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SUMMARY

Stripe rust, caused by Puccinia striiformis f. sp. tritici (Ps?), is a
devastating disease of wheat (Triticum aestivum) worldwide.
Wheat high-temperature seedling plant (HTSP) resistance to Pst
is non-race-specific and durable. WRKY transcription factors have
been proven to play important roles in plant defence responses
to attacks by several pathogens. However, there is no direct evi-
dence as to whether WRKY transcription factors play a role in
HTSP resistance to Pst. We isolated a WRKY gene, named
TaWRKY?70, from wheat cultivar Xiaoyan 6. The expression level
of TaWRKY70 was increased significantly when exposed to high
temperatures (HTs) during the initial symptom expression stage
of Pst infection. The expression of this gene increased in plants
treated with ethylene (ET), salicylic acid (SA) and cold (4°C)
stresses, but decreased in plants treated with methyl jasmonate
(MeJA) and heat (40°C) stresses. Silencing of TaWRKY70 led to
greater susceptibility to Pst (in terms of the increase in length of
uredinial pustules and the decrease in the number of necrotic
cells) compared with non-silenced plants when exposed to HT
during the initial symptom expression stage of Pst infection, coin-
ciding with expression changes of the ET- and SA-responsive
genes TaPIET and TaPR1.1. In contrast, the expression level of
the jasmonic acid (JA)-responsive gene TaAOS was not affected
by TaWRKY70. These results indicate that TaWRKY70 is posi-
tively involved in HTSP resistance, during which SA and ET sig-
nalling are probably activated.
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INTRODUCTION

Wheat stripe rust, caused by Puccinia striiformis . sp. tritici (Pst),
is a destructive disease, causing significant yield losses (Chen,
2005). Although application of fungicides can reduce yield loss,
the growth of cultivars with an adequate level of durable resist-
ance is the most effective and environmentally sustainable strat-
egy for the management of Pst (Line and Chen, 1995).

Resistance to Pst induced by temperature changes is usually non-
race-specific and sustainable; one type of such resistance is known
as high-temperature adult plant (HTAP) resistance. Wheat cultivars
with only HTAP resistance are susceptible to Pst in the seedling stage
and at low temperature (LT), but become resistant as plants grow
old and temperatures increase (Chen and Line, 1995; Qayoum and
Line, 1985). Another less commonly reported type of resistance is
high-temperature seedling plant (HTSP) resistance. Seedlings of culti-
vars with HTSP resistance are susceptible at LTs, but become resist-
ant when exposed to high temperatures (HTs) for 24 h at the initial
Pst symptom expression stage (8 days after inoculation) (Ma and
Shang, 2000; Shang, 1998; Shang et al, 1997; Wang et al., 2000).
Xiaoyan 6 is a wheat cultivar with typical HTSP resistance to Pst, and
HTSP resistance is present in many cultivars of Xiaoyan lines (Ma
and Shang, 2000). However, the molecular mechanisms of HTSP
resistance are poorly understood.

In general, plants have two layers of innate immunity against
invading pathogens: pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI) and effector-triggered immunity
(ETI) (Dangl et al, 2013). Conserved microbial elicitors, which are
PAMPs, are recognized by plant pattern recognition receptors
(PRRs), resulting in the production of reinforced plant cell walls and
antimicrobial compounds (Schwessinger and Ronald, 2012; Zipfel,
2009). A virulent pathogen secretes effectors to suppress plant PTI,
whereas the plant detects these effectors by resistance (R) proteins,
activating ETI, which induces the hypersensitive response (HR) in
association with plant cell death (Dangl et al,, 2013). PTl and ETI
are associated with the expression of various genes and reprogram-
ming of metabolites, during which various phytohormones and
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transcription factors (TFs), such as WRKY TFs, play important roles
(Chandran et al,, 2014; Pandey and Somssich, 2009).

Phytohormones, especially salicylic acid (SA) and jasmonic acid
(JA), play crucial roles in the plant defence response (Koornneef and
Pieterse, 2008). Plant defences depending on SA are generally trig-
gered by biotrophic pathogens (Glazebrook, 2005), whereas defen-
ces depending on JA are often activated by necrotrophic pathogens
(Spoel et al, 2007) and herbivorous insects (Zhang et al., 2011). Eth-
ylene (ET), first found to trigger fruit ripening and to influence senes-
cence and abscission of plant organs (Spencer, 1956), often together
with JA, regulates resistance to necrotrophic pathogens (Bari and
Jones, 2009; Glazebrook, 2005), but there is evidence that these
pathways may play some role in resistance to biotrophic pathogens
(Berrocal-Lobo et al.,, 2002; Robert-Seilaniantz et al., 2011).

The rapid and transient production of reactive oxygen species
(oxidative burst) not only acts as an antimicrobial agent, but also
induces HR which is related to host cell necrosis in infected cells
(Lamb and Dixon, 1997; Tenhaken et al., 1995). Host cell death or
programmed cell death is beneficial for plants as a defence
response to biotrophic pathogens, because it is detrimental to bio-
trophic pathogens as they require living host cells to grow and
reproduce (Williams and Dickman, 2008).

