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1 | INTRODUCTION

Abstract

The constitutive photomorphogenesis 9 (COP9) signalosome (CSN) is a versatile reg-
ulator of plant growth, development, and response to diverse pathogens. However,
little research has been done to understand the function of those CSN genes in
broad-spectrum resistance to pathogens. In this study, we found that the tran-
script levels of wheat TaCSN5 were induced in response to inoculation with Puccinia
striiformis f. sp. tritici (Pst) and treatment with salicylic acid (SA). Overexpression of
TaCSN5 in Arabidopsis resulted in increased susceptibility to Pseudomonas syringae
pv. tomato DC3000 infection accompanied by down-regulation of AtPR1 expression.
Overexpression of TaCSN5 in wheat lines significantly increased susceptibility to Pst
accompanied by decreased SA accumulation, whereas TaCSN5-RNAi wheat lines
exhibited opposite trends. Moreover, we found that TaCSN5 negatively regulated
TaG3NPR1 genes involved in the SA signalling pathway. In addition, TaCSN5-RNA.I
lines showed increased resistance to multiple races of Pst. Taken together, we dem-
onstrate that TaCSN5 contributes to negative regulation of wheat resistance to Pst in

an SA-dependent manner.
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support compatible interactions are considered susceptibility genes
(Lapin & Van den Ackerveken, 2013). Knockdown or knockout of

During pathogen-host interactions, host assistance is necessary
for successful establishment of a compatible interaction (Boller &
Felix, 2009; Monaghan & Zipfel, 2012; Torres, 2010). Pathogens
use some components of the host to regulate their own growth,
and negatively regulate plant immune responses to absorb nutri-
ents from the host, thereby resulting in susceptibility (van Schie &

Takken, 2014). All host genes that promote pathogen infection and

susceptibility genes can limit the virulence of pathogens, resulting
in enhanced host resistance (Lapin & Van den Ackerveken, 2013;
van Schie & Takken, 2014). In recent years, much progress has been
made in research on mechanisms of plant susceptibility. Mildew re-
sistance locus O (MLO), BAX inhibitor-1 (BI-1), lifeguard (LFG), RAC/
ROP (small G proteins), and GTPase-activating proteins (GAP) partic-
ipate in membrane-related cytoskeletal rearrangement and vesicle
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transport, mediating susceptibility to many kinds of pathogens (van
Schie & Takken, 2014). Mitogen-activated protein kinase (MAPK)
phosphatases, MKP1, MKP2, and tyrosine phosphatase (PTP1), in-
hibit the MAPK cascade pathway of pathogen-associated molecu-
lar pattern (PAMP)-triggered immunity (PTI) by targeting inactive
MPK3 and MPK6 in Arabidopsis (Lumbreras et al., 2010). Knockout
of sugar transporters (OsSWEET11 and OsSWEET14) in rice produces
broad-spectrum resistance to bacterial blight (Xu et al., 2019).

Puccinia striiformis f. sp. tritici (Pst) is one of the most important,
highly prevalent, widely distributed, and harmful wheat diseases in
the world (Chen et al., 2014; Kang et al., 2017). The most economical,
effective, and environment-friendly strategy to control this disease
is breeding wheat-resistant varieties (Fisher et al., 2012). Therefore,
a deep understanding of the molecular mechanism of Pst-wheat in-
teraction will allow us to develop new strategies for durably con-
trolling stripe rust (Staples, 2000). Many Yr (yellow rust resistance)
genes have been identified in wheat, particularly those conferring
broad-spectrum disease resistance (Wu et al., 2018). Numerous
functional genes in wheat have been intensively reported to be in-
volved in the interaction between wheat and Pst (Kang et al., 2017),
but there have been no reports yet of stable silencing of susceptibil-
ity genes to confer broad-spectrum resistance to Pst.

