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Abstract 
 
Plant WRKY genes encode a complex and ancient class of zinc-finger transcription factors that are involved in multiple 
biological processes, especially in regulating defense against abiotic stresses. Despite a growing number of studies on 
the genomic organization of the WRKY gene family in various species, little information is available about this family in 
hemp (Cannabis sativa L.). In this study, based on the hemp genome sequence, 40 hemp WRKY (CsWRKY) genes were 
classified into three main groups and five subgroups according to their orthologs in Arabidopsis. Among these, 23, 15, 
and 14 CsWRKY genes were responsive to drought, NaCl, and Cd stress, respectively. Interestingly, the expressions of 
all of the 23 drought stress-responsive genes were up-regulated. Moreover, 18 CsWRKY genes were induced by abscisic 
acid (ABA) treatment. A total of six up-regulated genes related to all three stresses were identified. Among these, five 
were up-regulated, and one was down-regulated by ABA. These results indicate a diverse function of the CsWRKY 
genes, which provides a basis for future clarification of their function in hemp tolerance to abiotic stresses. 
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Introduction 
 
Plants have evolved unique strategies to cope with and 
adapt to adverse environmental conditions. Plant stress 
responses are mediated by complex signal transduction 
networks associated with distinct changes in gene 
expression controlled by transcription factors (Wang  
et al. 2014). Transcription factors exhibit sequence-
specific DNA binding and can activate or inhibit 
transcription of downstream target genes. The WRKY 
protein family is one of the largest families of 
transcription regulators and is named after its 
characteristic protein sequence. In the WRKY domain, a 
conserved WRKYGQK hexapeptide sequence is usually 
followed by a C2H2- or C2HC-type zinc finger motif 
(Eulgem et al. 2000). 
 In plants, WRKY proteins form a large family of 
transcription factors involved in responses to various 
abiotic stresses such as salinity, drought, and cold (Du 
and Chen 2000, Karam et al. 2002, Xie et al. 2006). 

Furthermore, WRKYs from rice (Rushton et al. 2010, 
Shimono et al. 2012), soybean (Zhou et al. 2008), chili 
pepper (Oh et al. 2008), and poplar (Levee et al. 2009) 
were shown to be positive and/or negative regulators in 
the defense against abiotic stresses. To date, the WRKY 
gene family has been analyzed in many plants, including 
Arabidopsis thaliana (Eulgem et al. 2000, Ulker and 
Somssich 2004), Oryza sativa (Wu et al. 2005, Ross et al. 
2007, Ramamoorthy et al. 2008), Cucumis sativus (Ling 
et al. 2011), Populus trichocarpa (He et al. 2012), and 
Arabidopsis lyrata (Song and Gao 2014).  
 Hemp is an economically important plant used in the 
production of food, fiber, oil, and intoxicants (Gilmore 
and Peakall 2003). Drought stress is the main 
environmental factor that influences hemp growth and 
development (Schäfer and Honermeier 2006, Amaducci 
et al. 2008, Mihoc et al. 2012). Therefore, investigating 
the hemp regulation mechanism under drought and other 
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stress conditions will have a very important role in 
breeding programs. In recent years, hemp genome 
sequencing (Bakel et al. 2011) and molecular marker 
development (Gao et al. 2014) have greatly advanced its 
molecular biological study. However, no hemp 
transcription factors have been identified until now. 

Therefore, in this study, hemp WRKY genes (CsWRKY) 
were selected and analyzed in detail including their 
classification, phylogeny, and conserved motif 
composition. Further, the expression of CsWRKY genes 
was identified under various abiotic stresses. 

