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Abstract

Heat-shock proteins (HSPs), which are encoded by conserved gene families in plants,
are crucial for development and responses to diverse stresses. However, the wheat
(Triticum aestivum L.) HSPs have not been systematically classified, especially those
involved in protecting plants from disease. Here, we classified 119 DnaJ (Hsp40) pro-
teins (TaDnals; encoded by 313 genes) and 41 Hsp70 proteins (TaHsp70s; encoded
by 95 genes) into six and four groups, respectively, via a phylogenetic analysis. An
examination of protein sequence alignment revealed diversity in the TaDnal struc-
tural organization, but a highly conserved J-domain, which was usually character-
ized by an HPD motif followed by DRD or DED motifs. The expression profiles of
HSP-encoding homologous genes varied in response to Blumeria graminis f. sp. trit-
ici (Bgt) and Puccinia striiformis f. sp. tritici (Pst) stress. A quantitative real-time
polymerase chain reaction (QRT-PCR) analysis indicated a lack of similarity in the
expression of DnaJ70b, Hsp70-30b, and Hsp90-4b in Bgt-infected resistant and sus-
ceptible wheat. Furthermore, a direct interaction between Dnal70 and TaHsp70-30
was not detected in a yeast two-hybrid (Y2H) assay, but screening cDNA library and
Y2H evidence supported that TaHsp70-30 not only interacts directly with heat-shock
transcription factor (HSF) A9-like protein but also interacts with TaHsp90-4 by HSP
organizing protein. This study revealed the structure and expression profiles of the
HSP-encoding genes in wheat, which may be useful for future functional elucidation

of wheat HSPs responses to fungal infections.

1 | INTRODUCTION

In the cytoplasm and nucleus, the heat-shock response medi-

Abbreviations: AD, activation domain; BD, binding domain; Bgz,

ates stress-induced transcriptional changes via the increased
production of essential protective factors (Zarouchlioti et al.,

Blumeria graminis f. sp. tritici; hpi, hours post inoculation; HSF, heat-shock

transcription factor; HSP, heat-shock protein; NCBI, National Center for
Biotechnology Information; Pst, Puccinia striiformis f. sp. tritici;
qRT-PCR, quantitative real-time polymerase chain reaction; RNA-seq,
RNA sequencing; SD, synthetic-defined; Y2H, yeast two-hybrid.

2017) called heat-shock proteins (HSPs; also known as molec-
ular chaperones) (Nollen & Morimoto, 2002). On the basis
of their molecular weight, HSPs have been classified into
several major families: Hsp90, Hsp70 (also named DnaK in
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Escherichia coli), Hsp40 (also referred to as Dnal), Hsp60,
and the small Hsps. From yeast to humans, Hsp40s and
Hsp70s form chaperone partnerships that are key compo-
nents of cellular chaperone networks involved in facilitat-
ing the correct folding of diverse proteins. The DnaJ molec-
ular chaperones, which represent the crucial partners, bind
to and transfer substrate proteins to the Hsp70s to regulate
their ATPase activity (Ahmad et al., 2011; Qiu et al., 2006).
The Dnal proteins comprise the following four domains: N-
terminal J-domain, G/F-domain (Gly/Phe-rich region), Zn-
binding domain characterized by cysteine repeats, and the
C-terminal dimerization domain (Cuellar et al., 2013; Szabo
etal., 1996). Depending on the presence of the G/F-rich region
and the cysteine repeats, a DnaJ-Hsp40 protein is catego-
rized as type I, II, or III (Alderson et al., 2016). The Hsp70-
Hsp40-NEF (nucleotide exchange factor) system assists in
intracellular protein refolding and helps to maintain proteosta-
sis in healthy and stressed cells (Alderson et al., 2016; Bukau
et al., 2006; Papsdorf & Richter, 2014; Weyer et al., 2017).
Additionally, Hsp70 functions cooperatively with the highly
conserved Hsp90 via cochaperones (Alvira et al., 2014; Ben-
bahouche Nel et al., 2014), resulting in the assembly, mat-
uration, stabilization, and activation of key signaling pro-
teins including protein kinases and transcription factors in
eukaryotic cells (Kadota & Shirasu, 2012; Pearl & Prodro-
mou, 2006). These observations suggest there is an important
cycle of functions related to the interaction between Hsp70
and the J-domain proteins Hsp40 and Hsp90 (Murphy, 2013;
Ranek et al., 2018). The Hsp90 molecular chaperone also
ensures proteins are maintained in their active conformations
(Zuehlke et al., 2017).

Plants have no capacity to escape from adverse environ-
ments, and their growth and production are severely affected
by abiotic and biotic stresses. To ensure they can success-
fully propagate, plants have developed multiple defense mech-
anisms that allow them to detect pathogens and induce
rapid responses through innate immunity surveillance sys-
tems (Nejat & Mantri, 2017; Saijo et al., 2018). Genes encod-
ing HSPs are reportedly differentially expressed in various
plant species exposed to abiotic and biotic stresses. During
plant-pathogen interaction, the AtHsp90.1 gene is required for
the full RESISTANT TO P. SYRINGAE 2 (RPS2)-mediated
resistance against Pseudomonas syringae pv. tomato DC3000
(avrRpt2), and its function is closely associated with RARI
(required for Mlal?2 resistance) and SGT1 (suppressor of the
G2 allele of skpl) via chaperone activities (Takahashi et al.,
2003). Similarly, suppressing TaHsp90.2 or Hsp90.3 expres-
sion in wheat (Triticum aestivum L.) decreases the hypersen-
sitive resistance to the stripe rust fungus (Wang et al., 2011).
Previous studies also confirmed that Hsp70s and Hsp40s are
involved in various plant disease resistance, such as NtMPIP1
(Shimizu et al., 2009), GmHSP40.1 (Liu & Whitham, 2013),
and OsDjA6 (Zhong et al., 2018). The importance of the pro-
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e HSPs exhibited structural diversity but Dnal pro-
teins conserved in J-domain and DRD-DED
motifs.

