12B). 640 

Conversely, in the IHF condition, 35 PaWRKY genes were exclusively found in the 641 

WRKY set, with an additional 35 PaWRKY genes overlapping with other stress-642 

associated sets. Although 28 PaWRKY genes coincided with the IHF_UP set, suggesting 643 



that insect boring may induce the up-regulation of certain PaWRKY genes, only 644 

PaWRKY42 was concurrently located at the intersection of the DEG_UP, WGCNA, and 645 

K-means stress-associated sets. Furthermore, PaWRKY26 and PaWRKY48 were 646 

simultaneously present in both the DEG_UP and K-means sets (Fig. 12C). The findings 647 

suggest that insect-bored fruits possess a reduced number of core candidate PaWRKY 648 

genes that meet multiple screening criteria when compared to leaf stresses. Several 649 

PaWRKY genes, identified as having potential core regulatory roles under various biotic 650 

stresses, were selected for validation through qRT-PCR. The expression trends observed 651 

were largely consistent with the RNA-seq results (Fig. 13). 652 

Collectively, these findings demonstrate that PaWRKY genes exhibit distinct 653 

response patterns under varying biotic stress conditions. Notably, diseased leaves 654 

contained the highest number of PaWRKY genes commonly identified across multiple 655 

stress-associated analyses, indicating that the PaWRKY gene family exhibits differential 656 

responses to diverse types of biotic stress. 657 

Prediction of three-dimensional structures of core stress-responsive PaWRKY 658 

proteins 659 

Protein function is intricately linked to its three-dimensional conformation [52]. To 660 

further elucidate the structural characteristics of the 21 core stress-responsive PaWRKY 661 

proteins identified under various biotic stress conditions, homology modeling was 662 

conducted using SWISS-MODEL based on their amino acid sequences. Notably, 663 

PaWRKY25 was excluded from this analysis due to a maximum sequence identity of 664 

only 66.67% among all predicted models, which did not satisfy the established 665 

screening criterion. Consequently, 20 structural models with sequence identities ≥ 90% 666 

and high GMQE scores were retained for subsequent examination (Fig. 14). The 667 

predicted structures revealed that these core stress-responsive PaWRKY proteins 668 

exhibited some variation in their overall spatial conformations; however, all retained a 669 

distinct conserved WRKY domain. Most candidate proteins contained the canonical 670 

WRKYGQK heptapeptide, whereas PaWRKY17 and PaWRKY34 possessed the 671 

variant motifs WRKYGKK and WKKYGQK, respectively. Beyond the conserved 672 



WRKY core domain, one or two α-helical secondary structures were predicted in the 673 

peripheral regions of most PaWRKY proteins, potentially indicating local structural 674 

variations associated with functional divergence. In summary, the fundamental stress-675 

responsive PaWRKY proteins exhibited structural variability in their three-dimensional 676 

conformations, while the spatial configuration of the conserved WRKY domain 677 

remained remarkably consistent. Localized structural variations, particularly within α-678 

helical regions, may offer insights into the functional diversification of PaWRKY 679 

proteins in the context of avocado responses to biotic stresses. 680 

Discussion 681 

The WRKY family constitutes a substantial group of plant-specific transcription factors 682 

extensively implicated in plant growth and development, stress responses, and hormone 683 

regulation. Notably, under biotic stress conditions, WRKY transcription factors 684 

frequently serve as critical regulatory nodes that connect pathogen- or insect-derived 685 

signals to the activation of downstream defense mechanisms. These factors are involved 686 

in modulating hormone signaling, defense responses, and secondary metabolic 687 

reprogramming, thereby affecting plant resistance to pathogens and herbivorous insects 688 

[12]. Avocado, a crop of significant economic value in tropical and subtropical regions, 689 

is often challenged by a variety of diseases and insect pests. Nonetheless, research on 690 

the WRKY family in avocado, particularly in the predominant cultivar Hass, and its 691 

response mechanisms under various biotic stresses, remains sparse. Consequently, this 692 

study systematically identified the WRKY gene family in Hass avocado, examined its 693 

expression profiles under different biotic stress conditions, and identified key WRKY 694 

genes with potential regulatory functions. These findings lay the groundwork for the 695 

subsequent identification of candidate genes linked to disease and insect resistance, as 696 

well as for the functional characterization of their roles in avocado stress responses. 697 