 
 
Materials and methods 
 
Identification and phylogenetic analysis of the WRKY 
gene family: To identify WRKY proteins in hemp, 
amino acid sequences were obtained from the Plant 
Transcription Factor Database v. 3.0 (PlantTFDB; Jin  
et al. 2014), and the genes were annotated using The 
Cannabis Genome Browser (http://genome.ccbr. 
utoronto.ca/). The Arabidopsis WRKY protein sequences 
were downloaded from The Arabidopsis Information 
Resource (TAIR), and the WRKY genes in hemp 
(CsWRKY) and A. thaliana (AtWRKY) were aligned using 
Clustal X 2.1 (Larkin et al. 2007). Phylogenetic and 
molecular evolutionary analyses were conducted using 
MEGA v. 6.0 (Tamura et al. 2013). An unrooted 
phylogenetic tree was constructed by the neighbor-
joining method with a bootstrap test (1 000 replicates) 
using MEGA 6. The CsWRKY genes were classified into 
groups based on the AtWRKY classification. We used the 
MEME v. 4.9.1 online program (Bailey et al. 2009) to 
identify conserved motifs of CsWRKY sequences.  
 
Plants, growth, and treatments: The seeds of Cannabis 
sativa L. cv. Yunma 1 (a typical hemp cultivar in China) 
were germinated in pots with soil, and eight-week-old 
plants were subjected to three stress treatments: drought, 
salinity, and cadmium. The plants were exposed to 

drought stress by maintaining the relative soil water 
content at a maximum of 30 %. For salinity and abscisic 
acid (ABA) treatments, the plant roots were submerged in 
100 mM NaCl and 50 μM ABA solutions, respectively. 
For heavy metal treatment, a solution of CdCl2 was used 
to reach a final soil Cd content of 100 mg(Cd) kg-1(soil). 
After 3 d (drought, NaCl, and Cd treatments) or 6 h 
(ABA treatment), whole hemp plants (three replicates for 
each treatment and the control) were sampled and 
immediately frozen in liquid nitrogen and stored 
separately at -80 °C. 
 
Isolation of RNA, cDNA synthesis, and real-time 
quantitative PCR: The total RNA of each sample was 
isolated using an EZNA plant RNA kit (Omega Bio-Tek, 
Norcross, GA, USA). Syntheis of cDNA was carried out 
using M-MLV reverse transcriptase (Fermentas, Vilnius, 
Lithuania). Real time qPCR was conducted in an iQ5 
multicolor real-time PCR system (Bio-Rad, Hercules, 
CA, USA). A reference gene (ID: 351134416) was used 
as an endogenous control. A list of primers used in real 
time qPCR is presented in Table 2 Suppl. Each treatment 
consisted of three biological replicates. The expression 
levels were calculated as the mean signal intensity across 
the three replicates.  

 
 
Results 
 
In total, 49 genes named CsWRKY1 to CsWRKY49 were 
identified from the amino acid sequences downloaded 
from PlantTFDB. Of those, CsWRKY2, CsWRKY18, and 
CsWRKY26 were redundant, and CsWRKY9, CsWRKY33, 
CsWRKY36, CsWRKY39, CsWRKY42, and CsWRKY46 
did not contain an intact WRKY domain structure. The 
parameters that describe the CsWRKY proteins are listed 
in Table 1 Suppl., and they include the deduced protein 
length, relative molecular mass, and isoelectric point. The 
difference of this series of parameters means that 
different CsWRKY proteins may operate in different 
micro-environments. 
 The amino acid sequences of 40 CsWRKYs and  
72 AtWRKYs were aligned in Clustal X 2.1 (Larkin et al. 
2007). On the basis of AtWRKY classification (Eulgem  
et al. 2000) and WRKY domain alignment, the CsWRKYs 
were classified into three major groups. Nine CsWRKYs, 

each of which contained two WRKY domains and the 
C2H2-type zinc-finger motif (C-X4-C-X22-23-H-X1-H) 
were assigned to Group I. Twenty-seven CsWRKY 
proteins possessing a single WRKY domain were 
assigned to Group II, in which the C2H2-type zinc-finger 
structure was C-X4-5-C-X23-H-X1-H. Group II was further 
divided into five subgroups (II-a to II-e) based on the 
primary amino-acid sequence. Finally, four CsWRKYs, 
each with a single WRKY domain, were assigned to 
Group III. Interestingly, only the CsWRKY25 domain 
differed in one amino acid in the conserved WRKY 
signature (CRKYGQK) (Table 1 Suppl.).  
 An unrooted phylogenetic tree was constructed using 
the amino acid sequence alignment (Fig. 1). The N- and 
C-terminals of Group I WRKY domains were classified 
into two independent domains, I-N and I-C. The other 
clades were named Groups IIa, IIb, IIc, IId, IIe, and III. In 
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addition, Groups IId + IIe were closely related to Group 
III. The phylogenetic tree constructed from the WRKY 
domain of these genes resolved 20 distinct motifs 
(Fig. 2). Most of the closely related members in the 
phylogenetic tree showed a common motif composition.  