* The expression profiles of HSP-encoding homolo-
gous genes varied under Bgt and Pst stress.

* TaHsp70-30 associates with Hsp90-4 via a HOP
but directly interacts with HSF-A9L in wheat.

teins encoded by these genes in responses to various environ-
mental stimuli (Landi et al., 2019; Sung et al., 2001; Wen
et al., 2017) and their dynamic interplay with the chaper-
one machinery suggest that targeting Hsp90 and its respective
cochaperones may be an effective method for characterizing
the mechanisms underlying the resistance to diverse plant dis-
eases.

We previously constructed two protein—protein interaction
networks based on a weighted gene coexpression network
analysis to clarify the mechanism mediating wheat responses
to the pathogens causing stripe rust (Puccinia striiformis f.
sp. tritici; Pst) and powdery mildew (Blumeria graminis f.
sp. tritici; Bgt) (Hu et al., 2020; Zhang et al., 2019a). Both
of these networks predicted that Hsp70 proteins represent a
key hub node because they interact with some splicing regu-
lators, transcription factors, and resistance (R) genes, includ-
ing the disease-resistance-related RPPI3, RPS2 analogues,
the pathogenesis-related protein 1 gene (PRI), and a non-
host resistance gene (NHOI) (Zhang et al., 2019a). In this
study, we identified HSPs and their genes in wheat. More-
over, the expression of these genes following powdery mildew
and stripe rust infections was analyzed with RNA sequencing
(RNA-seq) and quantitative real-time polymerase chain reac-
tion (QRT-PCR) assays. Furthermore, the interactions among
selected HSPs were assessed in a yeast two-hybrid (Y2H)
assay.

2 | MATERIALS AND METHODS
2.1 | Plant materials and pathogen stress
treatment

The winter wheat line N9134, which is resistant to all Bgt
races in China, was backcrossed seven times with a sus-
ceptible recurrent parent, Shaanyou225 (SY225) to obtain a
resistant line with the SY225 background. This new resis-
tant line was named SY225/7*PmAS846. To eliminate the
influence of inhomogeneity, a BC;F, resistant plant was self-
crossed to generate the contrasting BC,F, homozygous lines,
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which differ only regarding PmAS846 on chromosome 5SBL
and named N9134R and N9134S. Additionally, Bgr isolate
E09 was maintained on SY225 wheat plants. The contrasting
recombinant inbred lines, N9134R/S and SY?225 plants, were
cultivated in soil in a growth chamber at 18 °C with a 16-h
light vs 8-h dark photoperiod. Seedlings at the three-leaf stage
were inoculated with Bgt conidia from SY225 seedlings that
were inoculated 10 d earlier. The inoculated N9134R/S leaves
were harvested at 6, 12, 24, 36, 48, 72, and 96 h post inocula-
tion (hpi), after which they were immediately frozen in liquid
nitrogen and stored at —80 °C. Subsequent analyses were com-
pleted with three biological replicates. For the genome-wide
transcription analysis, 7-d-old seedlings were inoculated with
Bgt E09 or Pst race CYR 31 conidia. The inoculated N9134
leaves were harvested at 0, 24, 48, and 72 hpi as previously
described (Zhang et al., 2014). The noninoculated sample (0
hpi) was used as the control.

2.2 | Identification and sequence analyses of
wheat heat-shock proteins

To obtain detailed information regarding wheat HSPs, we
downloaded all available sequences for proteins annotated
with ‘Hsp’ in the EnsemblPlants database (http://plants.
ensembl.org/Triticum_aestivum/Info/Index). After screening
the National Center for Biotechnology Information (NCBI)
database with the Protein Basic Local Alignment Search
Tool (BLASTP) algorithm for sequence matches (80% iden-
tity as the threshold), the HSP proteins were sorted and
classified. Redundant sequences were manually removed
and the remaining sequences were analyzed with the NCBI
Conserved Domain database (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) and the Pfam database (http://pfam.
xfam.org) to detect conserved protein domains and identify
candidate HSP genes. The motifs of the encoded HSP proteins
were detected using the motif-based sequence analysis pro-
gram (MEME) (Bailey et al., 2009), whereas a phylogenetic
neighbor-joining tree was constructed for the HSP proteins
with the molecular evolutionary genetics analysis (MEGA)
program (version 6.0) (Tamura et al., 2013).