WRKY TFs constitute a large superfamily of TFs that are
defined by the 60-amino-acid WRKY domain (Eulgem and Soms-
sich, 2007) and can be divided into three groups (I, Il and IlI)
depending on the number of WRKY domains and the type of zinc-
finger motif (Eulgem et al,, 2000). WRKY TFs are not only involved
in normal plant development, including embryogenesis, senes-
cence, seed coat and trichome development, leaf morphology,
flowering initiation and hormonal signalling (Guo et al, 2004;
Johnson et al, 2002; Lagace and Matton, 2004; Rinerson et al,
2015; Xie et al, 2005; Xu et al, 2004; Zhang H et al, 2004;
Zhang et al., 2004; Zou et al., 2004), but also play pivotal roles in
plant-pathogen interactions (Abbruscato et al, 2012; Bahrini
et al, 2011; Chang et al, 2013; Chujo et al, 2007; Satapathy
et al.,, 2014). WRKY TFs are involved in the HR to microbial infec-
tion. For example, CalWWRKYd (a member of the WRKY lla group)-
silenced hot pepper plants exhibit expression reduction for some
HR-related genes and pathogenesis-related (PR) genes compared
with control plants on Tobacco mosaic virus infection (Huh et al,
2012). A homologue of the WRKY5 gene is induced on Yr39-con-
ditioned HTAP resistance (Coram et al, 2008), suggesting that
WRKY TFs are involved in HTAP resistance to Pst. WRKY TFs may
also be induced by various plant defence-related hormone treat-
ments. In Arabidopsis, the majority of group Il WRKY factors are
responsive to SA treatment (Kalde et al, 2003). In wheat, nine
and six WRKY TFs are regulated by exogenous SA and abscisic
acid (ABA), respectively (Zhu et al., 2013).

WRKY70 plays diverse roles in response to different types of
pathogen on model plants. In Arabidopsis, the overexpression of

AtWRKY?70, resulting in the constitutive expression of SA-induced
PR genes, increases resistance to two bacterial pathogens, Pseudo-
monas syringae and Erwinia carotovora, and enhances SA-
mediated resistance to the biotrophic fungus Erysiphe cichoracea-
rum, but compromises JA-mediated resistance to the necrotrophic
fungus Alternaria brassicicola (Li et al, 2006). In contrast, loss of
WRKY?70 function renders plants susceptible to both of the above
bacterial pathogens and the fungal pathogens E. cichoracearum
and Botrytis cinerea, but with more resistance to the fungus
Al. brassicicola (AbuQamar et al, 2006; Li et al, 2006; Wang
et al,, 2006). T-DNA mutants have shown that AtWRKY70 acts as
a component of basal defence and gene-for-gene resistance to the
oomycete Hyaloperonospora parasitica, and AtWRKY70 is required
for full function of the SA-dependent R gene RPP4 (Knoth et al,
2007). In addition, some epigenetic results have shown that
the activation of AtWRKY70 is regulated by ATX1 (Arabidopsis
homologue of trithorax) to establish nucleosomal histone H3K4
trimethylation marks, which mediate the regulation of the disease-
responsive gene PR7 (Alvarez-Venegas et al, 2007), suggesting
the indirect regulation of WRKY70 on the expression of PR1.1.

However, to date, there is no evidence for the function of this
group of TFs in HTSP resistance against Pst. We conducted a pre-
liminary RNA-sequencing (RNA-seq) study to determine the differ-
entially regulated genes during the HTSP resistance process, and
identified several WRKY TFs that were up-regulated in HTSP resist-
ance, including the WRKY70 homologue (most highly up-regu-
lated), named TaWRKY70. Based on the preliminary data, we
hypothesized that TalWRKY70 is involved in HTSP resistance to
Pst. The objectives of this study were to test the hypothesis and
to determine the effects of stress factors/plant hormones on the
expression of TalWRKY70.

RESULTS

Sequence analysis of TalWRKY70

Preliminary RNA-seq data analysis identified 24 WRKY TFs with
differential expression during HT treatment post-Pst infection,
among which the expression of a TalWRKY70 homologous gene
was the most highly up-regulated (more than eight times). We
used rapid amplification of cDNA ends (RACE) to obtain a full-
length, 1123-bp <DNA from Pstinfected leaves of wheat cv.
Xiaoyan 6. The cDNA encodes a 303-amino-acid protein with a
molecular mass of 32.5 kDa, and the protein was predicted to
localize in the nucleus. This protein was found to have 35.0%,
98.0% and 95.0% identity with AtWRKY70 (NP_191199.1) in Ara-
bidopsis thaliana, AetWRKY70 (EMT19878.1) in Aegilops tauschii
and TuWRKY70 (EMS67413.1) in Triticum urartu, respectively.
Therefore, according to the nomenclature for plant WRKYs and
the alignment of this WRKY sequence with related sequences, we
designated this gene as TaWRKY70 (GenBank accession no.
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LC068769). This gene was mapped onto the long arm of wheat
chromosome 1A. TaWRKY70 was clustered in a large clade com-
posed of the group Il WRKY family (Fig. 1). The alignment of
TaWRKY70 with nine other homologues showed that all 10 pro-
teins were highly conserved in their WRKY domains, which con-
tain one conserved WRKYGQK at the N-terminus and one C,—HC
(C=X7—C—Xy3—H-X;—C)-type zinc-finger motif at the C-terminus
(Fig. S2, see Supporting Information). Based on the WRKY classifi-
cation criteria (Eulgem et al, 2000; Ulker and Somssich, 2004),
TaWRKY70is a member of the group Il WRKY family.

Tissue-specific expression profiles of TalWRKY70 in
wheat

To determine the expression profiles of TalWRKY70, we examined
the transcripts of TaWRKY70 in various wheat tissues. Quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR)
analysis was performed to quantify the expression of TaWRKY70
in roots, stems and leaves. Its expression level was higher
(P<0.01) in leaves (1.0) than in roots (0.3) or stems (0.2) (Fig. 2).

Expression levels of TaWRKY70 in HTSP resistance to
Pst and exposure to hormone and extreme
temperature stresses

At the initial infection stage of Pst [<194 h post-inoculation
(hpi)], the expression level of TaWRKY70 in the LT sample was
higher (P < 0.05) than that of the LT mock (without inoculation of
Pst) from 48 to 192 hpi (11-fold at 192 hpi). From 192 hpi, HT

treatment was employed, and the expression level of TaWRKY70
in LT and LT mock was similar from 204 hpi onwards. The expres-
sion level of TaWRKY70 on HT treatment was higher than that for
the HT mock sample from 216 to 264 hpi [seven-fold at 216 hpi
at which the expression level was highest (P < 0.05) among the
LT, LT mock, HT and HT mock treatments] (Fig. 3a).

