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Abstract 

The WRKY transcription factors superfamily are involved in diverse biological processes in plants including 

response to biotic and abiotic stresses and plant immunity. Protein-protein interaction network is a useful 

approach for understanding these complex processes. The availability of Arabidopsis Thaliana interactome 

offers a good opportunity to do get a global view of protein network. In this work, we have constructed the 

WRKY transcription factor network by combining different sources of evidence and we characterized its 

topological features using computational tools. We found that WRKY network is a hub-based network 

involving multifunctional proteins denoted as hubs such as WRKY 70, WRKY40, WRKY 53, WRKY 60, 

WRKY 33 and WRKY 51. Functional annotation showed seven functional modules particularly involved in 

biotic stress and defense responses. Furthermore, the gene ontology and pathway enrichment analysis revealed 

that WRKY proteins are mainly involved in plant-pathogen interaction pathways and their functions are 

directly related to the stress response and immune system process.  
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1 Introduction 

Plants are frequently exposed to various stresses such as drought, salinity, cold and pathogen attacks. WRKY 

are large protein family of zinc-finger transcriptional regulators in higher plants involved in biological 

processes and in biotic and abiotic stress response (Ramamoorthy et al., 2008). They are involved in the 
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regulation of various physiological programs that are unique to plants, including plant pathogen defense, 

senescence, trichome development (Eulgem, 2000), hormone signaling (Chen et al., 2010; Shang et al., 2010) 

and secondary metabolism (Wang et al., 2010; Suttipanta et al., 2011). Thus, WRKY proteins play important 

roles in plant. The WRKY proteins are represented with 74 members in Arabidopsis and more than 100 

members in rice (Wu et al., 2005; Zhang and Wang, 2005). It is evident that one dimensional annotation is no 

longer enough to study regulatory proteins that often act with one or more protein partners. Few WRKY –

interacting proteins studies were reviewed by Chi et al. (2013) showing the complex regulatory and functional 

network of WRKY transcription factors and giving insights into biological processes that they do regulate. The 

availability of the Arabidopsis interactome (Arabidopsis Interactome Mapping Consortium 2011) is 

encouraging to improve our understanding of WRKY transcription factors family. 

Although WRKY proteins were relatively recently discovered class of sequence-specific DNA-binding 

transcription factors (Rushton et al., 2010), they were extensively studied. Consequently, the literature corpus 

for WRKY is very large; over 400 articles were retrieved when querying with the generic keyword “WRKY” 

without counting the large number of protein family members and synonymous.  

Our goal is to get a global understanding of comprehensive WRKY protein interactions network in 

Arabidopsis thaliana taking into account available interaction data sources. 

For such systems biology analysis, computational approach is needed, where high throughput experiments 

like yeast two-hybrid (Y2H) analyses, microarrays and text mining of literature are integrated. We then 

revealed some statistical properties of the network in order to explore the topology and functions of the 

WRKY network in Arabidopsis thaliana. 

 

2 Methods 

2.1 Dataset 

We queried the Uniprot (release 2014_08) (http://www.uniprot.org/) for WRKY transcription factor in 

Arabidopsis thalina based on (Eulgem, 2000) and we retrieved 74 protein identifiers by excluding hypothetical 

proteins. 

2.2 WRKY-WRKY interaction network construction 

The WRKY-WRKY interaction network was performed by version 9.05 STRING (http://string-db.org/) 

(Franceschini et al. 2013), which is a database of known and predicted protein interactions. The interactions 

include physical and functional associations derived from genomic context, high-throughput experiments, co-

expression and previous knowledge. The interaction data were then assigned by confidence score for each 

source of evidence. 

2.3 Statistical analysis and topological features of WRKY-WRKY network 

In a protein-protein interaction (PPI) network, a node denotes a protein and an edge denotes an interaction 

between two proteins. For each protein set, we applied four topological measures to assess its role in the 

network: degree, clustering coefficient, betweenness, and shortest-path distance. First, for a node in PPI 

network, the degree measures the number of links for a node to other nodes. Second, the clustering coefficient 

of a node is the ratio of the observed number of direct connections between the node’s immediate network 

neighbours over the maximum possible number of such connections. Third, the betweenness of a node is 

defined as the number of shortest paths between all possible pairs of nodes in the network that traverse the 

node. Fourth, for a pair of selected nodes in the network, there are many alternative paths between them. The 
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path with the smallest number of links is defined as the shortest path. The number of links passing through in 

the shortest path is defined as shortest-path distance. We tested whether the interaction network is scale-free or 

not by plotting the node degree distribution. A network may resemble a scale-free topology if the distribution 

follows a power-law. 

The topological and statistical significance of network have been calculated using Cytoscape plugins 

Network Analyzer (Assenov et al., 2008) and CentiScaPe (Scardoni et al., 2009). 

More explanations of calculated parameters are available at http://med.bioinf.mpi-inf.mpg.de/netanalyzer/ 

help/2.6.1/index.html. 