Motif 1 was shared by all members, motifs 10, 15, and 16 
were dispersed only in Group IId, and subgroups IIa and 
IIb were closely related and shared motif 17. These 
results suggest that there were functional similarities 
among the WRKY proteins within the subgroups. 
 

 
Fig. 1. An unrooted phylogenetic tree showing relationships among WRKY domains of hemp and Arabidopsis. The suffix “N” or 
“C” in Group I proteins indicates the N- or C-terminal WRKY domains.  
 
 The number of CsWRKY genes belonging to each 
group was compared with that in other plant species 
(Table 1). The number of genes in Group I of the WRKY 
family in hemp was similar to those recorded for 
Arabidopsis, grapevine, and castor bean (Ulker and 
Somssich 2004, Li et al. 2012, Wang et al. 2014) but 
differed greatly from the one in poplar (He et al. 2012). 
Similar to the groups observed in poplar and tomato (He 

et al. 2012, Huang et al. 2012), subgroup IIc was the 
most abundant subgroup of Group II. The number of 
CsWRKYs genes in Group III in hemp was less than that 
in rice, bread wheat, and barley (Xie et al. 2006, 
Mangelsen et al. 2008, Okay et al. 2014). A similar 
number of CsWRKY genes was found in castor bean, 
poplar, tomato, cucumber, and grapevine (Ling et al. 
2011, He et al. 2012, Huang et al. 2012, Li et al. 2012,  
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Fig. 2. A phylogenetic tree of deduced CsWRKY domains associated with the motif composition in the amino-acid sequences.  
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Table 1. The size of the WRKY groups and subgroups in different plant species. NG - non-grouped. 
 

 Group I Group II     Group III NG Total Reference 
  IIa IIb IIc IId IIe     

Hemp   9   2   5 12   3   5   4    40  
Canola 12   2   5   8   7   6   3    43 Yang et al. (2009) 
Barley    8   4   1 11   5   3 13    45 Mangelsen et al. (2008) 
Castor bean   9   3 10 12   3   5   5    47 Li et al. (2012) 
Cucumber  10   4   4 16   8   7   6    55 Ling et al. (2011) 
Grapevine 12   3   8 15   6   7   6 2   59 Wang et al. (2014) 
Arabidopsis 16   3   8 17   7   8 14 1   74 Ulker and Somssich (2004) 
Tomato 15   5   8 16   6 17 11 3   81 Huang et al. (2012) 
Rice 15   4   8 15   7 11 36    96 He et al. (2012) 
Poplar 50   5   9 13 13   4 10  104 Xie et al. (2006) 
Bread wheat 20 16   3 34 17 11 57 2 160 Okay et al. (2014) 

 

 
Fig. 3. The expression pattern of stress-responsive CsWRKY genes. The x-axis shows the control, drought-stress, NaCl-stress, 
Cd-stress, and ABA treatment. The y-axis shows the relative expression level under stress-treatment to the expression of the control,
which was designed as one unit. The bars represent standard errors of three independent assays of real time qPCR. 
 
Wang et al. 2014). 
 The expression of CsWRKY genes was altered 
significantly (fold change > 2) in the plants exposed to 
drought, NaCl, and Cd. Among the 40 predicted genes, 
23, 15, and 14 genes were responsive to the drought, 
NaCl, and Cd, respectively (Fig. 3). Furthermore, the 
number of genes with more than 10-fold increase in 
response to the drought, NaCl, and Cd stress was 8, 3, 
and 3, respectively, compared to the control plants. 
Importantly, six genes were identified related to all the 

three abiotic stresses (Table 1 Suppl.).  
 To further investigate the response of CsWRKY genes 
to ABA, real time qPCR was performed after the ABA 
treatment. The results indicate that 18 genes were 
affected significantly by ABA. Among these genes, 17, 
10, and 12 genes were related to the drought, NaCl, and 
Cd, respectively. Of the six genes related to all the three 
abiotic stresses, five were up-regulated and one was 
down-regulated by the ABA treatment. 
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Table 2. The expressions of CsWRKY genes under different treatments (drought, NaCl, and Cd). Some genes up-regulated or down-
regulated by those treatments were also up-regulated or down-regulated by the ABA treatment. 
 