The number of WRKY gene family members exhibits significant variability across 698 

different crop species, ranging from 34 to 238 [53], suggesting that the WRKY family 699 

has likely experienced frequent gene loss and duplication events throughout evolution. 700 

In this study, 70 PaWRKY genes were identified in Hass avocado, a figure comparable 701 



to those reported in other Lauraceae species, such as Litsea cubeba (64) [54], Phoebe 702 

bournei (60) [55], and C. camphora (72) [56]. Notably, another study reported only 60 703 

WRKY members in C. camphora [57]. Similarly, 82 WRKY genes were previously 704 

identified based on the genome of a West Indian avocado accession [32]. These 705 

discrepancies suggest that cultivar background and genome assembly versions can 706 

significantly impact the number of gene family members identified. Furthermore, 707 

PaWRKY proteins exhibited considerable variation in protein length, molecular weight, 708 

and isoelectric point. The majority of PaWRKY proteins are predicted to localize within 709 

the nucleus, aligning with observations from numerous other plant species [7, 42, 58] 710 

and underscoring the conventional role of WRKY transcription factors as nuclear 711 

transcriptional regulators. Nonetheless, a minority of PaWRKY proteins are anticipated 712 

to localize to chloroplasts or the cytoskeleton, indicating a degree of functional 713 

divergence within the PaWRKY family. 714 

The chromosomal distribution of PaWRKY genes is notably uneven, with the highest 715 

concentration on chromosome 1, while relatively few members are dispersed across 716 

several other chromosomes (Fig. 2A). Certain PaWRKY genes are found in clusters on 717 

chromosomes. Comparable patterns of uneven distribution have been documented in 718 

the WRKY families of various plant species, such as soybean [59], barley [60], and 719 

Mikania micrantha [61], potentially linked to gene duplication events and 720 

chromosomal structural rearrangements [62, 63]. Further intraspecific collinearity 721 

analysis identified multiple homologous gene pairs among PaWRKY genes, comprising 722 

five tandemly duplicated pairs and 32 segmentally duplicated pairs. Chromosome 1 723 

exhibited the highest number of segmental duplication events, suggesting significant 724 

gene duplication activity on this chromosome (Fig. 2B). Gene expansion events play a 725 

crucial role in driving genomic diversity during the evolution of complex plant genomes. 726 

Segmental duplication is widely recognized as a significant mechanism contributing to 727 

the expansion of plant gene families, particularly in species that have undergone whole-728 

genome duplication [64, 65]. The Ka/Ks ratios for all 32 duplicated gene pairs were 729 

less than 1 and below 0.5 (Table S3), indicating that these duplicated genes have been 730 

subject to purifying selection throughout evolution. Similarly, the Ka/Ks ratios of 731 



duplicated WRKY gene pairs in various plant species are generally less than 1, 732 

suggesting that the WRKY gene family has remained relatively conserved over 733 

evolutionary time, with minimal nonsynonymous substitutions, thereby preserving 734 

protein functional stability [66]. A comparative synteny analysis across different 735 

species was also conducted to investigate the evolutionary characteristics of PaWRKY 736 

genes. A comparative analysis revealed the identification of only 18, 13, and 14 737 

orthologous WRKY gene pairs between avocado and Arabidopsis, rice, and pineapple, 738 

respectively (Fig. 2C). These numbers are significantly lower than those reported for 739 

other Lauraceae species and related taxa [54-56]. It is noteworthy that despite the 740 

evident chromosome-level synteny between avocado and C. camphora, both members 741 

of the Lauraceae family, no orthologous WRKY gene pairs were detected between these 742 

two species. This observation suggests that PaWRKY genes may have undergone a 743 

relatively conserved yet lineage-specific evolutionary trajectory, potentially forming or 744 

diverging subsequent to the divergence of avocado and C. camphora from their last 745 

common ancestor. 746 

Phylogenetic analysis revealed that all PaWRKY proteins can be categorized into the 747 

classical Groups I, II, and III, with Group II further subdivided into five subgroups: IIa, 748 

