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Abstract

Background Zinc finger proteins (ZFPs) are important regulators in abiotic and biotic stress tolerance in plants.
However, the role of the ZFPs in wheat responding to pathogen infection is poorly understood.

Results In this study, we found TaZFP8-58 was down-regulated by Puccinia striiformis f. sp. tritici (Pst) infection.
TaZFP8-5B possesses a single C2H2-type zinc finger domain with a plant-specific QALGGH motif, and an EAR

motif (LxLxL) at the C-terminus. The EAR motif represses the trans-activation ability of TaZFP8-5B. Knocking down
the expression of TaZFP8 by virus-induced gene silencing increased wheat resistance to Pst, whereas TaZFP8-58-
overexpressing reduced wheat resistance to stripe rust and rice resistance to Magnaporthe oryzae, suggesting

that TaZFP8-5B plays a negative role in the modulation of plant immunity. Using bimolecular fluorescence
complementation, split-luciferase, and yeast two-hybrid assays, we showed that TaZFP8-5B interacted with a wheat
calmodulin-like protein TaCML21. Knock-down of TaCML21 reduced wheat resistance to Pst.

Conclusions This study characterized the function of TaZFP8-5B and its interacting protein TaCML21. Our findings
provide a new perspective on a regulatory module made up of TaCML21-TaZFP8-58 in plant immunity.
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Background

Plants suffer from possible invasion of pathogens
throughout their life cycle. To defend pathogen attack,
plants have developed two major innate immune sys-
tems: i.e. pattern-triggered immunity (PTI) and effector-
triggered immunity (ETT) [1, 2]. PTI is induced by several
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Transcriptional reprogramming is a major feature
of plant immunity and is regulated by a series of tran-
scription factors (TFs) and proteins associated with dis-
crete transcriptional complexes [7]. TFs, such as WRKY,
ethylene-responsive factor/APETALA2, basic-domain
leucine-zipper, basic helix-loop-helix, and NAM/ATAF/
CUC are involved in plant immunity [8—11]. Zinc finger
proteins (ZFPs) are the largest family of transcription
regulators in plants. ZFPs can be categorized into vari-
ous subfamilies such as C2H2, C2HC, C2HC5, C3HC4,
CCCH, C4, C4HC3, C6, and C8 types [12]. The C2H2-
type ZFPs (C2H2-ZFPs) are known to have an important
role in regulating the plant defense response to biotic
and abiotic stresses [5, 13, 14]. For example, GmZFP03
modulates the expression of two superoxide dismutasels
to improve resistance against Phytophthora sojae in soy-
bean [15]; Bsr-d1 regulates the expression of H,0,-deg-
radation enzymes to accomplish rice blast resistance [5];
ZFP36 is a key regulator in ABA-induced antioxidant
defense [16]; PeSTZ1 from Populus euphratica enhances
freezing tolerance through the modulation of ROS scav-
enging by direct regulation of the PeAPX2 expression
[17].

There are numerous C2H2-ZF genes in wheat (7riti-
cum aestivum L.) and some of them are reported to be
involved in the abiotic stress tolerance. For instance,
Li et al. [18] identified 457 C2H2-ZFPs from the wheat
genome and 18 C2H2-ZFPs were induced by heat and
drought stresses; The overexpression of TaZFPIB or
TaZFP13D significantly enhanced antioxidant enzyme
activity and improved wheat tolerance to drought [19,
20]. TaZAT8 plays a significant role in regulating toler-
ance to the inorganic phosphate (Pi)-starvation [21].
However, the role of the C2H2-ZFPs in wheat responding
to pathogen infection has been less reported.

Wheat stripe rust, caused by Puccinia striiformis £. sp.
tritici (Pst), is one of the most devastating fungal diseases
of wheat. Improving host genetic resistance is a sustain-
able strategy to control this pathogen disease [22]. The
plant defense response is determined by major resis-
tance genes (R genes) and/or disease-resistant related
genes that are involved in the defense responses [23].
Major R-genes are critical for the activation of hypersen-
sitive response and often provide race-specific disease
resistance [24]. The disease-resistant related genes are
regulators in the pathogens’ defense pathway and their
transcripts change are associated with defense response.
Therefore, a continuous understanding of the regulation
mechanisms of the defense-responsive genes in wheat
against Pst infection are important to develop new dis-
ease resistance strategies.