Constitutive photomorphogenesis 9 (COP9) signalosome (CSN),
an evolutionarily conserved protein complex in all eukaryotes,
is a versatile regulator of plant growth and development (Deng
et al., 2000). A typical CSN consists of eight subunits, named CSN1
to CSN8 (Deng et al., 2000; Qin et al., 2020). The role of CSN is
related to the regulation of the ubiquitin-26S proteasome system
(UPS) pathway, which plays an important regulatory role in plant
growth and development (Hua & Vierstra, 2011). CSN directly inter-
acts with Cullin-RING-based E3-ligases (CRLs), a class of E3 ubiquitin
ligases (Wei et al., 2008). The regulation of protein synthesis and
degradation by CSN are involved in all processes of plant growth
and development (Emberley et al., 2012; Hua & Vierstra, 2011). CSN
plays a key role in photomorphogenesis of plants and was discovered
originally as members of a class of Constitutive Photomorphogenic/
DE-Etiolated/Fusca (COP/DET/FUS) proteins acting as repressors
of photomorphogenesis in Arabidopsis. In response to the biotic
stress of pathogenic insects and fungi, CSN responds by interacting
with SCFCO! (COReinsensitive 1) ;0 c0 t6 mediate jasmonic acid (JA) re-
sponses (Chamovitz et al., 1996). The key component of salicylic acid
(SA)-mediated disease resistance signalling pathway, NPR1 (non-
expressor of pathogenesis-related genes), is degraded by Cullin-3
(CUL3) ubiquitin ligase and this degradation requires a suitable CSN
(Chamovitz et al., 1996). In plants, CSN5 is best known as the fifth
subunit of CSNs. In Arabidopsis, CSN5 mediates the deconjugation of
Neural-precursor-cell-Expressed Developmentally Down-regulated
8 (NEDD8) from the cullin subunit of E3 ubiquitin ligases (Dohmann
et al.,, 2005). A wheat COP9 subunit 5-like gene negatively regulates
response to Puccinia recondita f. sp. tritici (Zhang et al., 2017). SA is
an important signalling hormone for plant disease resistance, and it
plays a key role in plant systemic acquired resistance (SAR) signal

transduction and disease resistance (Verberne et al., 2000). CSN5

negatively regulates disease resistance through an SA pathway that
has not been reported yet.

CSNs have been shown to play an important role in previous
studies, but little research has been done to understand the func-
tions of those CSN genes in the interaction between wheat and Pst.
In the present study, we discovered an important potential suscepti-
bility factor, TaCSN5, from TaCSNs. A previous study used transient
silencing and an ethyl methane sulfonate (EMS)-mutagenized single
genome mutant to verify the negative regulation of resistance to
the leaf rust pathogen by a TaCSN5-like gene (Zhang et al., 2017).
Here, we obtained stable T, generation transgenic wheat TaCSN5
overexpression lines and TaCSN5-RNAI lines and T, generation
TaCSN5 overexpression lines of Arabidopsis. Our results indicated
that TaCSN5 participates in susceptibility of wheat to Pst in an
SA-dependent manner and that TaCSN5-RNAi wheat lines confer

broad-spectrum resistance to Pst.

2 | RESULTS

2.1 | TaCSNS5 is significantly induced by Pst infection
and SA

The CSN is an evolutionarily conserved regulator of proteolysis in
eukaryotic development (Deng et al., 2000). We used AtCSNs as
seed sequences and found eight TaCSNs at the EnsemblPlants da-
tabase (http://plants.ensembl.org/common/Tools/Blast?db=core),
all of which exist on the wheat A, B, and D chromosomes (Table S1).
To determine the roles of TaCSNs in disease resistance, we first an-
alysed the gene transcript levels in time series dual RNA-Seq data
using wheat plants inoculated with Pst. Fragments per kilobase of
exon per million mapped reads (FPKM) data of TaCSNs indicated that
TaCSN4 and TaCSN5 were down-regulated in the early stages of the
incompatible interaction, whereas only TaCSN5 was up-regulated in
early stages of the compatible interaction (Figure S1). Therefore, we
chose TaCSN4 and TaCSN5 for further study. TaCSN6-7D, TaCSN8-2B,
and TaCSN8-2D were removed due to very low transcript levels.

To test whether TaCSN4 and TaCSN5 participate in wheat re-
sponses to Pst, the transcript levels were determined by quantita-
tive reverse transcription PCR (RT-qPCR). The identities of the open
reading frame (ORF) region of TaCSN4 and TaCSN5 on the A, B, and
D chromosomes were 98.9% and 99.7%, respectively (Figure S2).
We designed primers to detect transcript profiles of TaCSN4 and
TaCSN5 on the three chromosomes simultaneously. The results
indicated that the TaCSN4 transcript levels were hardly changed
(Figure S3). In the incompatible interaction, the TaCSN5 transcripts
did not show significant change. However, in the compatible interac-
tion, TaCSN5 transcripts were significantly induced at 24 and 48 hr
postinoculation (hpi) (Figure 1a). Next, we evaluated the transcript
levels of TaCSN5 in response to treatment with SA. The transcript
level of TaCSN5 was significantly induced at 2-8 hr posttreatment
(hpt) (Figure 1b). Thus, we speculated that TaCSN5 participates in the

