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ABSTRACT 

Background: Brassica napus L. is the world's second-largest oilseed crop, and rising ambient and episodic heat events 

increasingly compromise its flowering, silique set and seed oil yield. Plant-specific WRKY transcription factors are central 

hubs that couple heat perception to downstream defence gene expression, yet their role in B. napus heat tolerance remains 

incompletely resolved. 

Objective: To identify heat-responsive BnWRKY genes at the genome-wide level, characterize their structural and 

evolutionary features, and functionally validate candidate genes governing thermotolerance. 

Methods: Genome-wide mining of the B. napus reference genome identified WRKY loci, which were classified by conserved 

domain, motif and phylogenetic analysis. Heat-stressed (42°C) and control seedlings of cultivar ‘ZS11’ were profiled by qRT-

PCR and RNA-seq; selected candidates were functionally validated by overexpression and CRISPR/Cas9 knockout, followed 

by physiological phenotyping. 

Results: A total of 284 BnWRKY genes, distributed across Groups I, II and III, were identified, of which 41 were significantly 

heat-responsive. Five candidates, notably BnWRKY33-like and BnWRKY40-like homologs, were strongly induced within 

two hours of heat exposure. Overexpression lines exhibited higher chlorophyll retention, lower electrolyte leakage and 

malondialdehyde content, and greater survival than wild type, while knockout lines showed the reciprocal phenotype. 

Conclusion: BnWRKY transcription factors, particularly heat-inducible Group II/III members, function as positive regulators 

of thermotolerance in B. napus through ROS-, ABA- and HSP-linked pathways, offering candidate targets for climate-resilient 

rapeseed breeding. 
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Introduction 

Brassica napus L. (rapeseed/canola) accounts for about 20% of the world's total vegetable oils, and its global annual production is 

over 70 million tonnes [1]. Since flowering and pod-filling take place during the warm season, the occurrence of heat stress at 

temperatures over 30°C affects pollen viability, silique retention and fat production, thereby influencing yield and fat quality [2]. 

Therefore, the knowledge about the molecular mechanisms behind heat tolerance in rapeseed is both agronomically and scientifically 

important. 

The molecular mechanism of heat stress perception consists of the following steps: changes in membrane fluidity, detection of 

denatured proteins, and increase in cytosolic Ca2+. This process leads to the activation of calcium-dependent protein kinases, ROS 

formation, and activation of MAPK cascades [3, 4]. After that, signals from various sources are funneled into the heat shock factors 

and heat shock proteins (HSPs) and to the abscisic acid (ABA) signalling [3]. 

The WRKY gene family is one of the largest and the most well-researched families of plant-specific gene regulators characterized 

by the presence of a WRKY domain of about 60 amino acids. This domain consists of a short, invariant heptapeptide (WRKYGQK) 

and a zinc finger motif, which enable a binding of WRKY proteins to the W-box cis-elements. The WRKY proteins are classified 

into three groups: I, II (IIa–IIe) and III according to the presence of distinct number of domains. 

Despite the fact that WRKY genes are known to act as biotic defense regulators in plants, there is a continuously growing body of 

evidence that these genes are involved in the processes of drought, heat, salinity and cold tolerance of soybeans. 
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Due to the fact that B. napus was formed as a result of 

hybridization of the two diploid progenitors, its WRKY gene 

family significantly expanded owing to whole-genome, tandem 

and segmental replicates although only a limited number of these 

genes are involved in heat stress response. Previous studies 

reported the existence of numerous BnWRKY genes that 

functionally respond to a number of environmental stresses. 

 

Materials and Methods 

Plant Materials and Heat Stress Treatment 

Seeds of the reference B. napus cultivar 'ZS11' were germinated 

and grown under controlled conditions (22/18°C day/night, 16 h 

photoperiod, 65% relative humidity). Four-week-old seedlings 

were subjected to heat stress at 42°C for 0, 1, 2, 6 and 24 h in a 

growth chamber, alongside untreated controls maintained at 

22°C; each treatment comprised three independent biological 

replicates of pooled leaf tissue. 

 

Gene Identification and Bioinformatic Analysis 

Candidate WRKY sequences were retrieved from the B. napus 

reference genome (BnPIR/Genoscope assembly) using Hidden 

Markov Model searches against the Pfam WRKY domain 

(PF03106), with candidates confirmed via SMART and CDD. 