Subsequently, the expression patterns of TaWRKY70 were
investigated on treatment with five phytohormones: SA, ET,
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Fig. 2 Expression profiles of TalWRKY70 in different wheat tissues. The
values are means of three independent biological replicates. Error bars
indicate standard errors. **Significant difference (Student's t-test, P< 0.01)
from the mean TalWRKY70 relative expression level in the leaf.
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Fig. 3 Expression patterns of TalWRKY70 under different stress conditions. (a) Expression levels of TalWRKY70in response to low temperature (LT) (constant 15°C)
and high temperature (HT) [15°C initially, then 20°C from 192 h post-inoculation (hpi) for 24 h, and back to 15°C again] treatments after inoculation with Puccinia
striiformis f. sp. tritici (Pst). LT mock, low temperature without inoculation of Pst; HT mock, high temperature without inoculation of Pst. The expression levels were
determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis and were relative to the level observed at 0 hpi. The values are the
means of three independent biological replicates. The error bars indicate standard errors. The arrow indicates the beginning of HT treatment. (b) Expression levels of
TalWRKY70 in response to hormone treatment. ABA, abscisic acid; ET, ethylene; H,0,, hydrogen peroxide; MeJA, methyl jasmonate; SA, salicylic acid; hpt, hours post
treatment. (c) Expression levels of TalWRKY70 in response to cold and heat stresses. The values are the means of three independent biological replicates. The error
bars indicate standard errors. Analysis of variance (ANOVA) was conducted by Duncan’s multiple range test (P = 0.05); the means of the TalWRKY70 expression
levels do not differ significantly if they contain at least one common lowercase letter between time points for each treatment.

methyl jasmonate (MeJA), ABA and hydrogen peroxide (H,0,). In
response to ET treatment, the expression level of TaWRKY70
increased transiently to 13.2-fold at 6 h post-treatment (hpt) and
then rapidly decreased from 12 to 24 hpt (Fig. 3b). With SA treat-
ment, TaWRKY70 expression was up-regulated; its transcription
level increased rapidly to a maximum of five-fold at 0.5 hpt and
was then suppressed until 24 hpt (Fig. 3b). With ABA treatment,
the expression level of TalWRKY70 only reached 1.8-fold at 2 hpt
(Fig. 3b). In contrast, H,0, treatment did not induce the expres-
sion of TaWRKY70, and MeJA treatment suppressed the expres-
sion of this gene (Fig. 3b). Although cold (4 °C) treatment induced
the transcripts of TaWRKY70 at 6 and 24 hpt, heat (40 °C)

resulted in a significant decrease in transcript level from 6 hpt
onwards (Fig. 3c).

Differences in the disease phenotype of TaWRKY70-
silenced and TaWRKY70-induced plants

Mild chlorotic mosaic symptoms appeared on the fourth leaves at
9 days post-inoculation (dpi) in all plants inoculated with Barley
stripe mosaic virus (BSMV), and strong photobleaching symptoms
were observed in the phytoene desaturase (PDS) gene-silenced
(BSMV:TaPDS inoculation) plants (Fig. 4a), suggesting that the
virus-induced gene silencing (VIGS) system worked successfully.
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Fig. 4 Functional analyses of TalWRKY70 during high-temperature seedling plant (HTSP) resistance to Puccinia striiformis f. sp. tritici (Pst) using a Barley stripe
mosaic virus (BSMV)-induced gene silencing (VIGS) system. (a) Mild chlorotic mosaic symptoms of BSMV at 9 days post-inoculation (dpi) (mock, plants treated with
FES buffer). Disease symptoms on the fourth leaves pre-inoculated with BSMV-derived RNAs, challenged with Pst race CYR32 and then subjected to low-temperature
(LT, 15 °C) (b) and high-temperature (HT, 20 °C) (c) treatments. 0 h post-temperature treatment (hptt), 192 h post-inoculation (hpi) from which HT was applied;
disease symptoms were photographed at 14 dpi. Mock1 and Mock2, wheat plants were pre-inoculated with FES, and then inoculated with CYR32 and subjected to
LT and HT treatments, respectively. (d) Efficiency of silencing of TalWRKY70 by VIGS under LT treatment after Pst inoculation. **Student's t-test (P < 0.01) indicates
significant differences in the mean TalWRKY70 expression level between the BSMV:WRKY70-as-inoculated plants and BSMV:00-inoculated plants. (e) Induction of
TaWRKY70in the fourth leaves pre-inoculated with BSMV:00 or BSMV:TaWRKY70-as under HT or LT treatments. The error bars represent standard errors. Analysis of
variance (ANOVA) was conducted and followed by Duncan’s multiple range test (P = 0.01); the means of the TaWWRKY70 expression level do not differ significantly if

they contain at least one common lowercase letter.

The TaWRKY70 transcripts in BSMV:TaWRKY70-as inoculated
leaves were reduced by 71.5%, 60.7%, 63.1% and 58.2% at 0,
24, 48 and 120 hpi with Pst respectively (Fig. 4d). The
TaWRKY70-silenced leaves under HT treatment showed chlorotic
stripes with abundant sporulation, which displayed increased sus-
ceptibility compared with leaves of the non-silenced control vector
(BSMV:00) that exhibited necrotic or chlorotic stripes with inter-
mediate sporulation (Fig. 4c). This was consistent with the lower
expression levels of TaWWRKY70 in HT-treated TaWRKY70-silenced
plants than in HT-treated BSMV:00 plants (Fig. 4e). However,
TaWRKY70-silenced leaves subjected to HT treatment still showed
fewer disease symptoms than TalWRKY70-silenced leaves sub-
jected to LT treatment, which exhibited abundant sporulation
almost completely covering the leaves without necrosis (Fig. 4b).