wheat-Pst interaction in an SA-dependent manner.
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FIGURE 1 Transcript profiles of TaCSN5 in wheat leaves in response to Puccinia striiformis f. sp. tritici (Pst) infection and salicylic acid
(SA) treatment. (a) The transcript levels of TaCSN5 in wheat leaves were induced during Pst infection. (b) The transcript levels of TaCSN5
in response to SA treatment. Wheat leaves treated with 0.1% ethanol were included as a control. Error bars represent the variation among
three independent replicates. Quantitative reverse transcription PCR values were normalized to those for TaEF-1a. Differences between

time-course points were assessed using Student's t test (*p < .05)

2.2 | TaCSN5 negatively regulates SA-induced
disease resistance in Arabidopsis

To investigate whether the TaCSN5 promoter (TaCSN5p) responds to
SA treatment, we fused the TaCSN5p with the pB-glucuronidase (GUS)
gene to transform into Arabidopsis and produced six T, generation
lines (TaCSN5p-GUS-1, -2, -3, -4, -5, and -6). Three independent T,
transgenic lines (TaCSN5p-GUS-2, TaCSN5p-GUS-3, and TaCSN5p-
GUS-6) were initially validated using PCR (Figure S4a and Table S2)
and selected for further study. These three T, transgenic lines were
further confirmed by PCR assay (Figure S4b and Table S2). The his-
tological GUS activity was determined using staining. As shown in
Figure S5a, the leaves of the transgenic Arabidopsis expressed more
blue signals after SA treatment. GUS expression levels were con-
firmed by RT-gPCR (Figure S5b). Our results indicated that TaCSN5p
can be activated by SA.

To further explore TaCSN5 function, TaCSN5 was transformed
into Arabidopsis under the control of the CaMV 35S promoter and
produced seven T, generation lines (35S::TaCSN5-OE1, -OE2, -OE3,
-OE4, -OES5, -OE6, and -OE7). Three independent T, transgenic lines
(35S::TaCSN5-OE1, 35S:TaCSN5-OE3, and 35S::TaCSN5-OE7) were
initially validated using PCR (Figure Séa and Table S2) and RT-gPCR
assays (Figure Séb and Table S2), and selected for further study. The
three T, transgenic lines were further confirmed by PCR and RT-
gPCR assays (Figures S6c and 6d, and Table S2). We inoculated them
with Pseudomonas syringae pv. tomato (Pto) DC3000; the overexpres-
sion lines had a more severe disease phenotype (Figure 2a), and the
transcript level of AtPR1 was significantly down-regulated in overex-
pression plants at 1 hpi (Figure 2b). The SA-dependent pathway was
found to increase the expression of the PR1 gene (Niki et al., 1998).

Therefore, we treated the wild type (WT) and transgenic lines with

SA, which significantly induces the AtPR1 transcript (Figure 2c).
However, compared with WT plants, the transcript levels of AtPR1
in 35S::TaCSN5 plants were significantly down-regulated at 1, 2, 4,
and 8 hpt, suggesting that TaCSN5 negatively regulates SA-induced
AtPR1 expression (Figure 2c).

2.3 | Overexpression of TaCSN5 significantly
increases wheat susceptibility to Pst infection

To further verify the function of TaCSN5, we developed transgenic
wheat plants in the Fielder background in which TaCSN5, driven
by the maize ubiquitin promoter, was overexpressed and pro-
duced five T, generation lines (TaCSN5-OE1, -OE2, -OE3, -OE4,
and -OE5). Two independent T, transgenic lines (TaCSN5-OE2
and TaCSN5-OE5) were initially validated using PCR (Figure S7a
and Table S2) and RT-qPCR assays (Figure S7b and Table S2), and
selected for further study. The two T, transgenic lines were fur-
ther confirmed by PCR and RT-qPCR assays (Figures S7c and 3a,
and Table S2). No significant differences were observed between
the TaCSN5 overexpression plants and Fielder plants under nor-
mal growth conditions (Figure 3b). At 14 days postinoculation, hy-
persensitive response (HR) symptoms appeared on all leaves after
inoculation with CYR23. A few fungal uredia surrounding the ne-
crotic areas were observed on leaves of TaCSN5 overexpression
lines (Figure 3c). In contrast, all leaves infected with the virulent
strain CYR33 produced extensive uredia (Figure 3c). Compared
with Fielder plants, fungal biomass was significantly increased by
9% to 21% in overexpression plants (Figure 3d). These results sug-
gest that elevated expression of TaCSN5 enhanced wheat suscep-
tibility to Pst infection.