IIb, IIc, IId, and IIe. Among these, Group II encompasses the largest number of 749 

members (Fig. 3), aligning with the classification observed in West Indian avocado and 750 

other plant species [32]. Conserved domain analysis indicated that WRKY proteins 751 

generally possess one or two conserved WRKYGQK motifs and zinc-finger structures 752 

(Fig. 4). All Group I PaWRKY proteins maintained two complete WRKY domains and 753 

a C2H2 zinc-finger motif, whereas several members of Groups IIc, IId, and III exhibited 754 

variations in the WRKY heptapeptide or zinc-finger motif. Three types of WRKY 755 

heptapeptide variants were identified in PaWRKY proteins: the WKKYGQK variant 756 

was identified in Group IId (PaWRKY34) and Group III (PaWRKY39), the 757 

WRKYGKK variant was detected in Group IIc (PaWRKY17), and the WIKYGLK 758 

variant was present in Group III (PaWRKY8). It is noteworthy that the WRKYGKK 759 

variant appears to be relatively prevalent among Group IIc WRKY members across 760 

different plant species. For instance, four WRKYGKK variants have been identified in 761 



Group IIc of Caragana korshinskii [67], two in Group IIc of Helianthus annuus L. [68], 762 

and two in Group IIc of M. micrantha [61]. Consequently, while the conserved 763 

WRKYGQK motif facilitates the recognition and binding of WRKY proteins to W-box 764 

cis-acting elements, its variation may influence the binding specificity and regulatory 765 

activity of WRKY proteins with respect to downstream target genes [16]. Further 766 

functional characterization of WRKY proteins with these variant motifs will enhance 767 

our understanding of the regulatory mechanisms underlying WRKY-mediated stress 768 

responses [69, 70]. 769 

Conserved protein domains, motif composition, and gene structure are not only 770 

fundamental for classification and evolutionary analysis but are also intricately linked 771 

to potential protein functions [71]. In this study, members of different PaWRKY 772 

subfamilies exhibited similar domain architectures, motif compositions, and CDS 773 

organization patterns (Fig. 5). Members of Group I typically exhibit two WRKY 774 

domains, whereas most members of Groups IIa and IIb are characterized by the 775 

presence of coiled-coil regions. In contrast, all members of Group IId possess a Plant 776 

zinc cluster domain in conjunction with the WRKY domain. Prior research has 777 

demonstrated that coiled-coil or leucine-zipper domains within WRKY proteins are 778 

implicated in protein–protein interactions and may play a role in the formation of 779 

transcriptional complexes. Meanwhile, the unique structural attributes of Group IId 780 

members may affect target gene selection and transcriptional regulation [72, 73]. 781 

Furthermore, members within the same subgroup often display similar motif 782 

compositions and exon number ranges. Notably, high structural conservation among 783 

WRKY subfamilies has been observed in pineapple, Verbena bonariensis, soybean, and 784 

various other plant species [42, 74, 75]. These observations imply that distinct 785 

PaWRKY subfamilies may have experienced unique evolutionary pathways, while 786 

preserving high structural conservation and showing potential for functional divergence 787 

[76].  788 

Plant promoters serve as crucial cis-regulatory regions governing gene expression. 789 

These regions encompass numerous cis-acting elements that are recognized by 790 

transcription factors, thereby influencing gene expression patterns across various 791 



tissues, developmental stages, and environmental conditions. Consequently, promoter 792 

elements are frequently utilized to predict potential gene functions and regulatory 793 

patterns [77, 78]. In this study, we identified a widespread distribution of light-794 

responsive, hormone-responsive, and stress-responsive elements within PaWRKY 795 

promoters. These include a substantial number of cis-acting elements associated with 796 

gibberellic acid (GA), abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA) 797 

signaling pathways, as well as responses to drought, low temperature, and hypoxia (Fig. 798 