Treatments Up-regulated Down-regulated Total Up-regulated by ABA Down-regulated by ABA Total 

Drought  23 0 23 11 6 17 
NaCl   8 7 15   6 4 10 
Cd   8 6 14   8 4 12 

 
 
Discussion 
 
WRKY proteins are classical transcription factors that are 
ubiquitous in plants and have been surveyed in several 
species. In this study, 40 WRKY genes were identified for 
the first time in hemp and classified into three major 
groups indicating their close evolutionary relationship. 
Group I of CsWRKYs contained two WRKY domains and 
accounted for 22.5 % of the entire CsWRKY family. This 
proportion was similar to that in Arabidopsis (21.6 %), 
grapevine (20.34 %), and castor bean (19.15 %), whereas 
Group I has undergone significant expansion in poplar 
(48.08 %) (Table 1). The close relationship between 
subgroups IIa and IIb and between subgroups IId and IIe 
suggests that they may belong to similar genes (Kumar  
et al. 2011). Group III CsWRKYs contained the motif 20 
(Fig. 2), and there were fewer these proteins in hemp than 
in rice, bread wheat, and barley (only 10 % of the entire 
CsWRKY family). Similar proportions were detected in 
castor bean, poplar, tomato, cucumber, and grapevine. 
These findings show that there are large differences in the 
size and distribution of WRKY genes between species.  
 The involvement of transcription factors in regulation 
of plant responses to abiotic stress has been described in 
many species (Liu et al. 2015, Song et al. 2015). In this 
study, 25 CsWRKY genes showed a differential 
expression in response to at least one abiotic stress 
indicating that these genes may play an important role in 
stress responses in hemp. Drought stress strongly 
influences hemp growth and production (Schäfer and 
Honermeier 2006, Amaducci et al. 2008, Mihoc et al. 
2012), which was also suggested in our finding that  
23 CsWRKY genes were up-regulated under the drought 

stress. In plants, responses to drought involve multiple 
metabolic pathways (Zhou et al. 2008). The up- and 
down-regulation of CsWRKY genes under the NaCl and 
Cd stresses (Table 2) reveal that the CsWRKY genes may 
be involved in different regulatory networks. Research on 
rice WRKY genes has confirmed the presence of two co-
regulated networks in abiotic stress responses (Berri et al. 
2009). Here, six CsWRKY genes were up-regulated by all 
the three abiotic stresses indicating that they play an 
important role in stress response in hemp.  
 Signal networks involve the binding of signaling 
molecules and ligands, triggering events inside the cell. 
Abscisic acid mediates abiotic stress responses in plants. 
Among the genes responsive to ABA treatment, 64.7 % 
(11/17), 60.0 % (6/10), and 66.7 % (8/12) were up-
regulated under the drought, NaCl, and Cd stresses, 
respectively (Table 2). These results indicate that ABA 
plays an important role in the response of hemp to abiotic 
stresses. The up-regulation of numerous genes in 
combination with each of the imposed stresses may 
reflect crosstalk and redundancy intrinsic to abiotic stress 
(Rushton et al. 2010). 
 In conclusion, we identified 40 hemp WRKY genes for 
the first time and analyzed the expressions of these genes 
in response to the abiotic stresses. Twenty-five CsWRKY 
genes were identified associated to the abiotic stresses 
and six CsWRKY genes were selected in response to all 
the three abiotic stresses. These results provide a platform 
for further investigations of the function of the WRKY 
gene family and improvement of hemp tolerance to 
abiotic stresses in the future. 
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