iw ILEY Molecular Plant PathoI BAIETAL
355::TaCSN5
£ - (b)
OE1 OE3 OE7
_ 307 Oowr
% _ BB OF AtPR1
o ke @ OE3
o @ B OE7 o
© 20 1
¥
x
o
g
= 10
=4 o)
§ m 1
(@) 0 -
[m)
o CK Pto DC3000
Q
(c)
O wT
B OE1 AtPR1
807 (@ OE3
& Bl OE7
5 w2
o 60 1
[77]
9 *k
a
35 404 —
)
= e
© 20+ _j‘*
)
h's
— 1
0 T
0 1 2 4 8
SA treatment

Hours post treatment (Hpt)

FIGURE 2 TaCSN5 negatively regulates salicylic acid (SA)-induced disease resistance in Arabidopsis. (a) Pseudomonas syringae pv. tomato
(Pto) DC3000 defence phenotypes on 4-week-old T, 355:TaCSN5 Arabidopsis (OE1, OE3, and OE7) and wild type (WT) (Col-0) leaves. (b)
The transcript levels of AtPR1 in transgenic Arabidopsis and WT response to Pto DC3000 at 1 hr postinoculation (hpi). (c) The transcript
levels of AtPR1 in 35S::TaCSN5 Arabidopsis plants in response to SA treatment were significantly reduced compare to WT at 1, 2, 4, and 8 hpi.
Quantitative reverse transcription PCR values were normalized for AtActin2. Error bars represent the variations among three independent
replicates. Asterisks indicate significant differences between transgenic and control plants at the same time points using Student's t test

(**p < .01)

2.4 | Suppression of TaCSN5 improves wheat
resistance to Pst infection

To further investigate the function of TaCSN5 in response to Pst,
we generated wheat transgenic lines silencing TaCSN5 using RNAI
technology and produced 10 T, generation lines (TaCSN5-Ri1,
-Ri2, -Ri3, -Ri4, -Ri5, -Ri6, -Ri7, -Ri8, -Ri9, and -Ri10). Two inde-
pendent T, transgenic lines (TaCSN5-Ri8 and TaCSN5-Ri10) were
initially validated using PCR (Figure S8a and Table S2) and RT-
gPCR assays (Figure S8b and Table S2), and selected for further
study. The two T, transgenic lines were further confirmed by
PCR and RT-qPCR assays (Figures S8c,d and 4a, and Table S2). It
is worth noting that only TaCSN5 and TaCSNé6 in wheat contain
an MPN domain, and the 225 bp-RNAi fragment was designed on
the MPN domain (Figure S9). The identity of the ORF region of
TaCSNé in the A, B, and D chromosome is 98.82% (Figure S10),

so we designed primers to detect TaCSN6 on three chromosomes
simultaneously (Table S2). No significant difference was found on
the transcript level of TaCSN6 in TaCSN5-RNAI lines compared
with that in the Fielder plants (Figure S8d). No obvious differences
were observed in the growth between TaCSN5-RNAi and Fielder
plants under normal growth conditions (Figure 4b). The second
leaf of all wheat plants was inoculated with fresh urediospores of
Pst races CYR23 and CYR33. At 14 days after inoculation, conspic-
uous HR symptoms appeared on all leaves after inoculation with
CYR23 (Figure 4c). The TaCSN5-RNA:I lines expressed enhanced
resistance with a significant reduction in sporulation compared
to Fielder plants inoculated with CYR33 (Figure 4c). Moreover,
compared with Fielder plants, the fungal biomass was significantly
reduced by 8% to 20% (Figure 4d). These results suggest that re-
duction in TaCSN5 expression improves wheat resistance to Pst

infection.
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FIGURE 3 Overexpression of TaCSN5 enhances wheat susceptibility to Puccinia striiformis f. sp. tritici (Pst) infection. (a) The transcript levels
of TaCSN5 in the leaves of T, generation TaCSN5-OE2 and TaCSN5-OES5 lines during Pst infection. The data were normalized to those for TaEF-
1a and presented as fold changes relative to Fielder plants. (b) Phenotypes of noninoculated TaCSN5 overexpression (OE2 and OE5) and Fielder
plants. (c) Foliar parts of TaCSN5-OE2 and TaCSN5-OES5 lines inoculated with Pst isolate CYR23 or CYR33. (d) Ratio of fungal to wheat nuclear
DNA content determined using the contents of fungal PstEF1 and wheat TaEF-1a genes, respectively. Genomic DNA was extracted from three
different plants at 7 days postinoculation. Error bars represent the variation among three independent replicates. Asterisks indicate significant
differences between that in transgenic plants and Fielder plants at the same time points using Student's t test (*p < .05; **p < .01)