In the present study, we have characterized the func-
tion of C2H2-ZF gene, TraesCS5B02G229800 (TaZFP8-
5B hereafter), which was induced by Pst inoculation.
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Knock-down of TaZFP8 significantly improved wheat
resistance against Pst, whereas the overexpression of
TaZFP8-5B reduced the Pst resistance. Heterologous
overexpression of TaZFP8-5B in rice enhanced plants
susceptibility to Magnaporthe oryzae. The TaZFP8-5B
interacted physically with a CaM-like protein TaCML21
which served as a positive regulator for stripe rust resis-
tance. Our results demonstrate that the TaCML21-
TaZFP8-5B complex is a potential key regulator of plant
immunity.

Materials and methods

Plant materials and Pst inoculation

Two wheat cultivars, Shumail26 and Fielder were used
in the current study. Shumail26 was used to amplify the
cDNA sequences of TuZFP8-5B and TaCML21 and con-
duct BSMV-mediated gene silencing experiments. Fielder
was used as receptor material to create TaZFP8-5B-over-
expressed transgenic wheat plants. Shumail26 showed
intermediate resistance to Pst race CYR34 at the seed-
ling stage [25], while Fielder is susceptible to CYR34 and
resistant to CYR23 [26]. The rice cultivar (Oryza sativa L.
ssp. Japonica) Zhonghuall (ZH11) was also transformed
to generate TaZFP8-5B-overexpressed plants. Tobacco
(Nicotiana benthamiana) was used for transiently
expression and sub-cellular localization assays.

Wheat seedlings were grown in a growth chamber
under a 16/8 h, 20/16 °C light/dark cycle. The Pst races
CYR23 or CYR34 were used to inoculate the wheat
plants as described by He et al. [27]. Seedlings sprayed
with isododecane served as a mock control. Inoculated
and mock-inoculated leaves were sampled at different
days post inoculation (dpi) for expression analysis. Three
biological replicates were conducted for each time point.

RNA extraction and expression analysis

Total RNA from the seedling leaves was isolated using
TRNzol Universal Reagent (Tiangen Biotech Co., Ltd.,
Beijing, China) according to the manufacturer’s instruc-
tions. First-strand cDNA synthesis was performed using
the Hifair® III 1st Strand cDNA Synthesis Super Mix kit
(Shanghai Yeasen Biotechnology Co., Ltd., Shanghai,
China). Quantitative real-time PCR (qRT-PCR) was per-
formed in a 10.0 pL reaction volume including 1.0 pL
diluted cDNA, 5.0 pL. TB Green® Premix Ex Taq™ II (Tli
RNaseH Plus) (TaKaRa), 400 nM of each primer. The Bio-
Rad CFX96 Real-Time PCR System (Bio-Rad, Hercules,
CA, USA) was used for amplification under the following
program: 95 °C for 3 min, 40 cycles of 95 °C for 10 s, and
60 °C for 10 s. Primers were designed using the qPCR
primer database (https://biodb.swu.edu.cn/qprimerdb/)
(Supplementary Table S1). The wheat elongation factor
TaEF-1a (GenBank accession no. Q03033), and the rice
OsUbiquitin 5 (GenBank accession no. AK061988) were
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used as the internal references, respectively. The expres-
sion level was quantified using the 9-AACT method [28].

Sequence analysis

The TaZFP8-5B and TuCML21 sequences were ampli-
fied from the cDNA library of Shumail26 seedling leaves
inoculated with Pst race CYR34 using specific markers
(Supplementary Table S1). The amino acid sequences and
protein domains of TaZFP8 and TaCML21 were retrieved
from the SMART website (http://smart.embl-heidelbe
rg.de/). Multiple sequence alignments were carried out
using MULTALIN (http://multalin.toulouse.inra.fr/mul
talin/multalin.html). The molecular sizes of TaZFP8 and
TaCML21 were predicted using the Compute pI/Mw tool
(https://web.expasy.org/compute_pi/). A phylogenetic
tree was constructed with MEGA 11 software (http://ww
w.megasoftware.net) using the neighbor-joining method
with 1000 bootstrap replicates.

Plasmids construction

The coding sequences of TaZFP8-5B and TuCML21 were
amplified from Shumail26 using primers containing
BamHI and Sall restriction sites as overhangs. The PCR
products were inserted into the plant binary expression
vector pCAMBIA2300 with an enhanced green fluores-
cent protein (eGFP) tag. For barley stripe mosaic virus-
induced gene silencing (BSMV-VIGS) system, selected
fragments of TaZFP8 and TaCML21 were amplified
and inserted into the BSMV-y vector [29]. The TuZFP8-
5B and TaCML21 were sub-cloned into pSPYNE and
pSPYCE with Xbal+Kpnl and Xbal restriction sites to
generate pSPYNE-TaZFP8-5B and pSPYCE-TaCML21
vectors for bimolecular fluorescence complementation
(BiFC) assay. The TaZFP8-5B was linked to the N-termi-
nal part of the luciferase reporter gene LUC to generate
nLUC-TaZFP8-5B vector and TaCML21 was fused with
the C-terminal part of LUC to construct TaCML21-
cLUC for split-luciferase (LUC) assay. The primers used
in this study are listed in Supplemental Table S1.