6 and Fig. S1). These findings imply that the PaWRKY family may play a significant 799 

role in biological processes related to growth and development, hormone signaling, and 800 

environmental responses in Hass avocado. Further insights into the potential regulatory 801 

functions of PaWRKY proteins were obtained by constructing a protein interaction 802 

network using the STRING database, which predicted that 26 PaWRKY proteins are 803 

involved in 164 interaction relationships (Fig. 7). In plants, WRKY proteins are capable 804 

of interacting not only with other WRKY proteins but also with VQ proteins, MAPK 805 

cascade components, and various other regulatory proteins. This interaction contributes 806 

to signal amplification, interaction specificity, and finely-tuned transcriptional 807 

regulation [79-81]. Within the predicted PaWRKY interaction network, PaWRKY40, 808 

PaWRKY70, and PaWRKY6 serve as central hubs, suggesting that these proteins may 809 

play pivotal roles in coordinating hormone signaling, growth and development, and 810 

stress responses in Hass avocado. 811 

The availability of high-quality RNA-seq data and well-clustered biological 812 

replicates provided a robust foundation for subsequent analyses of stress responses in 813 

this study. The combined outcomes of K-means clustering (Fig. 8 and Fig. S4) and 814 

differential expression gene (DEG) analysis (Fig. S5 and Fig. 9) revealed that Hass 815 

avocado exhibits distinct defense responses to various biotic stresses, characterized by 816 

clear tissue- and stress-specific patterns. Similar observations have been documented 817 

in comparative transcriptomic analyses of barley, where DEGs induced by fungal 818 

infection and aphid feeding displayed significant differences. A mere 1.1% of DEGs 819 

were common between datasets associated with fungal and aphid interactions, while 820 

only 0.1% of DEGs were shared across all datasets. Furthermore, fungal infection 821 



elicited a significantly greater number of DEGs compared to aphid feeding, 822 

corroborating our previous findings [82]. In this study, biotic stressors in various tissues 823 

initiated transcriptional responses primarily focused on hormone signal transduction 824 

and defense mechanisms. In diseased leaves, these responses were further linked to 825 

processes related to senescence and abscission, implying that pathogen infection may 826 

provoke more pronounced tissue damage responses than insect feeding. The regulation 827 

of specific tissue or organ developmental processes, such as senescence, growth arrest, 828 

and abscission, induced by pathogens, may either reflect a pathogenic strategy or an 829 

active plant defense mechanism aimed at limiting pathogen spread through the shedding 830 

of infected leaves [83]. For instance, severe infection by Pseudomonas syringae can 831 

trigger leaf abscission in Arabidopsis, and similar abscission has been noted in tomato 832 

following infection with P. syringae and powdery mildew [84]. Consequently, pathogen 833 

infection in Hass avocado leaves may elicit a more robust defense mechanism 834 

compared to insect feeding, transitioning from defense activation to tissue damage and 835 

ultimately leading to abscission. 836 

The PaWRKY genes demonstrated distinct tissue-specific expression patterns (Fig. 837 

10A) and exhibited significant variations in induction under different biotic stresses 838 

(Fig. 10B). The majority of highly expressed PaWRKY genes were predominantly 839 

found in leaves, aligning with the tissue-specific expression patterns of WRKY genes 840 

observed in other plant species, such as H. annuus L. [68], cotton [85], and mulberry 841 

[86]. Leaves serve as the primary organs for photosynthesis, material exchange, and 842 

environmental perception, possessing the largest interface with the external 843 

environment. Consequently, they are crucial sites for the initial detection of 844 

environmental changes and stress responses [87]. Therefore, the elevated expression of 845 

PaWRKY genes in leaves is likely closely linked to their functions in leaf development, 846 

senescence, and stress responses. In contrast, in fruits, only PaWRKY18 and 847 

PaWRKY54 exhibited high expression specific to fruit tissue, indicating that these two 848 

genes may play significant roles in fruit development (Fig. 10A). Furthermore, the 849 

majority of PaWRKY genes were up-regulated in Hass avocado fruits infested by gall 850 

midges, suggesting that these genes are actively involved in the response to insect 851 



feeding stress. Conversely, a subset of PaWRKY genes exhibited down-regulation 852 

following insect infestation. In other plant species, certain WRKY transcription factors 853 

have been identified as negative regulators of insect resistance. For instance, the 854 

knockout of OsWRKY36 in rice has been shown to significantly enhance resistance to 855 

planthoppers [88], whereas the knockout of AtWRKY22 in Arabidopsis has been 856 

associated with a marked reduction in aphid feeding performance [89]. This implies 857 

that gall midge infestation may not only activate stress-responsive PaWRKY genes but 858 

also suppress those PaWRKY members that negatively regulate insect resistance. 859 