This was consistent with the higher transcript level of TaWRKY70
in TaWRKY70-silenced leaves on exposure to HT than LT (Fig. 4e).

Pathogen development and host response in
TaWRKY70-silenced and TaWRKY70-induced plants

Under LT treatment, Pst development and host response to Pst in
TaWRKY70-silenced plants were observed microscopically (Fig. 5).
Except for the increase (P< 0.05) in the number of haustorial
mother cells at 120 hpi in BSMV:TaWRKY70-as plants compared
with BSMV:00 control plants, no significant differences were
detected in hyphal length or numbers of necrotic cells between
the two vector plants challenged with Pst race CYR32 (Table 1).
When TalWRKY70-silenced plants were subjected to HT treat-
ment, fungal development and host response were assessed
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microscopically over time (Fig. 6a). The colony length on BSMV:00
vector leaves was reduced (P<0.01) at 24 h post-temperature
treatment (hptt) for HT compared with LT, but no changes were
observed in TaWRKY70-silenced plants (Fig. 6b). The hyphae
expanded rapidly from 24 hptt and pustules became visible at 72
hptt (at 10 dpi) under a fluorescent microscope, and abundant
uredinia were observed at 120 hptt (at 12 dpi) (Fig. 6a). The uredi-
nium length on TaWRKY70-silenced leaves was longer (P < 0.01)
than on BSMV:00 vector leaves when subjected to HT treatment,
but was shorter than that of LT-treated TaWRKY70-silenced leaves
(Fig. 60). In addition, the number of necrotic cells was greater
(P<0.01) for HT-treated BSMV:00 vector leaves than for HT-

Fig. 5 Histological observation of Puccinia
striiformis f. sp. tritici (Pst) in the leaves of
TalWRKY70-knockdown wheat plants under
the low-temperature (LT, 15 °C) treatment.
Photographs were obtained from Barley stripe
mosaic virus (BSMV):00-infected (top panels)
and BSMV:TaWRKY70-as-infected (bottom
panels) leaves inoculated with Pst race CYR32
under an epifluorescence (left panels) or light
(right panels) microscope at 120 h post-
inoculation (hpi). HMC, haustorial mother cell;
IH, initial hyphae; SH, secondary hyphae; SV,
substomatal vesicle. Bars, 100 pm.

treated TaWRKY70-silenced leaves, but HT-treated TaWRKY70-
silenced leaves generated a greater number of necrotic cells than
LT-treated TalWRKY70-silenced leaves almost across all assess-
ments, and the difference was greatest at 120 hptt (Fig. 6d).

As a result of the marked induction of the expression of
TaWRKY70 by ET and SA, and suppression by MeJA, we studied
whether the expression of TaWRKY70 induced by HT stimuli
resulted in transcriptional changes in ET-, SA- and JA-mediated
signalling. Before HT treatment (0 hptt), the expression level of
TaPR1.1 in TaWRKY70-ilenced leaves was higher than that in
non-silenced leaves (Fig. 7a). Thereafter, HT-treated, TaWRKY70-
silenced leaves possessed a higher level of TaPR1.1 transcripts

Table 1 Histological observations of Puccinia striiformis f. sp. tritici (Pst) development and host responses to Pstin TalWRKY70-knockdown wheat plants under low-

temperature (LT, 15 °C) treatment.

Hyphal length®

Number of necrotic cells* Number of haustorial mother cells®

Treatment™ 48 hpi 120 hpi 120 hpi 120 hpi
BSMV:00 38.54 +0.20a 101.91 + 1.44a 0.24 +0.01a 8.05 + 0.08b
BSMV:TaWRKY70-as 38.28 +0.41a 108.83 + 0.46a 0.20 +0.02a 9.20 +0.04a

The significance of the differences was tested with one-way analysis of variance (ANOVA) (treatments with different lowercase letters indicate significant differ-

ence at P=0.05). hpi, hours post-inoculation.

*Wheat leaves pre-infected with BSMV:00 or recombinant BSMV:TaWRKY70-as and then inoculated with Pst race CYR32.
TAverage distance from the junction of the substomatal vesicle and the hyphal tip (calculated from the counts obtained for 30-50 infection sites).
#5Average number at an infection site (calculated from the counts obtained for 30-50 infection sites).
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the initial symptom expression stage of stripe rust development. (a) Fungal colonies under low-temperature (LT, 15 °C) (top panels) and high-temperature (HT, 20 °C)
(centre panels) treatments, as well as uredinia (bottom panels), under epifluorescence (left panels) or light (right panels) microscopy. HMC, haustorial mother cell; IH,
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than LT-treated leaves from 24 hptt, but showed almost no
increase in TaPR1.1 transcripts in comparison with HT-treated con-
trol vector leaves (Fig. 7a). The expression trend of TaPIET showed
a similar pattern to TaPR1.1 (Fig. 7b). In contrast, the transcrip-
tional abundance of TaAOS did not vary with treatment (Fig. 7c).

DISCUSSION

This study shows that TalWRKY70 is responsive to various abiotic
and biotic stresses, and is associated with HTSP resistance to Pst.
As a modulator, AtWRKY70 acts as an activator of SA-mediated
signal transduction, which is required for resistance to the bio-
troph E. cichoracearum, and as a repressor of JA-mediated signal
transduction, which is required for resistance to the necrotroph Al
brassicicola, and thus it integrates signals from these mutually
antagonistic pathways in A. thaliana (Li et al, 2006). However,
the relationships between WRKY70 and SA or JA have not been
documented in any cereal crop in the resistance response to
fungal infections. The SA-related gene TaPR1.7 was induced in
HT-treated TaWRKY70-silenced plants relative to LT treatment.
Unexpectedly, the ET-related gene TaPIET was also induced,
although its expression level was lower than that of TaPR1.1,

whereas no difference was observed for the JA-related gene
TaAOS. These results suggest that SA and ET signalling is probably
involved in TaWRKY70-regulated HTSP resistance.