2.3 | Quantitative real-time PCR analysis

The differentially expressed HSP-encoding genes that
involved in wheat responses to Bgt and Pst infections were
screened using the RNA-seq data (PRJNA243835) from
the fungus-inoculated N9134 (resistant to Bgt-E09 with
PmAS846 and CYR31 with YrN9134). The detailed RNA-seq
protocol was previously described in Zhang et al. (2014).
The reads per kilobase of exon model per million of aligned
readings (RPKM) values were used to examine the gene
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expression level distribution for each transcription in sample.
In addition, the expression profiles of three specific HSP-
encoding genes in the infected wheat leaves of the contrasting
near-isogenic lines were analyzed by a SYBR Green-based
qRT-PCR with cDNA prepared from samples collected at
6, 12, 24, 36, 48, 72, and 96 hpi. The uninoculated plant
samples at the same time points were set as the controls.
Three independent biological replicates were prepared for
each time point. The qRT-PCR was completed with the
FastKing RT Kit (with gDNase) (TIANGEN Biotech) and
the QuantStudio 7 Flex Real-Time PCR System (Life Tech-
nologies Corporation). Primers specific for the examined
HSP-encoding genes (Supplemental Table S1) and TaActin
(i.e., internal reference) were designed with the Primer 5
program and were used to analyze gene expression levels.
The 20-pL reaction volume comprised 10 pL 2 X SYBR
Green PCR Master Mix (Takara), 0.2 uM each primer, and
2 pL template (6 X diluted cDNA from leaf samples). The
PCR program was as follows: 95 °C for 10 s; 40 cycles of
95 °C for 5 s, and 60 °C for 31 s. For each sample, reactions
were completed in triplicate, with three nontemplate negative
controls. Amplified products were analyzed with melting
curves, which were generated at the end of the amplification.
A standard 2722CT method was used to quantify relative
gene expression levels.

2.4 | Transcriptional activity analysis and
yeast two-hybrid assays

The expression of HIS3, ADE2, AURI-C, and MELI reporter
genes was examined with yeast Y,HGold transformants
on SD/-Trp/—His/—Ade/-Leu media (Clontech Inc.). The
fix composition of synthetic-defined (SD) plates contained
0.67 g yeast nitrogen base, 2 g glucose, 2 g agar, and
0.06 g Do supplement—Trp/—His/—Ade/-Leu in 100 ml vol-
ume. The full-length open reading frame of TaHsf-Blb as
well as the N-terminal domain and the C-terminal regula-
tory domain were amplified by PCR with specific primers
containing a homologous recombination arm (Supplemental
Table S1). To easily evaluate transcriptional activity, the
transformants were suspended in sterile distilled water, then
10-fold serial dilutions were prepared. Finally, 3-pl aliquots
of each dilution were used to inoculate SD/—Trp/—His/—Ade
medium and SD/—Trp/—Leu medium with X-a-Gal (Clon-
tech). The inoculated media were incubated for 4 d at 30 °C.
The MatchMaker Y2H system (Takara) was used to evalu-
ate the interactions among TaHsp70-30b, TaHsp90-4b, and
TaDnaJ70b. The TaHsp70-30b, TaHsp90-4b, and TaDnaJ70b
coding sequences were subcloned into the pGBKT7 (DNA-
binding domain, BD) and pGADT?7 (activation domain, AD)
vectors. Additionally, the pPGADT7-Sfi I three-frame primary
cDNA library was constructed by Takara (Dalian, China)
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using leaf samples from N9134 after infected with stripe rust
fungi at 24 and 48 h. The AD library was screened for protein
interactions by mating pGBKT7:TaHsp70-30b bait plasmid,
while specific AD and BD recombinant plasmid pairs were
used to cotransform yeast strain Y,HGold cells according to
the Yeast Protocols Handbook (Takara).

2.5 | Statistical analysis

Mean values and standard errors were calculated with
Microsoft Excel software. Student’s ¢ test was completed with
the SPSS 16.0 program to assess the significance of any dif-
ferences between the control and treated samples or between
time points. The threshold for significance was set at P < .01.

3 | RESULTS
3.1 | Identification of wheat heat-shock
protein 40 (DnaJ) family proteins

In order to elucidate the mechanism mediating wheat resis-
tance to Pst and Bgt, we recently predicted the key genes
based on a weighted gene coexpression network analysis
and a transcriptome—proteome associated analysis. The pre-
dicted genes included TraesCS5B02G374900, which had the
most significant connectivity to other genes (value reaching
2,676) (Zhang et al., 20192a) and was annotated as encod-
ing a Dnal-like protein. Screening the PmAs846 physical
map, with the ‘Chinese Spring’ wheat genome used as a
reference sequence, indicated that TraesCS5B02G374900 is
located between the cosegregation markers BJ261635 with
XFCP620 flanking PmAS846 (Xue et al.,, 2012). To fur-
ther evaluate the genomic distribution and function of HSPs
in wheat defenses against pathogens, RNA-seq data were
examined for a genome-wide identification of HSP-encoding
genes in wheat including genes responsive to fungi. The
resulting data confirmed the presence of 119 genes encod-
ing proteins with a characteristic J-domain in the wheat
genome as well as 13 genes for proteins with cysteine
repeats without a J-domain and 12 genes for proteins with
a J-domain but lacking an HPD motif. These three gene
groups were designated as TaDnaJ, TaDnaJ-CR, and TaD-
naJL, respectively. These proteins were encoded by 376 wheat
genes. Specific details are provided in Supplemental Table
S2. Interestingly, the J-domain was usually accompanied by
a domain with the DXXXRXXXD motif or a long-DED
repeat motif (RRRYGLADEDLDRYRXYLNXXDEDDWEF)
(Figure 1). The DnaJ C-terminals usually harbored a GK-rich
domain characterized by a glycine and lysine interval zipper
or a domain with a WAXY motif.