2.5 | Histological changes in Pst growth in TaCSN5-
RNAIi and TaCSN5 overexpression plants

To determine whether the phenotypic changes in wheat leaves are
associated with fungal growth and development when TaCSN5 was
knocked down, leaf segments inoculated with CYR33 were examined
microscopically. We found that the length of hyphae, and the number
of haustorial mother cells and infection areas in TaCSN5-RNAi plants
showed a slight but nonsignificant decrease compared to Fielder
plants at 48 hpi. In addition, the infection areas per infection site were
obviously smaller in TaCSN5-RNAI plants compared with the Fielder
plants at 120 hpi (Figure 5). We tested TaCSN5 overexpression wheat
plants in the same way after inoculation with avirulent race CYR23.

We found that the length of hyphae, and the number of haustorial

mother cells and infection areas of TaCSN5 overexpression plants
compared with the Fielder plants at 48 hpi showed a slight but non-
significant increase. In addition, the infection areas per infection site
were obviously larger in TaCSN5 overexpression plants compared with
the Fielder plants at 120 hpi (Figure S11). These histological results
indicated that TaCSN5 promotes Pst growth.

2.6 | TaCSN5 negatively regulates multiple
pathogenesis-related genes during Pst infection

PR1 is considered to be a marker for infection resistance in plants to
improve disease resistance (Van Loon & Van Strien, 1999). PR2 has

an antibacterial effect due to its hydrolytic enzyme function (Mauch
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et al., 1988). Several studies have reported that PR5 can improve
the resistance of cereal crops to fungal diseases (Pritsch et al., 2000;
Schaffrath et al., 1997). To confirm the increased resistance in TaCSN5-
RNAI plants, the expression of three TaPR genes were examined by
RT-gPCR. As shown in Figure 6, TaPR1, TaPR2, and TaPR5 were up-
regulated during Pst infection (Figure 6a-c). At the same time, a cor-
responding decrease was shown in the TaCSN5 overexpression plants
(Figure S12a-c). Therefore, the results support the conclusion that
TaCSN5 enhances the susceptibility of wheat to the stripe rust fungus.

In Arabidopsis, CSN assists CUL3 ubiquitin ligase to degrade NPR1,
the key component of the SA-mediated disease resistance signalling
pathway (Chamovitz et al., 1996). Therefore, we further explored the
possibility that TaCSN5 affects the NPR1-like genes of wheat. Wheat
contains wNPR1, TaNH2, TaG3NPR1, and TaG7NPR1 genes including
the NPR1-like domain. wNPR1 is a member of the TaGSNPR1 gene

family, which are required for the SA-mediated expression of PR genes
(Wang et al., 2020). We determined the transcript levels of TaG3NPR1
genes, TaG7NPR1 genes, and TaNH2 in TaCSN5 overexpression plants
during Pst infection. We found that the transcript levels of TaG3NPR1
in TaCSN5 overexpression lines decreased significantly at 24 hpi
(Figure 6d), but the transcript levels of TaGZNPR1 and TaNH2 showed
little change relative to the Fielder plants (Figure 6e,f). Therefore,

TaCSN5 negatively regulates PR genes through TaG3NPR1 genes.
2.7 | TaCSN5 negatively regulates SA accumulation
during Pst infection

To determine whether TaCSN5 expression can affect SA balance in

wheat and thereby lead to increased susceptibility to Pst, we further
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points using Student's t test (*p < .05)

quantified the SA content in TaCSN5 overexpression, TaCSN5-RNA,
and Fielder plants during Pst infection. The SA concentration in
TaCSN5 overexpression plants was significantly decreased, but in
TaCSN5-RNA. plants it showed a significant increase at 48 hpi during
incompatible and compatible interactions (Figure 7). Our results indi-
cated that TaCSN5 negatively regulates wheat resistance against Pst

by affecting SA accumulation.