The WRKY superfamily TFs respond to various stresses (Liu
et al, 2014; Ramamoorthy et al, 2008). In Arabidopsis, the major-
ity of the group Ill WRKY factors, including AtWRKY?70, respond to
both pathogen infection and SA treatment (Kalde et al, 2003).
Like its family members, this study showed that TalWRKY70 (a
homologue of AtWRKY70) was responsive to SA treatment and
Pst infection, indicating functional conservation of WRKY70
among different plant species. A large body of evidence indicates
that WRKY TFs are implicated in diverse biological functions in
plant—pathogen interactions. In rice, OsWRKY53 and OsWRKY22
play positive roles in resistance to fungal blast (Abbruscato et al.,
2012; Chujo et al., 2007), and OsWRKY62 is a negative regulator
of Xa21 (receptor-like kinase)-mediated defence against Xantho-
monas oryzae pv. oryzae (Peng et al., 2008). ZmWRKY19 exhibits
elevated expression in the resistant maize cultivar TZAR101 during
its response to infection by Aspergillus flavus (Fountain et al,
2015), and TaWRKY10, TaWRKY15, TaWRKY17 and TaWRKY56
respond specifically to wheat leaf rust (Satapathy et al, 2014).
Here, TalWRKY70 was greatly induced by HT treatment post-
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Fig. 7 Transcriptional changes in the defence-related genes TaPR1.17 (a),
TaPIET (b) and TaAOS (c) in TaWRKY70-induced [under high-temperature (HT,
20 °C) treatment] wheat leaves during the initial symptom expression stage of
Puccinia striiformis f. sp. tritici development. The expression levels of these
genes were determined by quantitative reverse transcription-polymerase chain
reaction (QRT-PCR). The presented transcript levels are relative to the
reference gene 265 (ATP-dependent 26S proteasome regulatory subunit). The
bars show standard errors. Analysis of variance (ANOVA) was conducted by
Duncan’s multiple range test (P= 0.01) to analyse the gene expression
differences among different vector-inoculated plants for each time point; the
means of the gene expression levels do not differ significantly if they are
indicated by the same lowercase letter.

inoculation of Pst, indicating the positive role of TaWRKY70 in HT
(abiotic) and Pst (biotic) double stresses. The overexpression of
WRKY genes enhances plant resistance to pathogen infection. For
example, OsWRKY45-overexpressing rice plants display strong

resistance to fungal blast (Shimono et al,, 2007) and bacterial leaf
blight (Shimono et al, 2012) pathogens. Although the present
study employed HT-induced expression rather than overexpression
of TaWRKY70, this increased expression of TaWRKY70 conferred
enhanced resistance to Pst which is similar to the often-observed
phenotype of HTSP resistance (Shang et al, 1997). The effect of
temperature on Pst resistance genes has been reported (Chen,
2007, 2013). For example, Yr36 was able to confer enhanced resist-
ance when plants were grown at 12°C/18°C pre-inoculation and
then transferred to 12°C/25°C post-inoculation, highlighting the
importance of temperature change rather than prolonged exposure
to a temperature threshold for the activation of resistance (Bryant
et al,, 2014). Similarly, the HT profile used in this study was 15°C
(constant)/20°C (24 h)/15°C (constant) post-inoculation, although it
was different temperature regime from previous study, a common
character of them is that a change in temperature could trigger
resistant response. Plants continuously encounter a changing environ-
ment, and so they need to balance resources between growth and
defence to achieve maximum productivity (Koga et al,, 2004; Mosher
et al, 2010). In Arabidopsis, a general trade-off mechanism has been
shown for hormone-mediated growth which may antagonize immune
responses (Albrecht et al, 2012; Anderson et al, 2004). Therefore,
temperature change may trigger the reorganization of energy supplies
between growth and defence in some temperature-sensitive cultivars,
indirectly leading to deficient nutrients to Pst, a biotrophic fungus
(Grof et al, 2010; Viola and Davies, 1994). Meanwhile, some reports
have suggested that temperature change could result in the accumu-
lation of pathogen-inhibiting metabolites (Hu et al,, 2013). Thus, the
enhanced resistance resulting from temperature change may occur
via the augmentation of the growth of plants and the deterrence of
colonization by pathogens. The biological basis for the enhanced
resistance of TaWRKY70 to Pst induced by HT (post-inoculation) is
not known. The rice blast R gene Pib is induced at HTs, and it has
been inferred that the increase in the R gene product confers an
enhanced defence response (Wang et al, 2001). The increased tran-
script amounts of TalWRKY70 at HTs may account for the transcrip-
tional reprogramming of downstream defence-related genes.
Alternatively, protein—protein interactions involving TaWRKY70 may
be affected by HTs. In Arabidopsis, the expression of AtWRKY70 is
induced by the application of SA and infection by several fungal
pathogens (Kalde et al, 2003), and it has been demonstrated that
AtWRKY70 activates the SA-linked signalling pathway in the defence
response to biotrophic pathogens (Li et al, 2006). Consistently, the
transcript level of TalWRKY70 was up-regulated by exogenous appli-
cation of SA and ET, and was down-regulated by MeJA. Therefore, it
is reasonable to speculate that TalWWRKY70 positively participates in
the HT-induced resistance to Pst (post-inoculation), mainly through
SA and ET signalling.