BSMV-mediated gene silencing

Different vectors were linearized using appropriate
enzymes and transcribed to RNA in vitro. Transcripts
of BSMV:a, B, y (or y-gene) were mixed in a 1:1:1 ratio
and then added to the FES buffer. The third leaves of
Shumail26 seedlings were infected with the virus mix-
ture as described by Holzberg et al. [29]. The infected
plants were then maintained in a 16/8 h, light/dark cycle
at 28 ‘C for approximately 12 days. Following this, the
fifth leaves were inoculated with uredospore of Pst race
CYR34, and sampled at 1, 2 and 5 dpi for silencing effi-
ciency estimation. The disease phenotype was recorded
at 14 dpi.
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Histological observation

Seedling leaves sampled at 1 and 5 dpi were observed
for the hyphal development of Pst. Leaf segments were
stained with wheat germ agglutinin (WGA) (Alexa-488;
Thermo Fisher Scientific) conjugated with a fluores-
cent dye as described by Wang et al. [25] and were fur-
ther observed using an BX-63 fluorescence microscope
(Olympus Corp. Tokyo, Japan). The average value of
hyphal length and infection areas from at least 30 infec-
tion sites of three independent biological repeats were
calculated with Image]J software.

Yeast two-hybrid assay

A high-quality Y2H library, previously constructed using
Pst-infected wheat seedling leaves of Y715 introgression
line AVS+Yri5 (pedigree: V763/6*Avocet) [30], was
screened using the Matchmaker GAL4 system (Clontech
Laboratories) to identify candidate targets that interact
with TaZFP8-5B. The pGBKT-TaZFP8-5B and pGAD-
TaCML21 as well as other candidate targets were co-
transformed into the yeast strain Y2HGold and grown on
the selective medium (SD/-Trp/-Leu, SD/-Trp/-Leu/-His,
and SD/-Trp/-Leu/-His/-Ade).

Agrobacterium tumefaciens infiltration assays
The Agrobacterium tumefaciens strains GV3101 (pSoup-
p19, Weidi, Shanghai) were transformed with different
recombinant vectors and then grown on LB medium
supplemented with rifampicin (50 mg L™') and kana-
mycin (50 mg L™') at 28 °C for 24 h. The recombinant
strains were adjusted to an optical density of 0.6 at
600 nm (OD600) and then infiltrated into 4-week-old
N. benthamiana leaves. The transformed N. benthami-
ana plants were grown in a greenhouse at 20 °C with a
16 h/8 h light/dark photo-period for subsequent analysis.
The Agrobacterium strains carrying pCAMBIA35S-
TaZFP8-5B-eGFP and pCAMBIA35S-TaCML21-eGFP
were infiltrated into N. benthamiana leaves for sublocal-
ization. The eGFP fluorescence signals were observed
using a laser-scanning confocal microscope at 48 h post
infiltration (hpi). The Agrobacterium strains carrying
pSPYNE-TaZFP8-5B and pSPYCE-TaCML21 were co-
infiltrated into N. benthamiana leaves for BiFC. Two
days after infiltration, YFP fluorescence was captured by
a Leica STELLARIS STED/EM CPD300 Confocal Laser
Microscope with a 488 nm laser. Agrobacteria carrying
nLUC-TaZFP8-5B and TaCML21-cLUC were co-infiltra-
tion into N. benthamiana leaves for split-LUC. 48 h after
transfection, the 1-mM luciferin (Coolaber, China) was
sprayed onto the inoculated leaves and the LUC activity
was analyzed by a ChemiDoc imaging system (BIO-RAD,
USA).
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Overexpression of TaZFP8-5B in wheat and rice plants

The coding sequence (CDS) of TuZFP8-5B was fused
into the downstream of the maize ubiquitin promoter
to generate overexpression vector ProlUbi: TaZFP8-
5B. The vector was transformed into the wheat cultivar
Fielder using the PureWheat technique developed by the
Japan Tobacco Company. Positive TaZFP8-5B transgenic
plants were identified by PCR using universal primers.
The second leaves of the T, transgenic lines were chal-
lenged with the avirulent Pst race CYR23. At 16 dpi, the
disease phenotype was observed and the infected wheat
leaves were sampled for fungal biomass analysis. The Pst
biomass was calculated using the DNA amounts of fungal
PstEF against the wheat TaEF-1a amounts by quantita-
tive PCR [26].