According to the present classification of Dnal, the N-
terminal J-domain of class I DnaJ proteins was followed
by a G/F-rich region, four repeats of the CXXCXGXG-type
zinc-finger, and a C-terminal extension (Kampinga & Craig,
2010). However, sequence alignment results indicated that
only 17 wheat Dnal proteins (not including 13 CR domain-
containing Dnal proteins) had a cysteine repeat domain. Of
these proteins, nine comprised four repeats of CXXCXGXG
and the other eight proteins consisted of two repeats of the
CXXC motif. Similarly, only 17 proteins contained a G/F-
domain, which was replaced by AP-, SP-, AS-, GS-, or GR-
rich domains in the other wheat DnaJ proteins. Additionally,
we detected 119 wheat Dnal proteins that were encoded by
313 genes (Supplemental Table S2). We observed that Class
IT proteins present variable domains, whereas most of the
Class III proteins consist of domains with characteristic DRD
or DED motifs. This means that large structural and poten-
tial functional differences exist within and between traditional
Classes II and III of DnaJ. Considering the fact that the pres-
ence (type II) or absence (type III) of the G/F-domain has
led to some ambiguity (Kampinga & Craig, 2010), the 119
wheat Dnal proteins were further classified in six subfamilies
(Figure 2) on the basis of the characterized domains. Type
I Dnal proteins were characterized by a DRD motif, whereas
type IV and type V DnalJ proteins harbored the DED and WAY
motifs, respectively. The type II DnaJ proteins had a classi-
cal zinc-finger domain. The J-domain was accompanied by
an uncharacterized N-terminal on the type-III DnaJ proteins.

3.2 | Identification of the wheat 70- and
90-kD heat-shock proteins

We detected 41 Hsp70 proteins (encoded by 95 genes) as well
as two proteins containing partial Hsp70 domains, two Hsp70-
like proteins, and six Hsp90 proteins (encoded by 18 genes)
in the wheat reference genome. Specific details are listed in
Supplemental Tables S3 and S4. In wheat, the Hsp70 proteins
are more conserved than the Dnal proteins. The six domains
detected in 41 unabridged Hsp70 proteins are presented in
Figure 3. Of these domains, the NXDEAVA, DXXLGGXD,
and TPSXVAF motifs were detected in nearly all members.
The repetition of the C-terminal EXE motif (wherein X rep-
resents glycine, isoleucine, alanine, aspartic acid, leucine, or
phenylalanine) was used to classify the Hsp70 proteins in four
subfamilies (Figure 3). The type IV Hsp70 proteins lacked
the EXE motif, whereas the type II Hsp70 proteins had more
EXE repeats than the type I and type III proteins. Interest-
ingly, the type Il Hsp70 proteins contained an EEVD pattern at
the C-terminal, unlike the type III proteins, which comprised
a C-terminal HDEL pattern. Another difference between the
type I and type III proteins was the presence of the nontyp-
ical linker motif 7 in the type III proteins (Figure 3). We
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FIGURE 1 The conserved functional domains and motifs in DnalJ proteins of wheat. The characterization of amino acids were identified by

multiple alignment using MEME software. The conserved amino acids of motifs were marked with plus symbol above the letters. The name of motifs
were indicated at the right of each sequence. J domain: KKAYRRLALKYHPD; DRD domain: AEEKFQEIQEAYEVLSDPEKRALYDQYG; DED
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GKKAIYLGVPFIAEWVRDKGHFIKSQVTAASG; WAY domain: FDEDRSEEKFQSDQI WAVYDD EDGMPRYYARIKKV

detected far fewer Hsp90 proteins than Hsp70 and DnaJ pro-
teins. However, the wheat Hsp90 proteins were observed to
contain very similar ED-enriched domains, usually accompa-
nied by a leucine zipper.

3.3 | Expression of heat-shock
protein-coding genes in wheat-Bgt and
wheat—Pst interactions

To identify the HSP-encoding genes involved in wheat
responses to Bgt and Pst infections, we screened the RNA-seq
data (PRINA243835). Based on the RNA-seq data of N9134
in Bgt and Pst treatments, the expression heatmap of TaD-
naJ, TaHsp70, and TaHsp90 on chromosomes A, B, and D
were made by TBtools after simply eliminating the nonex-
pressed genes (Supplemental Figure S1a—c and S2a—c). Inter-
estingly, the expression trends of these A, B, D homologous
genes were quite similar in different periods of infections, but