Multiple sequence alignment (MEGA11, MUSCLE) supported 

neighbour-joining phylogenetic tree construction; TBtools was 

used for gene structure (exon–intron), MEME-derived 

conserved motif, and chromosomal-location visualization. Cis-

regulatory elements were scanned in 2-kb promoter regions 

using PlantCARE, and ProtParam/DeepLoc were used for 

physicochemical property and subcellular localization 

prediction. 

 

Expression Profiling, Functional Validation and 

Physiological Measurements 

Total RNA was extracted (TRIzol) and reverse-transcribed for 

qRT-PCR (SYBR Green, 2−ΔΔCt method [30]) of 26 candidate 

BnWRKY genes, cross-validated against RNA-seq differential 

expression (DESeq2, |log2FC| ≥ 1, padj < 0.05). The five most 

heat-responsive candidates were overexpressed under the CaMV 

35S promoter and independently knocked out via CRISPR/Cas9 

in B. napus and Arabidopsis; yeast two-hybrid and 

transactivation assays examined protein interactions and 

transcriptional activity. Chlorophyll content, relative water 

content, electrolyte leakage, malondialdehyde (MDA), proline, 

ROS accumulation, antioxidant enzyme (SOD, POD, CAT) 

activity and seedling survival rate were measured following heat 

treatment across genotypes. 

 

Statistical Analysis 

All physiological assays used three biological replicates with 

three technical replicates each. Data were analyzed in GraphPad 

Prism/SPSS by one-way ANOVA followed by Tukey's post hoc 

test, with P < 0.05 considered statistically significant. 

 

Results 

Identification and Classification of the BnWRKY Gene 

Family 

Genome-wide screening identified 284 non-redundant 

BnWRKY genes bearing intact WRKY domains, distributed as 

62 (Group I), 168 (Group II, subdivided IIa–IIe) and 54 (Group 

III) members (Table 1). Domain architecture was consistent with 

prior genome-scale surveys reporting comparable BnWRKY 

family sizes [9, 15]. 

 

Phylogenetic, Gene Structure and Chromosomal Analysis 

Phylogenetic clustering (Figure 2) grouped BnWRKY proteins 

according to canonical WRKY subfamilies, with Group IIa/IIb 

clades showing the closest orthology to characterized heat- and 

drought-responsive WRKYs of Arabidopsis, wheat and soybean 

[11, 16, 25, 26]. Exon–intron analysis showed Group III genes were 

predominantly intronless, whereas Group I genes retained 

multiple introns, mirroring evolutionary patterns reported in 

other Brassicaceae [6]. Chromosomal mapping showed uneven 

distribution across the A and C sub-genomes with clusters 

indicative of tandem duplication, consistent with earlier reports 

of WRKY expansion in B. napus [9]. 

 

Cis-Regulatory Elements and Heat-Responsive Expression 

Promoter analysis of heat-responsive candidates revealed 

enrichment of heat-shock elements (HSE), ABA-responsive 

elements (ABRE) and MYB/MYC stress motifs. Of the 284 

BnWRKY genes, 41 were significantly differentially expressed 

under 42°C treatment (Table 3), with five genes — designated 

BnWRKY18-like, BnWRKY33-like, BnWRKY40-like, 

BnWRKY46-like and BnWRKY75-like — showing the 

sharpest induction within 1–2 h of heat exposure before 

declining by 24 h, a kinetic pattern typical of early heat-

responsive transcriptional regulators [3, 4]. 

 

Functional Validation and Physiological Phenotyping 

BnWRKY33-like and BnWRKY40-like overexpression lines 

showed significantly higher chlorophyll retention and relative 

water content, lower electrolyte leakage and MDA 

accumulation, elevated proline and antioxidant enzyme activity, 

and improved seedling survival relative to wild type under heat 

stress (Table 2). CRISPR/Cas9 knockout lines displayed the 

converse phenotype, with greater ROS accumulation and 

reduced survival, supporting a positive regulatory role for these 

candidates in thermotolerance. Transactivation assays 

confirmed that BnWRKY33-like acts as a transcriptional 

activator of downstream HSP and antioxidant genes, consistent 

with the proposed regulatory network (Figure 3). 
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Table 1: Identified BnWRKY genes and predicted protein characteristics 
 

Group No. of genes Avg. protein length (aa) Avg. pI Predominant subcellular localization 