The CDS of TaZFP8-5B was inserted into the pCAM-
BIA2300-CaMV35S-GFP vector to generate TaZFP8-5B-
GFP. The construct was introduced into A. tumefaciens
strain GV3101 and then transformed into rice cv. ZH11.
Positive T, transgenic plants were confirmed by PCR
amplification using a gene-specific primer set (Table
S1) and were further self-pollinated. T, transgenic lines
were detected by PCR and the expression of TuZFP8-5B
was estimated by qRT-PCR using OsUbiquitin 5 as the
endogenous control. Positive lines were selected to evalu-
ate resistance to Magnaporthe oryzae strain GZ8 using a
punch inoculation method as described by Li et al. [31].
After 7 dpi, the infected leaves were sampled for relative
fungal biomass quantitation using the DNA amounts
of M. oryzae Pot2 (Mopot2) against rice ubiquitin DNA
amounts [32]. All experiments were repeated three times
with consistent results.

Results

Identification of TaZFP8

Utilizing our previous RNA-seq data from AVS+Yri5
(highly Pst-resistant), we found the expression levels of
TraesCS5B02G229800 (TaZFP8-5B) were significantly
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reduced by Pst inoculation (Fig. 1a). qRT-PCR analy-
sis confirmed that the expression levels of TraesC-
S§5B02G229800 were significantly down-regulated by the
Pst infection in wheat lines AVS+Yr15 and Shumail26 at
different time points (Fig. 1b, c), implying the potential
role of TraesCS5B02G229800 in wheat defense response.

The TraesCS5B02G229800 was 1318 bp in length,
with a predicted open reading frame (ORF) of 915 bp,
encoded a 304 amino-acid protein with a molecular
weight of 26.6 kDa and a pI of 12.67. The N-terminus of
the predicted protein possesses a single C2H2-type zinc
finger domain with a plant-specific QALGGH motif,
and an ethylene-responsive element binding factor-asso-
ciated amphiphilic repression (EAR) motif (LxLxL) at
the C-terminus (Fig. Sla, b). The TaZFP8-5B sequence
in AVS+Yrl5 is identical to TraesCS5B02G229800,
while two synonymous SNPs (C510G and G672A) were
detected in Shumail26.

Phylogenetic analysis revealed that TaZFP8-5B was
clustered with T. dicoccoides zinc finger protein 8-like
protein (TdZFP8, accession number XP_037441652.1)
and shared high similarity (>96%) with Aegilops taus-
chii AetZFP8 (XP_020188179.1) and Hordeum vulgare
HvZFP8 (XP_044946812.1) (Fig. S1lc). Three homologs
of TaZFP8 in Chinese Spring with 96—-100% nucleotide
sequence similarity were identified on chromosomes 5A,
5B, and 5D.