the expression patterns of these genes were different under
the infections of Bgt and Pst. Under the stress of Bgtz, two
thirds of TaDnaJs expression had no change at 24 hpi but
increased after 48 and 72 hpi, while these genes expressed
monotonously in Pst stress. A part of other TaDnaJ genes
expression increased 48 and 72 hpi after Pst stress. Most
expression of Hsp70 and Hsp90 were highest in 24 hpi after
infection with Bgt and then decreased slowly. It was surpris-
ing that almost all gene expressions were inhibited at 24 hpi,
recovered slowly at 48 hpi, then increased significantly at 72
hpi. These indicated that the response patterns of stress genes
are different between the infection of Bgt and Pst. In 10-d-old
NO9134 seedlings inoculated with Bgt, 45 DnaJ family genes
encoding 20 HSPs were identified as differentially expressed
genes (relative to the control expression level) (Figure 4;
Supplemental Table S2). Moreover, 14 Hsp70 genes (encod-
ing seven Hsp70 proteins) and six Hsp90 genes (encoding
three Hsp90 proteins) were identified in the fungus-inoculated
NO134 seedling leaves (Supplemental Tables S3 and S4).
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Notably, the number of DnaJs was three times more than that
of Hsp70s, while it was near to seven times than the num-
ber of Hsp90s. Conversely, the ratio of the overlapped genes
was steeply increased, which reached 20, 57.1, and 66.7% for
Dnals, Hsp70s, and Hsp90s, respectively. Considering wheat
comprises a polyploid genome, we further analyzed the differ-
entially expressed genes encoding the same HSP on partially
homologous chromosomes. The results indicated that the dif-
ferentially expressed Hsp genes from the partially homolo-

gous chromosomes had nearly coincident expression patterns,
although the expression levels differed (Figure 5; Supplemen-
tal Figure S3). For example, the expression of TaDnaJ7-1A,
TaDnaJ7-1B, and TaDnaJ7-1D increased at 24 hpi in Bgt-
infected plants, after which the expression sharply decreased
at 48 and 72 hpi (Supplemental Figure S3). The transcrip-
tion levels of TaDnaJ7-1A and TaDnaJ7-1D were 2.5- and
2.2-fold higher than that of TaDnaJ7-1B, respectively. Addi-
tionally, TaDnaJ86-6A, TaDnaJ86-6B, and TaDnaJ86-6D
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number of specific and overlapped genes were given

expression levels were not upregulated until 48 hpi, after
which they continued to increase, peaking at 72 hpi. Subse-
quently, we analyzed the level of protein expression from pre-
vious quantitative proteomic data (PeptideAtlas: PASS00682
and PASS00999) (Fu et al., 2016; Zhang et al., 2019a), and
found that TaDnal7, TaDnalJ70, TaHsp70-4, TaHsp70-25,
TaHsp70-30, and TaHsp90-4 proteins were also differentially
accumulated with >1.2-fold change in abundance and ¢ test p
value <.05 (FDR < 1%) in fungi-infected leaves comparing
with uninfected control.

The overlapping differentially expressed Hsp genes exhib-
ited the complete opposite expression patterns in response to
the Bgt and Pst infections (Figure 5). Specifically, the tran-
scription of TaDnaJ62-5A, TaDnaJ62-5B, and TaDnaJ62-
5D were repressed at 24 hpi in the Bgr-infected plants but
induced at the same time point in the Psz-infected plants.
The TaDnaJ70 expression level was upregulated at 48 and
72 hpi in the Bgr-infected plants but downregulated in the
Pst-infected plants. The TaHsp70-1, TaHsp70-4, TaHsp70-
25, and TaHsp90-6 expression levels were induced at 24 hpi
in Bgt-infected plants, whereas they were repressed at 24
hpi in the Pst-infected plants (Figure 6; Supplemental Figure
S4). These observations supported our previous view that dis-
tinct genes and regulatory networks are activated in wheat to
counter the adverse effects of Bgt and Pst infections (Zhang
et al., 2014, 2019b).

In addition to the wheat HSPs, we identified three Bgt-DnaJ
homologues (accession numbers KE373410.1, KE374995.1,
and KE375122.1), one Bgt-Hsp60 (CAUHO01004772.1),
four Bgt-Hsp70 (JQ917466.1, EPQ67599.1, EPQ66911.1,
and KE375027.1), and two Bgt-Hsp90 (KE374996.1 and
EPQ62547.1) genes (Table 1). These fungal HSP-encoding



GUO ET AL.

(a) ©)

TaDnaJ62 in Bgt —e— 54 —0— 5B —v— 5D

20

Quantitative expression (RPKM)

TaDnaJ63 in Bgt —e— 54 —0— 5B —v— 5D

350

—e— 5A —0— 5B —v— 5D

(e) TaDnaJ70 in Bgt

300
250 +
200
150
100

50

Oh 24h 48h 72h Oh

50 35

24h

48h 72h Oh 24h 48h 72h

140

=) (b)  TaDnaJ62in Pst —e— 5A —0— 5B —¥— SD (d)  TaDnaJ63inPst —e— 54 —o— SB —v— 5D ()  TaDnaJ70in Pst —e— 5A —0— 5B —v— 5D
120 §

E % 30

& 25 100

g 30

.E 20 80

£

g 15 60

@

»

o 40

;§ 10 10

= 5 20

S o

4 . 0 : 0 - :
Oh 24h 48h 72h Oh 24h 48h 72h Oh 24h 48h 72h
Hours post inoculation (hpi) Hours post inoculation (hpi) Hours post inoculation (hpi)
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pathogen. Gene expression levels were assessed by transcript accumulation analysis. The mean expression value was calculated from three

independent replicates. Line charts mean the gene expression of homologue HSP-encoding genes in wheat infected by stripe rust and powdery
mildew. The number 0, 24, 48, and 72 indicated the timepoints after infection. (a), (c), and (e) represent Bgt E09 inoculation condition; (b), (d), and
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genes were detected after plants were infected (Supplemen-
tal Figure S5) and had varying expression patterns. The
Hsp70-encoding gene JQ917466.1 and Hsp90-encoding gene
KE374996.1 were most highly expressed at 48 hpi, whereas
the expression of the DnaJ homologue KE374995.1 stably
increased after plants were infected. These results implied that
the HSPs may contribute to the fungal infections of suscepti-
ble host plants.