Consistent with the findings from K-means clustering and differential expression 860 

analyses, pathogen infection in leaves (DL) resulted in the up-regulation of a greater 861 

number of PaWRKY genes compared to insect feeding. In the context of plant defense 862 

against fungal pathogens, WRKY transcription factors play a crucial role by enhancing 863 

pattern- and effector-triggered immunity. This is achieved through the activation of 864 

pathogenesis-related (PR) gene expression, reinforcement of the cell wall, RNA 865 

interference, and the induction of programmed cell death to thwart pathogen invasion 866 

[12]. Therefore, pathogen infection in Hass avocado may trigger the activation of a 867 

broader array of WRKY genes, thereby eliciting more robust immune responses against 868 

pathogens. A relatively large number of members from Groups I, IIa, IIb, IIc, and III 869 

exhibited high expression levels in DL (Fig. 10B). In contrast, PaWRKY genes that were 870 

significantly upregulated by insect feeding in leaves (IHL) were predominantly found 871 

in Groups I and IIe. Similarly, Group I WRKY members, such as NaWRKY3/NaWRKY6 872 

in Nicotiana attenuata and OsWRKY70 in rice, have been implicated in JA-mediated 873 

anti-herbivore defense [90, 91]. These observations suggest that Groups I and IIe of the 874 

PaWRKY family may play crucial roles in the defense response of Hass avocado to 875 

insect predation. 876 

To further elucidate the transcriptional regulatory patterns of Hass avocado across 877 

various tissues and under different stress conditions at the co-expression network level, 878 

and to identify key PaWRKY genes, WGCNA was conducted utilizing all annotated 879 

avocado genes (Fig. 11). In this study, modules that demonstrated significant 880 

associations with healthy leaves and fruits were predominantly enriched in pathways 881 



related to growth and development, hormone responses, and developmental regulation. 882 

Conversely, modules significantly associated with insect feeding and pathogen 883 

infection exhibited enrichment in defense response pathways and hormone signal 884 

transduction pathways (Fig. 11C, D). This observed transition from growth to defense 885 

aligns with the classical growth-defense trade-off observed in plants [92, 93]. 886 

Furthermore, in comparison to modules associated with insect feeding, those associated 887 

with disease-related stress (DL) were significantly enriched in pathways pertaining to 888 

fungal response, MAPK signaling, cytochrome P450 metabolism, leaf senescence, and 889 

plant organ senescence. This pattern aligns with the K-means clustering and DEG 890 

analyses previously discussed, further indicating that pathogen infection may more 891 

strongly induce a shift from defense activation to tissue damage and organ senescence 892 

compared to insect feeding [83]. Building on these analyses, an UpSet analysis was 893 

conducted by integrating K-means clusters, WGCNA-associated modules, DEG sets, 894 

and the PaWRKY gene set (Fig. 12). In total, 16, 4, and 1 key PaWRKY genes were 895 

identified in DL, IHL, and IHF, respectively, which were concurrently present in 896 

DEG_UP, WGCNA-associated modules, and the corresponding K-means clusters. The 897 

significant variation in the number of core candidate PaWRKY genes supported by 898 

multiple analyses under different biotic stresses underscores the critical role of 899 

PaWRKY genes in avocado leaf spot defense. In Malus domestica, the MdVQ37–900 

MdWRKY100 complex influences resistance to Glomerella leaf spot by modulating SA 901 

accumulation and MdRPM1 expression [94]. In Populus nigra, PsnWRKY70 enhances 902 

resistance to leaf blight caused by Alternaria alternata by activating MAPK cascade 903 

genes, calcium signaling-related genes, and other immune-related genes [95]. The up-904 

regulation of WRKY transcription factors has been documented in mung bean (Vigna 905 

radiata) following infection with Cercospora leaf spot disease [96]. This suggests that 906 