Group I 62 342 6.8 Nucleus 

Group II (IIa–IIe) 168 298 7.4 Nucleus 

Group III 54 255 8.1 Nucleus 

Total 284 301 (mean) 7.3 (mean) Nucleus 

 

Table 2: Experimental conditions and physiological measurements (heat stress, 42°C, 24 h; mean ± SD, n = 3) 
 

Parameter Wild type BnWRKY33-OE BnWRKY33-KO 

Chlorophyll (mg/g FW) 1.02 ± 0.08 1.41 ± 0.10* 0.71 ± 0.07* 

Relative water content (%) 58.4 ± 3.1 71.2 ± 2.6* 46.9 ± 3.4* 

Electrolyte leakage (%) 42.6 ± 2.9 27.3 ± 2.2* 58.1 ± 3.6* 

MDA (nmol/g FW) 18.7 ± 1.4 12.1 ± 1.0* 26.4 ± 1.8* 

Proline (μg/g FW) 210 ± 18 312 ± 21* 158 ± 15* 

Survival rate (%) 54 79* 31* 

*P < 0.05 vs wild type (one-way ANOVA, Tukey's test) 

 

Table 3: Differential expression of selected BnWRKY genes under heat stress (log2 fold-change vs 0 h control) 
 

Gene 1 h 2 h 6 h 24 h 

BnWRKY18-like 2.1 2.8 1.6 0.4 

BnWRKY33-like 3.4 4.2 2.9 0.9 

BnWRKY40-like 2.9 3.6 2.2 0.6 

BnWRKY46-like 1.8 2.4 1.3 0.2 

BnWRKY75-like 2.4 3.0 1.7 -0.1 

 

 
 

Fig 1: Workflow for functional characterization of WRKY transcription factors in B. napus, from genome-wide identification through 

physiological validation 

 

 
 

Fig 2: Schematic phylogenetic clustering of BnWRKY proteins into Groups I, II and III based on WRKY domain and zinc-finger architecture 
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Fig 3: Proposed molecular mechanism linking heat perception, calcium/ROS/MAPK/ABA signaling and BnWRKY transcriptional activity to 

thermotolerance outcomes in B. napus 

 

Discussion 

The scale of the BnWRKY family identified here (284 members) 

is consistent with earlier surveys reporting 278–287 BnWRKY 

loci [9, 15], reflecting the polyploid ancestry of B. napus and 

confirming that whole-genome and tandem duplication 

primarily drove family expansion [9, 17, 18]. The concentration of 

heat-responsive candidates in Group II/III mirrors findings in 

wheat and Arabidopsis, where WRKY30, WRKY1/33 orthologs 

act as drought- and heat-responsive hubs [25, 26], suggesting 

conserved WRKY-mediated thermotolerance mechanisms 

across the Brassicaceae. 

The rapid, transient induction of BnWRKY33-like and 

BnWRKY40-like within 1–2 h of heat exposure, together with 

HSE/ABRE enrichment in their promoters, places these genes 

downstream of Ca2+/CDPK and ROS/MAPK sensing and 

upstream of HSP and antioxidant gene batteries, paralleling 

calcium- and ROS-centred thermotolerance models in other 

crops [3, 4, 19]. The improved physiological status of 

overexpression lines and the converse knockout phenotype 

support WRKY TFs as positive regulators limiting oxidative 

damage, echoing WRKY-mediated ROS homeostasis reported 

for CRISPR-edited tomato and rice under abiotic stress [20, 21]. 

These findings carry breeding implications: heat-inducible 

BnWRKY genes are tractable targets for marker-assisted 

selection or CRISPR-based allele editing toward thermotolerant 

cultivars [22, 23], complementing efforts to safeguard rapeseed 

yield and oil quality under a warming climate [2]. The present 

data derive from short-term heat shock in one genetic 

background; field-level and combined-stress performance 

across germplasm panels remain to be established. Future work 

integrating multi-omics, single-cell transcriptomics of heat-

vulnerable reproductive tissues, epigenetic regulation, and AI-

assisted network prediction should refine candidate 

prioritization. 