To investigate its localization in plants, we performed
a subcellular localization experiment using N. benthami-
ana leaves. The fusion construct TaZFP8-5B-eGFP was
transiently expressed in N. benthamiana. The fluores-
cence signal of the TaZFP8-5B-eGFP protein was only
observed in the nucleus (Fig. S2), implying that TaZFP8-
5B is located in the nucleus.
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Fig. 1 The expression patterns of TaZFP8 upon Pst inoculation. (a) Expression levels of TraesCS5802G229800 and its homologs in wheat leaves of AVS + Yr15
inoculated with Pst race CYR34 detected by RNA-seq. Expression levels of TaZFP8-58in Pst-resistant wheat lines AVS + Yr15 (b) and Shumai126 (c) measured
by gRT-PCR. Error bars represent SEM from three replications. Asterisks represent the level of significant differences. *p <0.05, **p <0.01, and ***p < 0.001
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Knockdown of TaZFP8 enhances wheat resistance to stripe production [33], and a candidate catalase (i.e., TaCAT)
rust as well as a superoxide dismutase (i.e., 7aSOD) which
To determine the function of TaZFP8 in Pst resistance, are involved in ROS signaling. We found higher expres-
two specific cDNA fragments were chosen to simulta- sion levels of TaRboh, whereas lower levels of TuCAT
neously silence three copies of TaZFP8 on wheat chro- and 7aSOD in BSMV:TaZFP8 plants compared to the
mosome 5, due to the high similarity (95.53 to 96.73%) control (Fig. 2e). These data suggest that simultaneous
between the three copies. The BSMV:TaZFP8 and knockdown the three copies of 7aZFP8 on chromosome
BSMV:y leaves had chlorotic mosaic symptoms and no 5 enhances wheat resistance to stripe rust pathogen.
other evident defects. Photobleaching was observed in
plants inoculated with BSMV:PDS (Fig. 2a), indicating  Overexpression of TaZFP8-5B reduces plant disease
that the silencing system was functioning correctly. After  resistance
Pst inoculation, we observed less urediniospore produc-  To specifically determine the role of TaZFP8-5B dur-
tion and necrosis on leaves treated with BSMV:TaZFP8  ing the wheat-Pst interaction, we generated TauZFP8-5B
compared to the control (Fig. 2b). The transcript levels  overexpressing lines in the wheat cultivar Fielder. Two
of TaZFP8 were decreased by 42-67% in BSMV:TuZFP8  positive T, transgenic plants TaZFP8-5BOE-J#2 and
leaves (Fig. 2¢). TaZFP8-5BOE-J#12 were obtained by PCR and qRT-
Histological analysis was performed to characterize the =~ PCR analysis (Fig. S4a). When inoculated with avirulent
disease symptoms in TaZFP8-silenced leaves. Pst hyphal  Pst race CYR23, Fielder leaves showed prominent cell
length was obviously decreased and Pst infection areas  death with no visible urediniospore pustules, whereas T,
were significantly (p<0.001) reduced in BSMV:TaZFP8  plants overexpressing TaZFP8-5B produced pustules and
leaves compared to the controls (Fig. S3). had 67.1% and 81.3% increase in fungal biomass (Fig. 3a
To evaluate whether the expression level of defense- and b), indicating a negative role in wheat against stripe
related genes in TaZFP8-silenced leaves was affected  rust pathogen.
by Pst infection, transcripts of two wheat pathogenesis- To further investigate the role of TaZFP8 in plant
related (PR) genes (TaPR1 and TaPR2) were examined defense responses, we constructed rice lines heterolo-
by qRT-PCR. Transcript levels of TaPR1 and TaPR2  gous expression of TuZFP8-5B. Five T, transgenic lines
were significantly induced in TaZFP8-knockdown plants  (TaZFP8-5B OE-#1 to TaZFP8-5B OE-#5) expressing
(Fig. 2d). We further assayed the expression of marker = TaZFP8-5B were obtained and two of them (OE-#1 and
gene TaRboh which was reported to mediate H,O, OE-#2) with higher gene expression levels were selected
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Fig. 2 Silencing TaZFP8 increases wheat resistance to Pst. (a) The third leaves of wheat cultivar Shumai126 were inoculated with BSMV:y, BSMV:PDS,
BSMV:TaZFP8-1as and BSMV:TaZFP8-2as vectors. The virus symptoms (BSMV:y and BSMV:TaZFP8) and photobleaching phenotypes (BSMV:PDS) on leaves
were observed and photographed 10 days after infection. Mock, wheat leaves inoculated with FES buffer. (b) The resistance phenotype of the fifth leaves
at 14 dpi, inoculated with Pst CYR34. (c-e) Relative expression of TaZFP8, TaPR1, TaPR2, TaRboh, TaCAT, and TaSOD in wheat leaves at 1 dpi. The transcript
levels of the genes were detected by gRT-PCR. Error bars represent SEM from three independent biological replicates. Asterisks represent the level of
significant differences. *p <0.05, **p <0.01, and ***p <0.001
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Fig.3 TaZFP8-58 negatively regulates plant disease resistance. (a and b) Overexpression of TaZFP8-5B increases wheat susceptibility to stripe rust. Fielder
and TaZFP8-5B OE lines (TaZFP8-5B OE-J#2 and TaZFP8-5B OE-J#12) were inoculated with Pst CYR23, and disease symptoms were observed at 16 dpi
(@), and fungal biomass in infected leaves was measured by gPCR (b). (c-e) Overexpression of TaZFP8-5B reduces rice resistance to Magnaporthe oryzae.
(c) Disease symptoms of TaZFP8-58 OE lines (TaZFP8-5B OE-#1 and TaZFP8-5B OE-#2) and control. (d) Lesion length and (e) relative fungal growth were
measured on leaves at 7 dpi. Error bars represent SEM from three independent biological replicates. Asterisks represent significant differences. ***p < 0.001

for punch-inoculation (Fig. S4b). M. oryzae inoculation
assay showed that the disease symptoms became more
severe in TaZFP8-5B OE lines with significantly larger
lesion sizes than ZH11 (Fig. 3c, d). Consistently, the
fungal biomass in TuZFP8-5B OE lines was significantly
higher than the control (Fig. 3e). To evaluate whether the
expression of TuZFP8-5B affects the transcripts of ROS-
related marker genes, we detected the expression levels
of OsRbohA [5], OsCAT, and OsSOD [34] in TaZFP8-5B
OE-#1 and -#2 transgenic lines (Fig. S4c). The results
showed that the expression levels of OsCAT and OsSOD
were significantly higher in OE lines than those in wild-
type plants. The relative expression of OsRbohA was sig-
nificantly increased in OE-#1 but not in OE-#2. Taken
together, these results demonstrate that TaZFP8-5B
functions as a negative regulator in plant disease resis-
tance pathways.