Studies in Arabidopsis have shown that a loss of WRKY70 ren-
ders plants susceptible to the biotrophic fungus E. cichoracearum
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(Li et al, 2006). In this study, we silenced TaWRKY70 in wheat
using VIGS. The increased Pst symptoms in TalWRKY70-silenced
leaves compared with the control on exposure to HT suggested
that a reduction in TaWRKY70 transcripts may lead to increased
susceptibility to Pst infection during HTSP resistance. Rapid pro-
grammed cell death of infected cells is characteristic of HR, as the
plant defence response to pathogen infection, which suppresses
further pathogen colonization of the host (Coll et al,, 2011). The
Yr36-mediated HTAP resistance to Pstis correlated with hypersen-
sitive cell death (Fu et al,, 2009). In addition, Yr7- and Yr5-medi-
ated race-specific seedling resistance reactions have been found
to be associated with a rapid cell death response and early retar-
dation of Pst infection (Bozkurt et al,, 2010; Coram et al., 2008).
Consistently, the present results showed that the number of host
necrotic cells was decreased and the length of uredinial pustules
was increased in TalWRKY70-silenced compared with non-silenced
leaves on HT treatment, suggesting that hypersensitive cell death
is closely related to the resistance reaction to Pst. TaWRKY70
involved in HTSP resistance responses to Pst may be associated
with hypersensitive cell death.

PR1.1 and AOS, considered as SA- and JA-responsive genes,
respectively (Agrawal et al, 2002; Mei et al, 2006; Van Loon
et al, 2006), were induced differentially in HT-treated TaWWRKY70-
silenced plants. PR1.7 was rapidly activated starting at 24 hptt,
which may imply that TalWRKY?70, like its orthologue in Arabidop-
sis, enhances SA-mediated signalling in the resistance response to
biotrophic Pst. A weak accumulation of OsAOS mRNA in rice
leaves inoculated with the blast pathogen during incompatible
host-pathogen interactions was observed at 24 hpi, and this accu-
mulation increased with increasing time after inoculation
(Agrawal et al, 2002). However, in the present study, the JA-
related gene TaAOS was not much affected by HT treatment; this
is not unexpected as this signalling pathway is specific to
necrotrophic pathogens. Another possibility is that activation of JA
signalling can severely affect plant growth in response to defence
(Yang et al, 2012). In Arabidopsis, ET potentiates SA-responsive
PR-1 expression (De Vos et al., 2006; Lawton et al., 1994), and ET
acts in concert with SA as a positive regulator of cell death propa-
gation (Bouchez et al, 2007). TaPIE1, an ET biosynthesis-
responsive gene that differs from AtERFT (Arabidopsis ethylene
response factor 1) (Zhu et al, 2014), was induced in HT-treated
TaWRKY70-silenced plants, and the trend of the expression level
exhibited by this gene was similar to that of TaPR1.1. Thus,
TalWRKY70 may also activate the ET-related signalling pathway.

The present study suggests a possible model by which
TaWRKY70 is involved in HTSP resistance to Pst. After Pst infec-
tion, high expression of TalWRKY70 induced by HT appears to
favour the induction of SA- and ET-responsive genes (7aPR1.1 and
TaPIET), but not JA-responsive genes (7TaA0S) (Fig. 8). In A. thali-
ana, several lines of evidence suggest that some SA-responsive
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WRKY TFs can bind to the cognate W or W-like boxes to activate
the expression of their target genes (Maleck et al, 2000; Yu
et al, 2001). The close inverse relationship between AtWRKY70
and JA signalling is partly executed by NPR1 (Li et al,, 2006). ET,
often together with JA, is a key regulator of SA-independent
defence and triggers a subset of defence-related genes (Kunkel
and Brooks, 2002; Penninckx et al, 1998; Thomma et al., 1998).
Although our findings imply that the ET- and SA-related genes
were positively regulated by TaWRKY70 during the HTSP resist-
ance response, the roles of the SA and ET signalling pathways in
the wheat resistant response to Pst infection are still unclear
because the regulatory mechanisms underlying the cross-talk
between these signalling pathways are complicated. Therefore,
the exact molecular mechanisms through which TalWRKY70 regu-
lates HTSP resistance to Pst requires further study.

EXPERIMENTAL PROCEDURES

First, we conducted experiments to compare the expression levels of
TaWRKY70 under different temperature regimes at which HTSP resistance
to Pstwas or was not activated. To further confirm the role of TalWWRKY70
in HTSP resistance to Pst, the gene was silenced using VIGS technology.
Then, we investigated the effects of abiotic stress factors (extreme tem-
peratures) and plant hormones (SA, ET, ABA, H,0, and MeJA) on the
expression of TaWRKY70.

Plant materials, growth conditions, HT induction and
stress treatments

Wheat cultivar Xiaoyan 6 and Pst race CYR32 were used to study the
wheat-Pst interaction. Seeds (10-15) were grown in a plastic pot (10 X
10 X 10 cm?) filled with a potting mixture under rust-free conditions. The

High temperature

Y

Pst
Wheat
JA SA ET

X

JA responsive
gene, TaAOS

X

Defence response

SA and ET responsive genes,
TaPR1.1 and TaPIE1

<

Fig. 8 Model of the regulation of TalWRKY70in jasmonic acid (JA), ethylene
(ET) and salicylic acid (SA) signalling during the high-temperature (HT)-induced
wheat defence responses to Puccinia striiformis f. sp. tritici (Pst).
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first leaves of the seedlings at the two-leaf stage (approximately 10-14
days after planting) were uniformly brushed with a mixture of Pst uredi-
niospores and sterile water at a ratio of approximately 1 : 10-15 (v/v).
The seedlings were then placed in a dew chamber in the dark for 24 h
(temperature, 10°C; relative humidity, 90%-100%) and subsequently
transferred to a growth chamber (Percival E-30B, Perry, IA, USA) and
grown under 16 h of light at 15 = 1°C [relative humidity, 60%—80%; sup-
plemented with sodium lighting (505 pmol/m?/s photon flux density)] and
8 h of dark at 12 = 1°C (relative humidity, 60%—-80%). In parallel, control
plants were brushed with sterile water. In the initial symptom expression
stage of rust development (8 dpi), the plants were divided into two groups
for exposure to different temperature regimes. The first group was sub-
jected to LT treatment, i.e. Pst-inoculated plants were incubated at a con-
stant temperature (15 = 1°C). The second group was subjected to HT
treatment, i.e. Pstinoculated wheat plants were incubated at 15 =+ 1°C;
at 8 dpi, they were transferred to a growth chamber set at 20 = 1°C and
incubated for 24 h; they were then moved back to and maintained there-
after at 15 = 1°C, as the exposure to 20 =+ 1°C for 24 h has been shown
previously to activate HTSP resistance to Pst (Shang, 1998). The leaf tis-
sues from LT and HT treatments were sampled at 0, 48, 96, 192, 194,
198, 204, 216, 240, 264 and 312 hpi; the 192-hpi time corresponded to
the beginning of HT treatment. Leaves, stems and root tissues were also
sampled from two-leaf-stage seedlings. Three biological replicates were
used for each assay.