3.4 | Coexpression of TaHsp70-30b,
TaHsp90-4b, and TaDnaJ70b in wheat-Bgt
interactions

To assess the expression and function of HSP-encoding
genes, TaDnaJ70b, TaHsp70-30b, TaHsp90-4b, and a wheat
heat-shock transcription factor (HSF) gene, TaHsf-Bl1b, all
of which are located on chromosome 5B, were analyzed
regarding their expression level in the Bgt-infected leaves of
resistant line N9134R (SY225/7*PmAS846, a Shaanyou225
backcross line carrying PmAS846 from N9134) and the con-
trasting susceptible N9134S near-isogenic lines. For the sake
of preciseness, the cytological observations were carried out
at 24, 48, and 72 h after infection of N9134R/S by Bgt iso-
late EO9 (Supplemental Figure S6). Because of the repeti-
tion in the wheat genome sequence, we used four pairs of
specific primers targeting the 5’ terminal sequences to tar-
get the genes of interest on chromosome 5B. The expres-

sion profiles of TaHsf-B1b, TaDnaJ70b, TaHsp70-30b, and
TaHsp90-4b in the inoculated N9134R and N9134S plants
are presented in Figure 7. Following the inoculation with
Bgt, the expression levels of all tested genes were signifi-
cantly dysregulated at 6 hpi, whereas they were oppositely
down- and upregulated in the N9134R and N9134S plants,
respectively. There was a subsequent steep increase in the
expression level at 12 hpi in the N9134R plants. The TaHsf-
Bib, TaDnaJ70b, and TaHsp70-30 expression levels at 6
hpi were higher than that in the mock-inoculated control
NO134S plants. Afterward, the high expression levels of TaD-
naJ70b, TaHsp70-30b, and TaHsp90-4b fluctuated irregularly
in N9134S plants, with TaDnaJ70b expression peaking at 24
and 96 hpi. Conversely, in N9134R plants, TaHsf-B1b, TaD-
naJ70b, and TaHsp70-30b were relatively stably expressed at
low levels, with only slight and consistent fluctuations from
12 to 96 hpi. The highest TaHsp90-4b expression levels were
observed at 96 hpi in N9134S plants, although they were
not significantly higher at other time points than the corre-
sponding expression levels in control (Figure 7) with resis-
tance background. Thus, there were no coexpression relation-
ships between TaHsp90-4b with TaDnaJ70b and TaHsp70-
30b, while the gene expression pattern of TaHsf-B1b was very
similar to that of TaDnaJ70b and TaHsp70-30b. Addition-
ally, the expression levels of the DnaJ and Hsp70-encoding
genes were generally higher in the susceptible plants than in
the resistant plants, but the expression of Hsp90-4b is just the
reverse.
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TABLE 1

Encoding protein Accession no.

Accession no.

The detected Bgt-HSP encoding genes in N9134 after powdery mildew infection

Accession no. Accession no.

Bgt-Dnal KE373410.1 KE374995.1 KE375122.1 -
Bgt-Hsp60 CAUHO01004772.1 - - -
Bgt-Hsp70 JQ917466.1 EPQ67599.1 EPQ66911.1 KE375027.1
Bgt-Hsp90 KE374996.1 EPQ62547.1 - -
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FIGURE 7 Coexpression patterns of selected heat-shock transcription factor and HSP-encoding genes in N9134R and N9134S induction by

powdery mildew pathogen. Gene expression levels were assessed by qRT-PCR at 6, 12, 24, 36, 48, 72, and 96 h post inoculation. Data were

normalized to the actin expression level. The mean expression value was calculated from three independent replicates, and the standard deviation
was given at each time points. (a) represents gene expression in N9134R with resistance to powdery mildew E09; (b) represents gene expression in
susceptible line N9134S. The dotted line indicated the controls at the same time points. The names of corresponding gene were listed in the top of

each panel

3.5 | Invitro interactions among
TaHsp70-30b, TaHsp90-4b, and TaDnaJ70b
proteins

The TaHsp90.2 and TaHsp90.3 genes, located on the second
and seventh partially homologous chromosomes, respectively,
are involved in wheat responses to the stripe rust pathogen
(Wang et al., 2011). In Arabidopsis thaliana (L.) Heynh., The
J-domain of Dnal proteins reportedly interacts with Hsp70.
Previously, TaDnaJ70, TaHsp70-30, and TaHsp90-4 were
detected as specific induced genes in fungal stress (Zhang
et al., 2019a). To understand the roles of HSPs in wheat resis-
tance, we tested the interaction between them using the Y2H
system. After the expression of the proteins of interest in
the Y2H system was confirmed on SD medium lacking Trp
and Leu (double dropout, DDO), the yeast strains with BD-
and AD-TaHsp were grown on SD/—Trp/—Leu/—His/—Ade
medium (quadruple dropout, QDO). The TaDnaJ70 protein,
either in full or with a truncated N-/C-terminal, failed to inter-
act with TaHsp70-30 in the Y2H assay (Figure 8a and 8b).
Similarly, TaHsp90-4 did not interact directly with TaDnaJ70
or TaHsp70-30 (Figure 8a).