EAR motif represses the trans-activation ability of
TaZFP8-5B in yeast

The EAR motif was found to be essential for transcrip-
tional repression in plants [35, 36]. TaZFP8-5B con-
tains an EAR motif at the C-terminus. To examine the
transcriptional activity of TaZFP8-5B, fusion plasmids
pBD-TaZFP8-5B (1-915 bp, full-length coding region),
pBD-TaZFP8-5BAEAR (1-894 bp, EAR deletion) (Fig. 4a),
pBD-53 (positive control), and pBD-Lam (negative con-
trol) were separately co-transformed with pGADT7
into the yeast strain Y2HGold. The transformants har-
boring pBD-53 or pBD-TaZFP8-5B“EAR grew well and
colonies turned blue on SD/-Trp/-His/-Leu medium sup-
plemented with X-a-gal, while transformants contain-
ing pBD-TaZFP8-5B or pBD-Lam did not (Fig. 4b). This
results indicate that the EAR motif can repress the trans-
activation ability of TaZFP8-5B in yeast cells.
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Fig.4 Transcription activity assay of full-length or truncation of TaZFP8-5B in yeast. (a) lllustration of pGBKT7-TaZFP8-5B (full-length) and pGBKT7-TaZFP8-
5BAEAR (EAR motif deletion mutant), and pGBKT7 constructs. (b) The constructs were separately transformed into yeast strain Y2HGold and diluted yeast
solutions were dropped onto SD/-Leu/-Trp, and then onto SD/-Leu/-Trp/-His/X-a-gal media, respectively. Photographs were recorded after 2-d of incuba-

tion. All experiments were repeated three times with consistent results

TaZFP8-5B interacts with a calmodulin-like protein,
TaCML21

To identify the interacting proteins of TaZFP8-5B, we
used TaZFP8-5B as a bait to screen the Y2H library of
AVS+Yr15 which was constructed using RNA from Pst
CYR34-infected wheat seedling leaves. A wheat calmod-
ulin-like (CML) protein was identified as an interacting
protein of TaZFP8-5B. The CML protein had the highest
sequence similarity with CML21 in common wheat. Phy-
logenetic analysis showed its relatedness to other plant
CML21 proteins, such as TdCML21, ZmCML21, and
OsCML21 (Fig. S5). We therefore designated the CML
protein as TaCML21.

We further analyzed the subcellular localization of
TaCML21 in N. benthamiana leaf cells. When N. ben-
thamiana leaves transformed with fusion construct
TaCML21-eGFP, fluorescent signals were observed in
both the cytoplasm and nucleus (Fig. S6).

We cloned TaCML21 into the pGADT7 and TaZFP8-
5B into the pGBKT?7. The growth of the Y2HGold strain
co-transformed with AD-TaCML21 and BD-TaZFP8-5B

on SD/-Trp/-Leu/-His/-Ade/X-a-gal medium, confirm-
ing the interaction between TaZFP8-5B and TaCML21
(Fig. 5a). The BiFC assay was used to further verify the
interaction between TaZFP8-5B and TaCML21. Yel-
low fluorescent protein (YFP) signals were detected
in the nuclei when TaZFP8-5B and TaCML21 were
co-expressed in tobacco cells, whereas no signal was
observed in the negative controls, indicating that
TaZFP8-5B interacts with TaCML21 in the nucleus
(Fig. 5b). Additionally, the TaZFP8-5B-TaCML21 interac-
tion was further confirmed by LUC assay. Strong lumi-
nescence signals were observed in the area co-expressed
TaZFP8-5B and TaCML21 proteins, while no signal was
detected in the area expressed either nLUC-TaZFP8-
5B+cLUC or nLUC+TaCML21-cLUC (Fig. 5c). These
data therefore demonstrate the interaction between
TaZFP8-5B and TaCML21.
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Fig. 5 TaZFP8-5B interacts with TaCML21. (a) Analysis of interaction between TaZFP8-5B and TaCML21 using yeast two-hybrid assay. Yeast cells of Y2H-
Gold strains transformed with the recombinant constructs were assayed for growth on SD/-Leu/-Trp and SD/-Trp/-Leu/-His/-Ade/X-a-gal mediums. pBD-
53/pAD and pBD-lam/pAD were positive and negative controls, respectively. (b) Confirmation of the interaction between TaZFP8-5B and TaCML21 using
BiFC assay. pNE-TaZFP8-5B/pCE and pNE/pCE-TaCML21 were negative controls. Scale bars =50 pm. (c) Detection of the TaZFP8-5B-TaCML21 interaction in
N. benthamiana leaves transiently expressing the constructs by luciferase complementation imaging assay. OsBIK1 and OsXLG2 are the reported interact-
ing proteins that were used as positive control. The LUC empty vector was used as the negative control