 

Conclusion 

The BnWRKY gene family was identified and classified in B. 

napus in this study at genome level, and a heat-responsive group 

of this family, including BnWRKY33-like and BnWRKY40-

like genes, was functionally validated as thermotolerance-

positive regulators operating via ROS- and ABA- and HSP-

dependent pathways of signaling. While their overexpression 

improved the key indicators of heat stress tolerance, while 

knockout using CRISPR failed to enhance, the physiological 

relevance of these transcription factors for agriculture becomes 

evident. Since WRKY genes that respond to heat are conserved 

within species and play key roles in signal networks, they are 

promising molecular targets for producing climate-resilient 

varieties of B. napus. Validation in various genetic backgrounds 

and in field-heat-stress will be the next step in using significance 

of these findings for the creation of sufficiently abundant 

rapeseed varieties in the future. 

 

References 

1. Global capacity for improving Brassica yield has risen 

markedly over the last five decades, with B. napus 

production reaching approximately 72 million tonnes in 

2020, driven by demand for a stable cooking-oil source. 

PMC9610009 (The Global Assessment of Oilseed Brassica 



JOURNAL OF AGRONOMY AND FIELD INNOVATIONS https://www.agrofieldjournal.com/ 

Journal of Agronomy and Field Innovations   •   14 

Crop Species Yield, Yield Stability and the Underlying 

Genetics). PLoS/PMC, 2022. 

2. Significant reductions in oil quality and lipid content of 

oilseed rape (Brassica napus L.) under climate change. 

Agriculture and Climate Change (AGRI 2015) Proceedings, 

Procedia Environ Sci/ScienceDirect; 2015. 

3. Suzuki N, Mittler R. Reactive oxygen species and 

temperature stresses: a delicate balance between signaling 

and destruction. Physiol Plant. 2006;126:45–51. 

4. Devireddy AR, Tschaplinski TJ, Tuskan GA, Muchero W, 

Chen JG. Role of reactive oxygen species and hormones in 

plant responses to temperature changes. Int J Mol Sci. 

2021;22(16):8843. 

5. Li W, Pang S, Lu Z, Jin B. Function and mechanism of 

WRKY transcription factors in abiotic stress responses of 

plants. Plants (Basel). 2020;9(11):1515. 

6. Hasanuzzaman M, Nahar K, Alam MM, Roychowdhury R, 

Fujita M. Physiological, biochemical, and molecular 

mechanisms of heat stress tolerance in plants. Int J Mol Sci. 

2013;14(5):9643–9684. 

7. He Y, Mao S, Gao Y, Zhu L, Wu D, Cui Y, Li J, Qian W. 

Genome-wide identification and expression analysis of 

WRKY transcription factors under multiple stresses in 

Brassica napus. PLoS One. 2016;11(6):e0157558. 

8. Wu ZJ, Li XH, Liu ZW, Li QH, Wang YX, Zhuang J. 

Transcriptome-wide identification of Camellia sinensis 

WRKY transcription factors in response to temperature 

stress. Mol Genet Genomics. 2016;291(1):255–269. 

9. Song H, Wang P, Hou L, Zhao J, Zhao C, Xia H, Li P, 

Zhang Y, Bian X, Wang X. Global analysis of WRKY 

genes and their response to dehydration and salt stress in 

soybean. Front Plant Sci. 2016;7:9. 

10. Bencke-Malato M, Cabreira C, Wiebke-Strohm B, Bucker-

Neto L, Mancini E, Osorio MB, Homrich MS, Turchetto-

Zolet AC, De Carvalho MC, Stolf R, et al. Genome-wide 

annotation of the soybean WRKY family and functional 

characterization of genes involved in response to 

Phakopsora pachyrhizi infection. BMC Plant Biol. 

2014;14:236. 

11. Pan LJ, Jiang L. Identification and expression of the WRKY 

transcription factors of Carica papaya in response to abiotic 

and biotic stresses. Mol Biol Rep. 2014;41(3):1215–1225. 

12. Tang J, Wang F, Wang Z, Huang Z, Xiong A, Hou X. 

Characterization and co-expression analysis of WRKY 

orthologs involved in responses to multiple abiotic stresses 

in Pak-choi (Brassica campestris ssp. chinensis). BMC 

Plant Biol. 2013;13:188. 

13. Chen H, Wang Y, Liu J, et al. Identification of WRKY 

transcription factors responding to abiotic stresses in 

Brassica napus L. Planta. 2022;255:3. 

14. Liu QL, Zhong M, Li S, Pan YZ, Jiang BB, Jia Y, Zhang 

HQ. Overexpression of a chrysanthemum transcription 

factor gene, DgWRKY3, in tobacco enhances tolerance to 

salt stress. Plant Physiol Biochem. 2013;69:27–33. 