2.8 | TaCSN5-RNA:i lines express broad-spectrum
resistance to Pst

The previous steps confirmed that TaCSN5-RNAI lines have a clearly
resistant phenotype to CYR33. To verify whether TaCSN5 function is
specific to an individual Pst race, we used the CYR20, CYR22, CYR25,
CYR29, CYR31, CYR32, and CYR34 races to examine the resistance
of TaCSN5-RNA.i lines. It is worth noting that the current prevalent Pst
races in China are CYR32, CYR33, and CYR34 (Liu et al., 2017). We

found that both Fielder plants and transgenic lines were susceptible

to CYR31 (Figure 8a), CYR32 (Figure 8a), and CYR34 (Figure 8c), and
only a few fungal uredia surrounding the necrotic areas were observed
on leaves inoculated with CYR29 (Figure 8d). Compared with Fielder
plants, fungal biomass was significantly reduced in TaCSN5-RNAi
lines (Figure 8a-d). The Fielder plants and transgenic lines expressed
disease-resistance phenotypes to CYR20, CYR22, and CYR25. Their
phenotypes were not obviously different, and there was no signifi-
cant difference in fungal biomass (Figure S13a-c). In addition, we
determined the expression of PR genes at 48 hpi and found that the
transcript levels of TaPR1 and TaPR2 were significantly up-regulated
in TaCSN5-RNA. lines (Figure S13a-c). Thus, our results indicate that

TaCSN5-RNA. lines confer broad-spectrum resistance to Pst.

3 | DISCUSSION

Pathogenesis-related (PR) proteins are of great interest for en-
gineering plant disease resistance (Sels et al., 2008; Sinha

et al., 2014). During host-pathogen interactions, PR proteins not
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FIGURE 6 TaCSN5 down-regulates transcription of PR genes in wheat. The transcript levels of TaPR1 (a), TaPR2 (b), and TaPR5 (c) in
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in TaCSN5 overexpression lines during Pst infection. Quantitative reverse transcription PCR values were normalized to those for TaEF-1a.
The transcript levels of genes in Fielder plants at time O was standardized as 1. Error bars represent the variation among three independent
replicates. Asterisks indicate significant differences between that in transgenic plants and Fielder plants at the same time points using
Student's t test (*p < .05; **p <.01)
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FIGURE 8 TaCSN5-RNAi lines expressed broad-spectrum resistance to Puccinia striiformis f. sp. tritici (Pst). Foliar parts of T, generation
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from three different plants at 7 days postinoculation. Error bars represent the variation among three independent replicates. Asterisks
indicate significant differences between that in transgenic and Fielder plants using Student's t test (*p < .05)

only accumulate locally in the infected leaf, but are also induced
systemically (Hamamouch et al., 2011). In this study, we determined
that TaCSN5 performs a susceptibility function; the expression of PR
genes and TaG3NPR1 genes was significantly regulated (Figure 6d).
Overexpression of AtNPR1 in other plant species (e.g., rice and
wheat) enhances their resistance against multiple pathogens (Gao
et al., 2013; Quilis et al., 2008; Xu et al., 2017). Wheat wNPR1 and
barley HYNPR1 positively regulate resistance against powdery mil-
dew and stripe rust (Gao et al., 2018). The TaG3NPR1 genes are re-
quired for SA-mediated PR expression, and TaG7NPR1-7A negatively
regulates resistance to stem rust (Wang et al., 2020), indicating that
the number of NPR1 genes in wheat is higher than in Arabidopsis,
and the mechanism is more complicated. In this study, we showed
that TaCSN5 negatively regulated SA-induced AtPR1 expression
(Figure 2d). Therefore, we speculate that TaG3NPR1 genes function

similarly to the AtNPR1 gene. CSN assists CUL3 ubiquitin ligase to
degrade NPR1 in Arabidopsis (Chamovitz et al., 1996). We therefore
speculate that TaCSN5 is involved in the degradation of TaG3NPR1.
Overall, TaCSN5 contributes to negative regulation of wheat resist-
ance in an SA-dependent manner by affecting TaG3NPR1 genes
expression.

CSN is an evolutionarily conserved protein complex of 450-
500 kDa in all eukaryotes and typically CSN consists of eight sub-
units (Deng et al., 2000; Qin et al., 2020). In this study, AtCSN1 to
AtCSN8 were used as seed sequences to identify wheat TaCSNs.
The preliminary analysis of transcriptome data showed that TaCSN5
was down-regulated in the early stage of an incompatible interac-
tion during Pst infection and was up-regulated in the early stage of
a compatible interaction, and thus may play a role in susceptibility

(Table S2). The functional verification also confirmed our speculation.
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In Arabidopsis, both AtCSN5 and AtCSNé have two members (Pick
et al., 2009), but the BLAST search results of AtCSN5a and AtCSN5b
were both TaCSN5, the same as TaCSNé (Table S1). It is worth noting
that TaCSN5-5B was not retrieved from the EnsemblPlants database.
We obtained the sequence of TaCSN5-5B through genomic sequence
alignment and the local transcriptome database, which indicates that
TaCSN5-5B is present in wheat. Based on the phenotype and histolog-
ical data of TaCSN5-RNAi lines, we found that TaCSN5 and other CSNs
have no functional redundancy, indicating that TaCSN5 may be specific
for the susceptibility function in wheat (Figure 3).