Silencing of TaCML21 reduces the wheat stripe rust
resistance

We used VIGS system to test the effect of TaCML21 on
Pst resistance. Two gene-specific fragments of TaCML21
(150-bp and 143-bp) were inserted into BSMV:y plasmid.
When the Pst CYR34 was inoculated on BSMV-infected
leaves, uredinia in TaCML21-knockdown leaves were
increased compared to BSMV:y and mock controls at 14
dpi (Fig. 6a). The transcription of TaCML21 was reduced
by 36—-65% in TaCML21-silenced leaves from 1 to 5 dpi
(Fig. 6b). Pst hyphal length and the infection areas of
Pst were much larger in TaCML21-silenced leaves than
those of controls (Fig. S7a-c). We further assessed the
transcript levels of defense-related genes in TaCML21-
knockdown leaves inoculated with CYR34. Transcript
levels of TaPR1 and TaPR2 were significantly lower in
TaCML2I1-knockdown leaves inoculated with CYR34
compared to that in the controls (Fig. 6¢). These results
indicate that silencing of TaCML21 reduced the wheat
stripe rust resistance.

Discussion

Previous studies showed that ZFPs regulated wheat
responses to abiotic stresses such as heat, drought, and
inorganic phosphate (Pi)-starvation [19-21]. Here, we
report a wheat C2H2-type ZFP (TaZFP8-5B) functions as
a negative regulator in plant immunity, as demonstrated
by VIGS assay and transgenic complementation. We

show that TaZFP8-5B interacted with TaCML21, which
is positively involved in wheat resistance against Pst.
TaZFP8-5B possesses a single ZF domain with a con-
served QALGGH motif at the N-terminus, and an EAR
motif at the C-terminus, which shares a similar struc-
ture to typical C2H2-ZFPs in plants [13, 14]. Previous
studies showed that C2H2-ZFPs with a single zinc fin-
ger structure are mainly associated with plant growth
and development [13, 14, 37]. A recent study shown that
wheat C2H2-ZFPs with single zinc finger motif may have
potential roles in responses to biotic stresses [38]. In the
present study, we showed that the TaZFP8-5B with sin-
gle zinc finger motif worked as a negative regulator for
disease resistance, supporting the involvement of a sin-
gle ZFP in biotic stress responses. The QALGGH motif
is widely present in the ZFPs of both dicots and mono-
cots plants [39, 40] and was considered as a necessary
element for DNA-binding activity [41]. The function of
the QALGGH motif in TaZFP8-5B needs to be further
investigated. The EAR motif is the major form of tran-
scriptional repression element in plants, which is known
to function as negative regulators in a broader context
of gene regulation [42]. In the present study, we showed
that the EAR motif can inhibit the transactivation abil-
ity of TaZFP8-5B in yeast cells (Fig. 4). Further quantita-
tive expression analysis revealed that 7aPRI and TaPR2
genes were up-regulated in TaZFP8-knockdown plants.
Therefore, we speculate that the TaZFP8-5B may have a
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Fig. 6 Knocking down TaCML21 reduces resistance to Pst. (a) The disease symptoms were photographed 14 days after Pst race CYR34 inoculation on
the fifth leaf of BSMV-inoculated Shumai126. (b-c) Relative expression levels of TaCML21 and PR genes TaPRT and TaPR2 in leaves inoculated with CYR34
were evaluated by gRT-PCR at 1 dpi. Error bars represent SEM from three independent biological replicates. Asterisks represent the level of significant

differences. *p <0.05, **p <0.01, and ***p < 0.001

role in regulating the downstream gene expression nega-
tively which is consistent with those of previous reports
for C2H2-ZFPs [43, 44].