WRKY transcription factors may have a broadly conserved regulatory function in plant 907 

defense mechanisms against leaf spot diseases. The qRT-PCR results generally aligned 908 

with the RNA-seq expression patterns (Fig. 13), thereby corroborating the reliability of 909 

the key PaWRKY genes identified in this research. These candidate genes represent 910 

significant targets for future functional validation and the development of regulatory 911 



networks related to disease and insect resistance in Hass avocado. 912 

Homology modeling was conducted for the 21 key candidate PaWRKY proteins 913 

identified in this study, resulting in the retention of 20 structural models after filtering 914 

(Fig. 14). Beyond the central WRKY domain, one or two α-helical secondary structures 915 

were predicted in the peripheral regions of most PaWRKY proteins. Prior research has 916 

demonstrated that the functionality of WRKY proteins is not exclusively dictated by 917 

the core WRKY domain. Instead, peripheral regions or distinct structural elements can 918 

also engage in regulatory interactions, exemplified by the interaction between WRKY 919 

proteins and their VQ protein partner, SIB1 [97]. Consequently, these α-helical 920 

secondary structures may offer a crucial structural foundation for the functional 921 

differentiation of various PaWRKY proteins in response to disease or insect stress.. 922 

Conclusion 923 

The Hass avocado is currently the leading commercial cultivar of avocado. In this study, 924 

70 members of the WRKY gene family were systematically identified in Hass avocado 925 

and categorized into three primary groups and five Group II subgroups based on 926 

phylogenetic relationships and structural characteristics. Segmental duplication was 927 

determined to be the principal mechanism driving the expansion of the PaWRKY gene 928 

family, with most duplicated gene pairs appearing to have undergone purifying 929 

selection throughout evolution. Members of different PaWRKY subfamilies exhibited 930 

similar gene structures, conserved motifs, and patterns of domain composition and 931 

distribution. Transcriptome analysis further revealed that PaWRKY genes demonstrated 932 

distinct tissue-specific expression patterns and were differentially expressed in response 933 

to various biotic stresses. In leaves, pathogen infection elicited more extensive and 934 

robust responses than insect feeding, particularly in relation to tissue damage and organ 935 

senescence. Through the integration of WGCNA, K-means clustering, DEG analysis, 936 

and expression profiling, several core candidate PaWRKY genes potentially involved in 937 

biotic stress responses were identified. This study comprehensively elucidates the 938 

family composition, evolutionary characteristics, and expression responses of PaWRKY 939 

genes across various tissues and under biotic stress conditions. It offers valuable 940 



candidate resources for future research on the molecular mechanisms underlying 941 

disease and insect resistance in Hass avocado. 942 
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Figure legend 1347 

Fig. 1 Representative phenotypes of healthy and biotically stressed tissues in Hass 1348 

avocado. (A) Healthy fruit (CKF). (B) Developmentally arrested fruit caused by gall 1349 

midge infestation (IHF) and representative longitudinal sections showing gall midge 1350 

larvae and feeding sites. (C) Healthy leaf (CKL). (D) Diseased leaf (DL) showing 1351 

typical leaf spot symptoms caused by Pseudocercospora purpurea (Cooke) Deighton. 1352 
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(E) Leaf damaged by chewing insects. Bar = 2 cm. 1353 

Fig. 2 Chromosomal distribution and synteny analysis of PaWRKY genes. (A) 1354 

Distribution of PaWRKY genes on the 12 avocado chromosomes. The scale on the left 1355 

indicates chromosome length in megabases (Mb). Gene density along each 1356 

chromosome is represented by a color gradient from blue (low density) to red (high 1357 

density). (B) Intraspecific synteny analysis of PaWRKY genes. Colored links indicate 1358 

homologous PaWRKY gene pairs, and red gene names indicate tandemly duplicated 1359 

genes. (C) Collinearity analysis of WRKY genes among avocado, Arabidopsis thaliana, 1360 

Cinnamomum camphora, Oryza sativa, and Ananas comosus. Colored links indicate 1361 

interspecific homologous WRKY gene pairs, and gray lines indicate collinear gene pairs 1362 

between species. 1363 

Fig. 3 Phylogenetic analysis of WRKY proteins from avocado, A. thaliana, and A. 1364 

comosus. The phylogenetic tree was constructed using full-length WRKY protein 1365 

sequences from avocado (PaWRKYs), A. thaliana (AtWRKYs), and A. comosus 1366 

(AcWRKYs) based on the neighbor-joining method with 1,000 bootstrap replicates. 1367 