Previous reports have shown that a CSN5-like gene can negatively
regulate disease resistance to Puccinia triticina, and that TaPR1 is sig-
nificantly inhibited (Zhang et al., 2017). We found that it is the same as
the gene in this study. TaCSN5-RNAI lines produced disease-resistant
phenotypes to five races, suggesting that TaCSN5 regulates disease re-
sistance to other rust fungi. Overexpression of TaCSN5 in Arabidopsis
resulted in susceptibility to the bacterial pathogen Pto DC3000. We
therefore speculate that TaCSN5 confers susceptibility to diverse
pathogens. In Arabidopsis, accumulation of the plant hormone SA and
transcriptional activation of PR genes are associated with SAR (Zheng
& Dong, 2013). In this study, TaCSN5 contributed to negative regulation
of wheat resistance in an SA-dependent manner, and PR genes were
also significantly regulated, so we speculate that TaCSN5 may nega-
tively regulate SAR. Therefore, TaCSN5 is a candidate susceptibility
gene and will not participate in wheat resistance. CRISPR has become
a revolutionary tool for plant genome editing (Wright et al., 2016). In
recent years, it has been reported that gene-editing technology has
been successfully applied in many crops and has improved important
traits such as heat resistance, cold tolerance, disease resistance, and
yield (Zaidi et al., 2018). Further study will be performed on editing
TaCSN5 with CRISPR.

4 | EXPERIMENTAL PROCEDURES
4.1 | Gene expression analysis

The transcript level of all TaCSN genes was determined using dual
RNA-Seq data in our laboratory. We sequenced two groups of wheat-
rust interaction combinations named NIL_R versus CYR32 and NIL_S
versus CYR32, and selected a series of time points at 0, 18, 24, 48, and
96 hpi. The specific method is the same as our previous study (Guo
etal, 2018).

The wheat cultivar Suwon 11 was used to amplify cDNA se-
quences of TaCSN5. Suwon 11, having the YrSu gene, is resistant
to race CYR23 but highly susceptible to race CYR31. For RNA ex-
traction, the second leaves inoculated with CYR23 or CYR31 or
treated with sterile distilled water (control) were harvested at O, 3,
6,9, 12, 18, 24, 48, 72, 96, 120, and 168 hpi. Total RNA was iso-
lated using a Quick RNA isolation Kit (Huayueyang) according to the
manufacturer's protocol and was quantified using a spectrometer
(NanoDrop). First-strand cDNA was synthesized from 3 mg of total
RNA, using the RevertAid First Strand cDNA Synthesis Kit (Thermo

Scientific), followed by RT-gPCR using ChamQ SYBR gqPCR Master
Mix (Vazyme). RT-gPCR was performed with a CFX Connect Real-
Time System (Bio-Rad). A 107-bp fragment of wheat housekeeping
gene TaEF-1a (GenBank accession number M90077.1) was amplified
as an internal reference for the RT-gPCR analysis, and the data were
calculated by the comparative 2722 method (Pfaffl, 2001).

4.2 | SA treatment

For SA treatments, 10-day-old wheat seedlings were sprayed with
2 mM SA dissolved in 0.1% (vol/vol) ethanol. Control plants were
sprayed with 0.1% ethanol (Liu et al., 2019). Samples were collected
at0,0.5,1, 2,4, 8, 12, and 24 hpt for RNA extraction and RT-qPCR.

The T, generation transgenic Arabidopsis thaliana seeds were
germinated and grown on Murashige & Skoog (MS) medium for
5 days, and then exposed to MS medium containing 50 uM SA (Lu
et al., 2018) under a day/night 16/8 hr cycle at 22 °C. A. thaliana
Col-0 plants were used as the control. They were sampled at 0, 1, 2,
4, and 8 hpt, and then used to extract RNA.