In addition, experiments were conducted to study wheat responses to
extreme temperatures and to hormone treatments. For extreme tempera-
ture treatments, two-leaf-stage seedlings were incubated under cold (4°C)
or hot (40°C) temperatures. For hormone treatments, seedlings were
sprayed at 15°C with H,0, (100 pm), MeJA (100 pw), ET (100 pm), SA
(100 pm) or ABA (100 uwm) (Zhang H et al, 2004). In all of these treat-
ments, seedlings in a similar state of growth (two-leaf stage) were used,
and non-treated wheat seedlings were used as controls. All of the treated
and non-treated seedlings were harvested at 0, 0.5, 2, 6, 12 and 24 h, fro-
zen in liquid nitrogen and stored at —80°C. Three biological replicates
were performed independently for each time point.

Cloning and sequence analysis of TalWRKY70

Total RNA from leaf tissues was extracted using PureLink® Plant RNA
Reagent (Invitrogen, Carlshad, CA, USA). After removal of genomic DNA
contamination through DNase | treatment (Thermo Fisher, Waltham, MA,
USA), 500 ng of poly(A)+ mRNA was converted into cDNA using Rever-
tAid M-MuLV reverse transcriptase (Thermo Scientific, Waltham, MA,
USA). Based on RNA-seq data, a set of RACE primers targeting the 5" and
3’ ends was designed (Table S1, see Supporting Information). 5’ RACE
was performed using the SMART RACE cDNA Amplification Kit (Clontech,
Mountain View, CA, USA), and 3’ RACE using the 3’-Full RACE Core Set
with PrimeScript™ RTase (TaKaRa, Tokyo, Japan). Primers (Table S1)
were designed to amplify the complete cDNA of TaWRKY70 via RT-PCR.
PCR products were extracted, combined with the pMD-18T plasmid
(TaKaRa, Tokyo, Japan) and then sequenced. Amino acid and molecular
weight predictions were conducted using EMBOSS (http://emboss.open-
bio.org/wiki/Appdocs) and ExPASy (http://web.expasy.org/protparam/),
respectively. The subcellular localization was predicted using Euk-mPLoc
2.0 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/). Gene mapping was

performed by EnsemblPlants (http:/plants.ensembl.org/Triticum_aesti-
vum/Tools/Blast?db = core). The amino acid sequence alignment of
TaWRKY70 and its homologues was conducted using stast (http://www.
ncbi.nlm.gov/blast) and DNAman software 5.2.2. A phylogenetic tree was
constructed with mecad.0 (Tamura et al., 2007) using a bootstrap test of
phylogeny with a minimum evolution test and default parameters of 1000
replications.

Plasmid construction

The yRNA-based vector derived from BSMV was constructed as described
previously (Holzberg et al, 2002). cDNA fragments derived from the cod-
ing sequence (161 bp, nucleotides 740-900) were used to construct the
recombinant TaWRKY70-as plasmids. To guarantee the specificity of gene
silencing, we employed stastn and BLastx in the National Center for Bio-
technology Information (NCBI) database to select the fragments that
showed the highest polymorphism within the gene family and the lowest
sequence similarities with other genes, and subsequently constructed the
yRNA-based derivative plasmids BSMV:WRKY70-as. The primers used for
vector construction are given in Table S1.

BSMV-mediated TaWRKY?70 silencing

Plasmids used for gene silencing were constructed according to Holzberg
et al. (2002). A cDNA fragment (161 bp) of TaWRKY70 was amplified
with a pair of primers (Table S1), and the wheat PDS gene TaPDS was
then replaced with this fragment in BSMV:y-PDS.

The preparation of infectious BSMV RNAs from each linearized plas-
mid was performed using an in vitro high-yield capped RNA transcription
kit (MMESSAGE mMACHINE, Ambion, Austin, TX, USA). The BSMV inocu-
lum was prepared by combining 2.5 ul of «, B and genetically modified y
transcripts with 42.5 plL of FES (viral inoculation buffer) (Pogue et al.,
1998), which was then inoculated onto the second leaves of wheat plants
at the two-leaf stage by gently rubbing the surface with a gloved finger
(Scofield et al,, 2005). BSMV:00 and BSMV:TaPDS were used as negative
and positive controls for BSMV infection, respectively. Control inoculations
were performed using 1 X FES. In each assay, 72 seedlings (12 pots, six
seedlings per pot) were used and the experiment was conducted at least
three times. After inoculation, the wheat plants were maintained in a
growth chamber at 25 = 1°C in the dark for 24 h, and then subjected to
16-h light/8-h dark cycles at 25 = 1°C. The fourth leaves were further ino-
culated with fresh urediniospores of CYR32 on day 9 after virus inocula-
tion, and the plants were maintained at 10 = 1°C for 24 h in the dark and
subsequently subjected to 16-h light (15 = 1°C)/8-h dark (11 = 1°C) cycles
for Pst infection. Stripe rust symptoms and Pst sporulation on the fourth
leaves were assessed at 14 dpi.

qRT-PCR

Total RNA from different wheat organs and from plants subjected to vari-
ous treatments was reversed into cDNA using the PrimeScript® RT Rea-
gent Kit (TaKaRa, Tokyo, Japan), and gqRT-PCR was then conducted to
quantify TaWRKY70 expression.