WRKY proteins were classified into three major groups, I, II, and III, with Group II 1368 

further divided into five subgroups: IIa, IIb, IIc, IId, and IIe. Different branch colors 1369 

represent different groups or subgroups. Red stars, green triangles, and blue circles 1370 

indicate WRKY proteins from avocado, A. thaliana, and A. comosus, respectively. 1371 

Fig. 4 Alignment of conserved WRKY domains and zinc-finger motifs in PaWRKY 1372 

proteins. PaWRKY proteins were classified according to their phylogenetic 1373 

relationships. The WRKY heptapeptide and zinc-finger motifs are shown. Group I and 1374 

II members contain C2H2-type motifs, whereas Group III members contain C2HC-type 1375 

motifs. PaWRKY proteins with variant heptapeptides are highlighted in red. 1376 

Fig. 5 Conserved domains, motif composition, and gene structures of PaWRKY. (A) 1377 

Conserved domain composition of PaWRKY proteins predicted using the Pfam and 1378 

SMART databases. (B) Distribution of conserved motifs in PaWRKY proteins 1379 

predicted by MEME. Different colored boxes represent different motifs. (C) Gene 1380 

structures of PaWRKY genes. Green boxes indicate CDS regions, and black lines 1381 

indicate introns. 1382 



Fig. 6 Distribution of cis-acting elements in the promoter regions of PaWRKY genes. 1383 

Cis-acting regulatory elements in the 1.5 kb upstream promoter regions of PaWRKY 1384 

genes were predicted using the PlantCARE database. The number in each box 1385 

represents the copy number of the corresponding cis-acting element in the promoter 1386 

region of each gene. 1387 

Fig. 7 Protein interaction network of PaWRKY proteins. The interaction network of 1388 

PaWRKY proteins was constructed using the STRING database based on orthologous 1389 

relationships with Arabidopsis WRKY proteins. Node size and color indicate the degree 1390 

of connectivity of each PaWRKY protein, with larger nodes and red color representing 1391 

higher connectivity. PaWRKY6, PaWRKY40, and PaWRKY70 are highlighted in red. 1392 

Fig. 8 K-means clustering and Gene Ontology (GO) enrichment analysis of expressed 1393 

genes across different tissues and biotic stress conditions. (A) K-means clustering of 1394 

standardized expression profiles (Z-score normalized) of expressed genes across 1395 

different tissues and biotic stress conditions (K = 5). The y-axis represents Z-score-1396 

normalized expression levels, and the x-axis represents different tissues and biotic 1397 

stress conditions (CKL, IHL, DL, CKF, and IHF). Each thin line represents the 1398 

expression pattern of one gene, and the thick red line represents the overall expression 1399 

trend within each cluster. (B) GO enrichment analysis of genes in each K-means cluster 1400 

(p < 0.05). Different colors indicate different clusters, and circle size represents the 1401 

number of genes. 1402 

Fig. 9 GO and KEGG enrichment analyses of differentially expressed genes (DEGs) 1403 

under different biotic stresses. (A) and (B) GO enrichment analysis of up- and down-1404 

regulated genes in IHL, DL, and IHF, respectively. Bar length represents the number of 1405 

genes, and bar color indicates enrichment significance [−log10(p value)]. (C) and (D) 1406 

KEGG enrichment analysis of up- and down-regulated genes in IHL, DL, and IHF, 1407 

respectively. Bubble size represents the number of genes, and bubble color indicates 1408 

enrichment significance [−log10(p value)]. Pathways labeled in red and yellow indicate 1409 

defense- and hormone signaling-related pathways enriched among up- and down-1410 

regulated genes, respectively. Only significantly enriched pathways in each treatment 1411 

are shown (p < 0.05). 1412 



Fig. 10 Expression heatmaps of PaWRKY genes across different tissues and under biotic 1413 

stress conditions. (A) Expression profiles of PaWRKY genes in flower buds, stems, 1414 

leaves, and fruits. (B) Expression profiles of PaWRKY genes in CKL, IHL, DL, CKF, 1415 