To capture Hsp70 interactors, we screened a cDNA library
of Bgt-infected N9134 using bait and identified two proteins.
After the plasmid was extracted, amplified, sequenced, and
comparative analyzed, it was found that the two sequences
encode HSF A9-like protein (TraesCS4B02G239700) and
344 amino acids in the N-terminal of HSP organizing protein
(TraesCS6B02G285800) separately. Furthermore, the inter-
actions were evidenced by Y2H between TaHsp70-30 with
HSP organizing protein, as well as between TaHsp70-30
and HSF A9-like protein, in the stringent quadruple dropout
medium even at the 1:1000 dilution, while no interaction was
found between TaHsp90-4 and N-terminal of HSP organiz-
ing protein (Figure 8c). Then we amplified the full length
of HSP organizing protein from cDNA to study its new
interaction by constructing prey vector. What is amazing
is that we found that the full-length HSP organizing pro-
tein could interact with both TaHsp70-30 and TaHsp90-4.
This indicates that TaHsp70-30 and TaHsp90-4 participate in
protein folding, conformational regulation, and stabilization
through binding N- and C-terminal of HSP organizing protein,
respectively. Notably, no DnaJ was detected as an interactor
of TaHsp70-30. This hinted that the interaction between DnaJ
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TaHsp90-4 interact with TaHop and Hsf A9 directly

and Hsp70 may occur selectively or indirectly in wheat (e.g.
via an adapter).

4 | DISCUSSION
4.1 | DnaJ protein groups, structure, and
classification

Historically, Dnal proteins have been divided into three
classes (I, II, and III) based on the G/F and zinc-finger
motifs and domains present in Escherichia coli DnaJ proteins
(Kampinga & Craig, 2010). Obviously, the large structural
and potential functional differences exist within and between
Classes II and III. In this study, we detected 144 DnaJ fam-
ily proteins, but only nine out of 119 Dnal have the classical
CXXCXGXG domain. This domain was replaced by a CXXC
repeat in 12 Dnal proteins, whereas the classical domain exists
in 10 out of 13 DnalJ-CR proteins that lack the J-domain.
Additionally, some of the proteins have similar N-terminal
J-domain sequences but are missing the aspartic acid in the
HPD motif. For clarity, we refer to these domains as ‘J-like.’
To clarify the biochemical functions or mechanisms associ-

ated with Dnal proteins, we further classified these proteins in
six groups with characteristic DRD, DED, CR zinc-finger, or
WAY motifs. The current study represents the first systematic
analysis of wheat genes encoding Hsp40 and Hsp70 proteins
and generated useful information regarding the expression of
HSP-encoding genes of common wheat. The presented data
may form the basis for future investigations into the genome-
wide DnaJ and Hsp70 expression dynamics during plant—
pathogen interactions. Furthermore, our findings may be rele-
vant for further elucidating the role of HSPs in wheat defense
responses as well as the detailed effects of the diverse HSP
domains.

4.2 | Heat-stress proteins play a critical role
in wheat responding to pathogen

Heat-shock proteins [e.g., Hsp40 (DnaJ), Hsp60, Hsp70,
Hsp90, and Hspl101], which form one of the most ubiqui-
tous classes of chaperones, have been implicated in diverse
biological processes. The HSPs also directly stimulate cells
of the innate immune system, suggesting they are activators
of the innate immune system in animals (Cui et al., 2011;



120f 15 The Plant Genome 2.0

GUO ET AL.