4.3 | Production of transgenic plants

The wheat cultivar Fielder was used as the receptor material to
generate transgenic plants. To produce TaCSN5 transgenic wheat
plants, the coding sequence of TaCSN5 was cloned into the plant
transformation vector pWMB110 driven by the maize ubiquitin
promoter. The 225-bp TaCSN5-specific forward fragment, the
146 bp intermediate intron sequence, and the 225 bp reverse
sequence of the specific fragment were synthesized by Beijing
AuGCT. To generate the pWMB110-TaCSN5-RNAI construct, the
recombinant DNA was inserted into the pWMB110 vector. For ge-
netic transformations, an Agrobacterium-mediated transformation
system was used (Hayta et al., 2019). For Arabidopsis, the coding
sequence of TaCSN5 was introduced into the plant transforma-
tion vector pCAMBIA1302 under the control of the CaMV 35S
promoter. The resultant constructs were confirmed by sequencing
and then transformed into Col-0 plants via the vacuum infiltration
method (Bechtold & Pelletier, 1998). Transgenic lines were initially
validated by amplifying the insertion of transgene in the genomic
DNA using a PCR assay (Table S2). The transcript levels of TaCSN5
in corresponding wheat transgenic lines were determined by RT-
gPCR assay (Table S2).

4.4 | GUS activity assay and Pto DC3000
inoculation

For the GUS activity assay, the promoter of TaCSN5 was amplified
from wheat cultivar Suwon 11, cloned into pCAMBIA1305, and
transformed into Col-0 plants as described in the previous study (Lu
et al., 2018).
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The Pto DC3000 was grown on King's B (KB) medium (King
et al., 1954) supplemented with 25 mg/L rifampicin for 48 hr at 28 °C
and resuspended in 10 mM MgCl, to OD,, = 0.002. Leaves of 4-week-
old plants were infected with the bacterial suspension by pressing a
1-ml syringe (without a needle) against the abaxial side of the leaves
and forcing the suspension through the stomata into the intercellular
spaces as described in the previous study (Lu et al., 2018). Plants were
sampled at 0 and 1 hr and then used to extract RNA.

4.5 | Fungalisolates and Pst inoculation

Pst races CYR20, CYR22, CYR23, CYR25, CYR29, CYR31, CYR32,
CYR33, and CYR34 were used in this study. Fielder contains Yré and
Yr20 genes (Chen, 2007) and shows an incompatible interaction with
Pst races CYR20, CYR22, CYR23, CYR25, and CYR29, and compat-
ible interaction with Pst races CYR31, CYR32, CYR33, and CYR34.
Wheat plants were grown in a greenhouse at 25/23 °C day/night tem-
peratures and long-day conditions (16 hr light/8 hr dark photoperiod).
The second leaf of T, generation TaCSN5 overexpression and TaCSN5-
RNAIi wheat plants were inoculated with urediospores of CYR23 or
CYR33. Leaves were collected at 0, 24, 48, and 120 hpi for RNA ex-
traction and histological study. At 14 days after inoculation with Pst,
the phenotypes were photographed and the inoculated leaves were
collected at 7 days to measure fungal biomass by quantitative PCR
(Qi et al., 2018). Transgenic wheat and Fielder plants were inoculated
with CYR20, CYR22, CYR25, CYR29, CYR31, CYR32, and CYR34, and

fungal biomass was measured by the same method (Qi et al., 2018).

4.6 | Histochemical observation

For histochemical analysis, the leaves inoculated with CYR23 or
CYR33 were sampled at 48 and 120 hpi. Wheat germ agglutinin con-
jugated to Alexa-488 (Invitrogen) was used to obtain high-quality
images of Pst infection structures in wheat leaves. Stained tissues
were observed under blue light excitation (excitation wavelength
450-480 nm, emission wavelength 515 nm). Infection sites (30-50)
were observed to record the hyphal length, number of haustorial
mother cells, and infection areas of hyphae in infected wheat per
unit. The presence of a substomatal vesicle was defined as an estab-
lished infection unit. The hyphal length of Pst was measured from
the base of the substomatal vesicle to the apex of the longest infec-
tion hypha. A BX-51 microscope (Olympus) was used for all micro-

scopic observations. Experiments were repeated three times.

4.7 | SA quantification

For the quantification of SA, approximately 0.1 g of fresh leaf tissue of
transgenic wheat and Fielder plants was used to extract SA at 48 hpi
during Pst infection, and analysed with HPLC-MS (Qtrap 5500; AB
SCIEX) with the protocol previously described (Segarra et al., 2006).
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