and IHF. The outer ring indicates different WRKY subgroups. The color gradient 1416 

represents standardized expression levels, with pink and red indicating relatively high 1417 

expression and green and blue indicating relatively low expression. 1418 

Fig. 11 Weighted gene co-expression network analysis (WGCNA) under different 1419 

biotic stress conditions. (A) Gene dendrogram of 46,892 annotated genes constructed 1420 

by hierarchical clustering based on topological overlap. Each branch represents one 1421 

gene, and different colors indicate different co-expression modules. (B) Heatmap of 1422 

module–trait relationships showing the correlations between module eigengenes and 1423 

different treatments or tissues (CKL, IHL, DL, CKF, and IHF). Each cell shows the 1424 

Pearson correlation coefficient and corresponding p value. Red indicates positive 1425 

correlations, and blue indicates negative correlations. (C) GO enrichment analysis of 1426 

genes in modules significantly associated with different treatments. Bubble size 1427 

represents the number of enriched genes, and bubble color indicates enrichment 1428 

significance [−log10(p value)]. Only significantly enriched terms in module genes 1429 

associated with each treatment are shown (p < 0.05). (D) KEGG enrichment analysis 1430 

of genes in modules significantly associated with different treatments. From the outer 1431 

to inner rings: (1) the first ring shows KEGG Orthology (KO) accession numbers, 1432 

colored according to treatment; (2) the second ring represents the total number of genes 1433 

enriched in each KO term; (3) the third ring represents enrichment significance based 1434 

on −log10(p value), with both bar height and color indicating the significance level; and 1435 

(4) the fourth ring represents the enrichment factor, calculated as the ratio of enriched 1436 

genes to background genes in each pathway. 1437 

Fig. 12 Integrative analysis of PaWRKY genes under different biotic stresses. (A) UpSet 1438 

analysis of IHL based on intersections among K-means cluster 4, WGCNA_IHL, 1439 

IHL_UP, IHL_DOWN, and WRKY gene sets. (B) UpSet analysis of DL based on 1440 

intersections among K-means cluster 5, WGCNA_DL, DL_UP, DL_DOWN, and 1441 

WRKY gene sets. (C) UpSet analysis of IHF based on intersections among K-means 1442 



cluster 2, WGCNA_IHF, IHF_UP, IHF_DOWN, and WRKY gene sets. Horizontal bars 1443 

on the left indicate the number of genes in each gene set, connected dots at the bottom 1444 

indicate exact intersection combinations, and upper bars indicate the number of genes 1445 

in each intersection. Scatter points represent the expression levels of genes in each 1446 

intersection [log10(FPKM)]. Different colors represent different gene categories: red, 1447 

up-regulated genes; green, down-regulated genes; and blue, WRKY genes. 1448 

Fig. 13. qRT-PCR validation of 10 core WRKY genes responsive to biotic stresses in 1449 

avocado. The expression patterns of 10 selected core stress-responsive PaWRKY genes 1450 

were validated by qRT-PCR and compared with RNA-seq expression levels across CKL, 1451 

IHL, DL, CKF, and IHF samples. Blue bars represent qRT-PCR relative expression 1452 

levels, and orange bars represent RNA-seq expression levels based on FPKM values. 1453 

The left y-axis indicates qRT-PCR relative expression, and the right y-axis indicates 1454 

RNA-seq expression level. qRT-PCR data are presented as the mean ± SD of nine 1455 

measurements from three biological replicates with three technical replicates each (n = 1456 

9), whereas RNA-seq data are presented as the mean ± SD of three biological replicates 1457 

(n = 3). Different letters indicate significant differences among samples within the same 1458 

dataset (p < 0.05). 1459 

Fig. 14 Predicted three-dimensional structures of core biotic stress-responsive 1460 

PaWRKY proteins based on homology modelling using SWISS-MODEL. The 1461 

predicted three-dimensional structures of core PaWRKY proteins responsive to biotic 1462 

stresses are shown. Each model is labeled with its corresponding WRKY heptapeptide 1463 

motif and structural features. The blue helices in the peripheral regions represent α-1464 

helical structures. 1465 

 1466 

 1467 
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