Wallin et al., 2002). For example, a nonlethal heat shock
induces Hsp70 synthesis and promotes the tolerance of shrimp
(Penaeus vannamei) to stresses resulting from heat, ammonia,
and metals (Sung et al., 2018) and also prevents heart failure
or ageing in humans (Ranek et al., 2018). So far, several plant
species’ Hsp70s have been surveyed, such as barley (Hordeum
vulgare L.) (Landi et al., 2019), Brachypodium distachyon (L.)
Beauv. (Wen et al., 2017), A. thaliana (Leng et al., 2017), and
California poplar (Populus trichocarpa Torr. & A. Gray) (Yer
et al., 2018). Plant Hsp70s are localized to the cytosol, endo-
plasmic reticulum, mitochondria, chloroplasts, and peroxi-
somes (Sung et al., 2001). Although there have been limited
functional studies on plant Hsp70s, these proteins are believed
to have multiple roles in plants and function like other eukary-
otic Hsp70s. As for Hsp90s, the function implicated in dis-
ease resistance had been very well evidenced because interact-
ing with RAR1, SGT1 (Kadota et al., 2010; Takahashi et al.,
2003), tomato I-2 (de la Fuente van Bentem et al., 2005),
NbSIPK (Kanzaki et al., 2003), and others. Unfortunately, the
available information related to the functions of HSPs in com-
mon wheat and other Triticeae species is still very limited. In
our study, most of HSP expression level changed in N9134
infected by Bgtr and Pst indicating that HSPs family actively
participated in the stress response to fungi. But notably, the
expression profiles of HSPs is different under the stress of
these two pathogens means that the function of the same HSP
protein in different pathogen stress was different. In wheat,
TaHSC70 encodes a TaHsp70-26 protein and is responsive to
stripe rust infections via a JA-dependent signal transduction
pathway (Duan et al., 2011). The cytosolic Hsp90s contribute
to the resistance of wheat to the stripe rust fungus (Wang et al.,
2011). We previously identified Hsp70 as a key hub node pro-
tein and determined that it likely plays a critical role in wheat
defenses against fungal infections (Zhang et al., 2019a). In
the current study, we identified 45 differentially expressed
DnalJ genes as well as 14 Hsp70 genes and six Hsp90 genes
in the fungus-inoculated N9134 seedling leaves. One interest-
ing phenomenon is that the number of Hsp90s is the smallest
among the differentially expressed genes, and the proportion
of overlapping genes is the highest. These results imply that
HSPs influence plant resistance to fungi in ways that remain to
be determined. Although it is unclear why the expression lev-
els of HSP-encoding genes are considerably and differentially
affected by powdery mildew and stripe rust infections in resis-
tant and susceptible wheat leaves, the data presented herein
verify that HSPs have diverse functions in plants. In addition,
focused on those genes that the expression have significant
changes in pathogen infection but show opposite expression
patterns under Bgt and Pst stress, we could better understand
their specific functions of HSPs in plant.

4.3 | Heat-stress proteins may indirectly
interact with each other

The Hsp90 chaperone pathway involves a series of steps
including the formation of multiple-chaperone complexes
with the assistance of receptors and cofactors. After Hsp40
binds to a receptor, its J-domain interacts with the C-terminus
of Hsp70 (Weyer et al., 2017). The N-terminal of Hsp70
simultaneously binds to ATP. An intermediate complex, com-
prised of Hsp70 and Hsp90, is then formed with the assis-
tance of cofactors that help ATP bind to Hsp90 (Cintron &
Toft, 2006). In this process, Hsp70 and Hsp90 are associ-
ated through the Hop adapter protein (Alvira et al., 2014),
which also has been substantiated here. Additionally, because
the chaperone partnership between Hsp40s and Hsp70s has
been well established from yeast to humans (Fiaux et al.,
2010), it was assumed, without experimental verification, that
these HSPs also interact in plants. In fact, there are inter- and
intraspecies variations in the J-domain, hinting at the speci-
ficity of Hsp40—Hsp70 interactions (Hennessy et al., 2005). In
wheat, there are 144 Dnal family proteins (119 Dnal, 12 Dnal-
like, and 13 DnaJ-CR proteins) and 41 Hsp70s, with consider-
able diversity in both protein families. Thus, it is problematic
if these proteins are able to freely interact with each other in
wheat plants. In this study, our data indicated that TaDnalJ70
does not directly interact with either TaHsp70-30 or TaHsp90-
4 or that our technique is not sensitive enough to detect the
binding. There are two possible relationships between the
DnaJ and Hsp70 proteins. Specifically, DnaJ may directly
interact with specific Hsp70s but not arbitrarily in wheat, or
the interaction may be indirect (e.g., via an adapter), similar to
the interaction between Hsp70 and Hsp90. Because the pres-
ence of the HPD motif in TaDnaJ70 has been confirmed, these
results imply that other residues and regions outside the HPD
motif contribute to the interaction between Hsp40 or Hsp40-
like proteins and Hsp70. The HSFs respond to environmen-
tal stress by regulating gene expression. The transcriptional
regulation of human Hsp70 gene occurs through the activa-
tion of HSFs, and HSP70 can also be used as a negative reg-
ulator of HSFs (Abravaya et al., 1992). Our results supported
the speculative model that the inactive state of HSFs is main-
tained by Hsp70-Hsp90 multipartite complexes under nor-
mal conditions. However, under stress, some denatured pro-
tein competes with HSF to bind to Hsp70, which activates
HSFs and further increases the transcription and expression of
HSP70. The increased Hsp70, in turn, inhibited the expression
of HSFs. Our results provide the foundation for future wheat
HSP studies for clarifying the interaction between HSPs and
pathogen defense.
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5 | CONCLUSIONS

Heat-shock proteins play a crucial role in development and
responses to diverse stresses. Here, we systematically classi-
fied DnalJ (Hsp40) proteins into six groups according to the
detailed structural characterization: HPD, DRD, DED, WAY,
GK, and CR domains. Meanwhile, Hsp70 proteins were clas-
sified into four subfamilies according to the repetition of EXE
motif in C-terminal. Moreover, infection by Bgt and Pst trig-
gered robust alteration in gene expression of Hsp-encoding
genes in wheat, but the expression profiles of these HSP-
encoding homologous genes varied in response to Bgt and Pst.
The Y2H assay experiments showed that a direct interaction
failed between TaDnaJ70, TaHsp70-30b, and TaHsp90-4b,
but TaHsp70-30b could interacted with HSF-A9L directly and
TaHsp90-4b indirectly. These indicate that the Hsp protein-
encoding genes of wheat responded to Bgt and Pst stress and
played important roles in responding to fungal stress by a
more complex pathway than that in the model plant.
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