 

3 Results and Discussion 

3.1 WRKY Network Construction and statistical properties 

We integrated results derived from different sources including genomic context, high-throughput experiments, 

coexpression (conserved), homology among species and text mining related to WRKY transcription factor 

family proteins of Arabidopsis thaliana. We obtained a protein network made up of 72 interactions as 

described in supplemental material file 1. Among these interactions, only eight are validated experimentally 

mainly by two-hybrid assay, sixty five protein interactors are coexpressed and all protein pairs are co-cited in 

bibliography. This finding provides a starting point to validate the other interactions. 

By removing disconnected nodes (proteins), advanced view shows highly connected network constituted 

of 26 WRKY proteins (Fig. 1). Topological parameters of WRKY network are listed in Table 1 (See 

supplemental material for more details). By plotting the degree distribution in a log scale, we obtained a linear 

regression R2 value of 0.35. This is inferring the presence of significant number of negative feedback loops. 

 

 

 

Table 1 Network parameters calculated by Network Analyzer. 

Number of nodes 26 

Number of edges 71 

Clustering Coefficient 0.430 

Network diamater 6 

Network radius 3 

Network density 0.218 

Network heterogeneity 0.645 

Average number of neighbors 5.462 

Characteristic path length 2.625 
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Fig. 1 Evidence view of WRKY proteins network in Arabidopsis thaliana. 

 

 

3.2 Hubs identification 

Highly connected nodes are usually defined as ‘Hubs’. Based on topological parameters, we have identified 

protein hubs having often higher degree, clustering coefficient, betweenness and shortest-path distance. By 

combining these parameters, we have listed the highly ranked nodes in Table 2 (See supplemental material file 

2 for complete list). The hubs are thought to maintain network robustness by having higher connectivity in the 

whole network and may mediate key biological pathways such as signal transduction in the WRKY protein 

network compared to the other proteins. Our results are in good agreement with previous studies providing 

strong evidence of WRKY70 role in plant senescence and defense signaling pathways (Ulker et al., 2007) and 

its cooperation with WRKY54 as negative regulator (Besseau et al., 2012). Moreover, Birkenbihl et al. (2012), 

revealed the transcriptional regulator role of WRKY33 in Arabidopsis thaliana upon Botrytis cinerea infection 

by targeting redox homeostasis, salicylic acid signaling, ethylene jasmonic acid mediated cross communication, 

and camalexin biosynthesis. Nevertheless, these reports consider that they are still crucial components to 

identify the full resistance mechanism.  
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Table 2 Potential hubs in the WRKY network. 

Protein Degree Clustering coefficient Betweenness 

WRKY40 12 0.5 137 

WRKY33 12 0.5 132 

WRKY46 10 0.6 125.5 

WRKY25 10 0.5 94 

WRKY18 10 0.6 75 

WRKY53 10 0.6 72.7 

WRKY70 9 0.6 67.3 
 

 

 

3.3 Functional modules in WRKY network 

Among the seventy two interactions, we have found seven functional modules (Fig. 2) particularly related to 

stress response including response to chitin and organic compounds (13 nodes), response to salicylic acid (8 

nodes) and defense response to bacterium (13 nodes) and fungus (7 nodes). Additionally, we have found small 

modules related to calmodulin binding (7 nodes), immune effector process (3 nodes), jasmonic acid mediated 

pathway (3 nodes) and leaf and organ senescence (3 nodes). Some proteins are present in multiple functional 

modules such as WRKY 70, WRKY40, WRKY 53, WRKY 60, WRKY 33 and WRKY 51. It could be argued 

that such proteins are multifunctional and participate in different biological processes. It is worthy to note that 

these proteins are aforementioned as hubs of the WRKY network. Thus, it would be benefit to further 

investigate their roles particularly with respect to stress response. 

3.4 Pathways and Gene Ontology (GO) enrichment in WRKY network 

The enrichment analysis of the network revealed the functional features of WRKY proteins. From the KEGG 

pathway enrichment, we found that WRKY proteins are included mainly in plant-pathogen interaction pathway 

(Fisher’s exact test, FDR p-value =1.5 10-2). (http://www.genome.jp/kegg/pathway/ath/ ath04626.html). Then 

the enriched GO functions underlying the WRKY proteins are particularly related to response to stress, 

immune system process, transport and signal transduction (supplementary material file 3). Moreover, this may 

explain the highly connected architecture of WRKY network. Such system, upon stress, should dynamically 

respond with the cooperation of all interactors. This is in line with a previous report underlying the role of 

WRKY transcription factors in plant system immunity (Jones and Dangl, 2006). 
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Fig. 2 Functional modules in the WRKY proteins network in Arabidopsis thaliana. 

 

 

 

4 Conclusions 

In this study, we have constructed a WRKY transcription factors network in Arabidopsis thaliana using 

computational tools. By applying integrative approach combining genomic context, high throughput 

experiments, database content and text mining sources, we get a highly connected network of 72 interactions 

connected by more than ten hub proteins. This is a fundamental step to uncover plant-pathogen interaction 

pathway and stress response mediated by WRKY proteins which are not fully established so far. We believe 

that our approach may be considered as a starting point to address these questions. 
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