After a preliminary study (data not shown), wheat 265 gene (ATP-
dependent 26S proteasome regulatory subunit) (Unigene No. Ta22845)
(Paolacci et al, 2009) was used as the interal reference for each gRT-
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PCR assay. All of the reactions were performed using UltraSYBR Mixture
(Kangwei, Beijing, China) and conducted in an iQ™5 instrument (Bio-Rad,
Hercules, CA, USA). The efficiency and specificity of the primer pairs are
presented in Fig. S1 (see Supporting Information), and the primers are pro-
vided in Table S1. In all of the experiments, data were collected from three
independent biological replicates, each consisting of at least three reac-
tions, and negative controls without any templates were assessed to
ensure the absence of contamination. The relative expression of mRNA
was calculated using the 274 method (Livak and Schmittgen, 2001).

Analysis of the silencing efficiency and temperature-
induced expression of TaWRKY70

The fourth leaves of plants that had been pre-inoculated with BSMV:00
and BSMV:WRKY70-as on the second leaves were sampled separately at
0, 24, 48 and 120 hpi after inoculation with CYR32. qRT-PCR was per-
formed to determine the TaWRKY70 silencing efficiency in each assay.

To clarify whether the expression level of TaWRKY70 in TaWRKY70-
silenced plants with Pstinfection could be induced by HT treatment, plants
from the LT treatment were divided into two groups (each group included
TaWRKY70-silenced and BSMV:00 control plants): one group was immedi-
ately subjected to HT treatment at 8 days (192 h) after Pst inoculation,
and the other group was maintained in the LT treatment constantly. Sam-
ples were harvested at 0, 12, 24, 48, 72 and 120 hptt from both LT and
HT treatments to detect the temperature-induced expression of
TaWRKY70 via qRT-PCR. Stripe rust symptoms and Pst sporulation on the
leaves were assessed at 14 dpi. In addition, to investigate the expression
changes of SA-, JA- and ET-related genes accompanying the expression of
TaWRKY70 resulting from HT treatment, the transcript levels of TaPR1.1
(AJ007348), TaAOS (AY196004) and TaPIET (EF583940) in BSMV:00 and
TaWRKY70-silenced leaves subjected to LT and HT treatments were com-
pared at 0, 12, 24, 48, 72 and 120 hptt through gRT-PCR. Three biological
replicates were performed independently for each time point.

Histological observations of TaWRKY70-knockdown
wheat plants under LT and HT treatments

Pst development and host response to inoculation were observed micro-
scopically. Wheat leaves pre-infected with BSMV and subjected to LT
treatment after Pst inoculation were sampled at 48 and 120 hpi to
observe changes in Pst development and host response on TalWRKY70-
silenced plants. During the initial symptom expression stage of Pst devel-
opment (8 dpi), BSMV-pre-infected wheat leaves subjected to LT or HT
treatments were sampled at 0, 24, 48, 72 and 120 h to examine changes
in Pst development and host response, arising from the temperature-
induced expression of TaWRKY70. Staining was performed as described
by Wang et al. (2007). After fading and fixation, cleared wheat leaf
segments were analysed to determine the hyphal length and number of
haustorial mother cells under a microscope. Autofluorescence of
pathogen-induced host necrotic cells was observed under a fluorescence
microscope (excitation filter, 485 nm; dichromic mirror, 510 nm; barrier fil-
ter, 520 nm). Given the lateness of initial Pst development, linear lengths
of the fungal colonies and uredinia were chosen for the assessment of
fungal development. Colony length was measured from the substomatal
vesicle to the apex of the longest hypha, and uredinium length as the

TaWRKY70-regulated wheat HTSP resistance to Pst 659

length of its long shaft. In addition, plant cell death was defined as the
presence of autofluorescence under a fluorescence microscope associated
with an infection unit. About 30-50 infection sites on 8-10 wheat leaf
segments (length, 1.5 c¢m) from 8-10 randomly selected wheat plants
were examined. All of the microscopic observations were performed using
an Olympus BX-51 microscope (Olympus Corporation, Tokyo, Japan), and
the data were analysed using DP-BSW software.

Statistical analyses

Analysis of variance and Tukey's test were conducted using the SAS pro-
gram (SAS Institute Inc., Cary, NC, USA). The data relating to the number
of necrotic cells and haustorial mother cells, as well as hyphal length, in
BSMV:00 and BSMV:TaWRKY70-as vector plants under LT treatment were
examined according to Student's t-test at P < 0.05 or P < 0.01 under the
assumption of homogeneous variance. The data relating to hormone
treatments, pre- with or without Pst inoculation, under treatments of LT or
HT, cold and heat stresses, the number of necrotic cells, length of colony
and uredinia, and the relative expression of TaWRKY70, TaPR1.1, TaAOS
and TaPIET in four conditions (HT BSMV:00, LT BSMV:00, HT
BSMV:WRKY70-as, LT BSMV:WRKY70-as) were analysed using Duncan’s
multiple range test.
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Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Table S1 The primer sequences used in this study.

Table S2 GenBank accession numbers of the WRKY proteins
used for the generation of the dendrogram and alignments.
Fig. S1 Specificity test of amplicons via quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) and the effi-
ciency (E) of the primer-specific polymerase chain reaction
(PCR) amplification. (a) Agarose gel (2%) electrophoresis show-
ing the amplification of a single product of the expected size
for all tested genes. M represents the DL2000 DNA marker.
(b) Dissociation curves with single peaks generated for all
genes. () The efficiency of primer-specific PCR amplifications.
Fig. $2 TaWRKY70 and homologues. The amino acid sequence
of TaWRKY70 was aligned with those of the nine most closely
matching proteins from a siast search. Identical amino acids
are shown in black boxes, and similar amino acids are shown
in grey boxes. The WRKYGQK peptide stretch is shown in red.
The zinc-finger-like motifs in the domains are shown in blue.
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