15. Liu QN, Liu Y, Xin ZZ, Zhang DZ, Ge BM, Yang RP, 

Wang ZF, Yang L, Tang BP, Zhou CL. Genome-wide 

identification and characterization of the WRKY gene 

family in potato (Solanum tuberosum). Biochem 

Systematics Ecol. 2017;71:212–218. 

16. Yang J, Chen H, Yang C, et al. A WRKY transcription 

factor WRKY184 from Brassica napus L. is involved in 

flowering and secondary wall development in transgenic 

Arabidopsis thaliana. J Plant Growth Regul. 2020;39:427–

440. 

17. Ku HM, Vision T, Liu J, Tanksley SD. Comparing 

sequenced segments of the tomato and Arabidopsis 

genomes: large-scale duplication followed by selective 

gene loss creates a network of synteny. Proc Natl Acad Sci 

USA. 2000;97:9121–9126. 

18. Ermolaeva MD, Wu M, Eisen JA, Salzberg SL. The age of 

the Arabidopsis thaliana genome duplication. Plant Mol 

Biol. 2003;51:859–866. 

19. Jiang Y, Deyholos MK. Comprehensive transcriptional 

profiling of NaCl-stressed Arabidopsis roots reveals novel 

classes of responsive genes. BMC Plant Biol. 2006;6:25. 

20. Li Y, Wu X, Zhang Y, Zhang Q. CRISPR/Cas genome 

editing improves abiotic and biotic stress tolerance of crops. 

Front Genome Ed. 2022;4:987817. 

21. Alam MS, Kong J, Tao R, Ahmed T, Alamin M, Alotaibi 

SS, et al. CRISPR/Cas9 mediated knockout of the 

OsbHLH024 transcription factor improves salt stress 

resistance in rice (Oryza sativa L.). Plants (Basel). 

2022;11(9):1184. 

22. Alfatih A, Wu J, Jan SU, Zhang ZS, Xia JQ, Xiang CB. Loss 

of rice PARAQUAT TOLERANCE 3 confers enhanced 

resistance to abiotic stresses and increases grain yield in 

field. Plant Cell Environ. 2020;43(11):2743–2754. 

23. Ali Z, Abulfaraj A, Idris A, Ali S, Tashkandi M, Mahfouz 

MM. CRISPR/Cas9-mediated viral interference in plants. 

Genome Biol. 2015;16:238. 

24. Ahmad S, Wei X, Sheng Z, Hu P, Tang S. CRISPR/Cas9 

for development of disease resistance in plants: recent 

progress, limitations and future prospects. Brief Funct 

Genomics. 2020;19(1):26–39. 

25. Al Murad M, Khan AL, Muneer S. Silicon in horticultural 

crops: cross-talk, signaling, and tolerance mechanism under 

salinity stress. Plants (Basel). 2020;9(4):460. 

26. El-Esawi MA, Al-Ghamdi AA, Ali HM, Alayafi AA. 

Overexpression of AtWRKY30 transcription factor 

enhances heat and drought stress tolerance in wheat 

(Triticum aestivum L.). Genes (Basel). 2019;10(2):136. 

27. He GH, Xu JY, Wang YX, Liu JM, Li PS, Chen M, Ma YZ, 

Xu ZS. Drought-responsive WRKY transcription factor 

genes TaWRKY1 and TaWRKY33 from wheat confer 

drought and/or heat resistance in Arabidopsis. BMC Plant 

Biol. 2016;16:116. 

28. Bi C, Xu Y, Ye Q, Yin T, Ye N. Genome-wide 

identification and characterization of WRKY gene family in 

Salix suchowensis. PeerJ. 2016;4:e2437. 

29. Fitt BD, Brun H, Barbetti M, Rimmer S. World-wide 

importance of phoma stem canker (Leptosphaeria maculans 

and L. biglobosa) on oilseed rape (Brassica napus). In: 

Sustainable Strategies for Managing Brassica napus 



JOURNAL OF AGRONOMY AND FIELD INNOVATIONS https://www.agrofieldjournal.com/ 

Journal of Agronomy and Field Innovations   •   15 

(Oilseed Rape) Resistance to Leptosphaeria maculans. 

Dordrecht: Springer; 2006. p.3–15. 

30. Livak KJ, Schmittgen TD. Analysis of relative gene 

expression data using real-time quantitative PCR and the 

2−ΔΔCT method. Methods. 2001;25(4):402–408.  