In the present study, we found TaCML21 is a direct
partner of TaZFP8-5B (Fig. 5). CML proteins were known
to function as Ca®" sensors and transducers in plant-
pathogen signaling [45-48]. Increasing evidence shows
that reduction of CML expression or loss of CML func-
tion in plants strongly affects immune responses [49]. For
example, silencing of CML24 in Arabidopsis impaired
the defense response to bacterial strains of Pseudomonas
syringae [50]. NtCaM13-knockout tobacco plants reduces
basal resistance against pathogens [51]. In the current
study, TaCML21-silenced wheat leaves display enhanced
plant susceptibility to stripe rust and the deregulation of
PR gene expression, suggesting that TaCML21 also acts
as a positive regulator in plant immunity.

In plants, the CaM/CML family can bind various pro-
teins including diverse TFs [52]. Recent reports demon-
strated that the CaM-TF complex functions as a repressor
in regulation of gene expression [53, 54]. Upon pathogen
attack, the elevation of nuclear Ca*" signal interacts with
CaM-TF which relieves transcriptional repression con-
ferred by the CaM-TF complex and leads to de-repress

the expression of the immune system [53]. In the current
study, we showed that TaCML21 interacts with TaZFP8-
5B. TaCML21 functions as a positive regulator, whereas
TaZFP8-5B is a negative regulator in plant immune
responses. We hypothesize that the possible mechanism
of TaCML21-TaZFP8-5B in defense responses may fit
the transcription repression and de-repression model
[53]. In this scenario, the TaCML21-TaZFP8-5B complex
may act as a repressor of the plant immune response by
their interactions with promoters of target gene(s) in the
absence of pathogen attack; upon pathogen infection,
the increased Ca" signal could interact with TaCML21-
TaZFP8-5B complex and affects the protein conforma-
tion, causing the abrogation of transcriptional repression
and activation of plant defense responses (Fig. S8). Fur-
ther study is required to clarify the regulation mechanism
of the TaCML21-TaZFP8-5B complex in plant immunity.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512870-024-05843-6.

Supplementary Figure S1: Sequence analysis of TaZFP8. (a) Schematic
diagram of TaZFP8 protein structure. (b) Sequence alignment of TaZFP8
with other C2H2-type ZFPs. The sequences were aligned with DNAMAN
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software. C2H2-ZF domain (gray), QALGGH conserved motif (green), and
EAR motif (blue). (c) Phylogenetic analysis of TaZFP8. Different C2H2-ZFs
from T. aestivum (Ta), T. dicoccoides (Td), Hordeum vulgare (Hv), Zea mays
(Zm), Oryza sativa (Os), Setaria italica (Si), Aegilops tauschii (Att), Arabidopsis
thaliana (At), Solanum tuberosum (St), Nicotiana benthamiana (Nb) and Vitis
vinifera (Vv) were used for the phylogenetic analyses using MEGA11

Supplementary Figure S2: Subcellular localization of TaZFP8-5B protein.
TaZFP8-5B-eGFP fusion protein and eGFP were separately mixed with NLS-
mRFP (nuclear localization marker protein) and expressed in the leaves of
N. benthamiana

Supplementary Figure S3: Fungal development in TaZFP8-silenced leaves
during initial stages of Pst inoculation. (a) Microscopic observation of
pathogen development in TaZFP8-silenced leaves at different time points
after Pst inoculation. (b) Hyphal length and (c) infection area of Pst in
TaZFP8-silenced leaves after being infected with CYR34. Wheat leaves
were sampled at 1 and 5 dpi and observed microscopically after stained
with WGA. SV, substomatal vesicle; H, haustoria; IH, infection hypha; HMC,
haustorial mother cell; and SH, secondary hyphae. Bars= 100 pum. Asterisks
represent significant differences. ** p <0.01, ***p < 0.001

Supplementary Figure S4: Transcript levels of TaZFP8-5B and ROS-related
genes in transgenic plants. (a) Transcript levels in Fielder and TaZFP8-5B0E
plants. (b) Transcript levels of TaZFP8-5B in the rice cultivar ZH11 back-
ground. TaZFP-5BOE-#1 to -#5, overexpression transgenic events. (c) Rela-
tive expression of OsRbohA, OsCAT, and OsSOD in rice leaves at 1 dpi. The
transcript levels of the genes in TaZFP8-5B0E-#1 and TaZFP8-5B#2 leaves
were detected by qRT-PCR. Error bars represent SEM from three replicates.
Asterisks represent significant differences. *p <0.05, ***p <0.001

Supplementary Figure S5: Phylogenetic tree of TaCML21 and CML variants
from various species. T. aestivum (Ta), T. dicoccoides (Td), T. urartu (Tu), Z.
mays (Zm), O. sativa (Os), A. thaliana (At), S. tuberosum (St), Capsicum an-
nuum (Ca), Glycine max (Gm)

Supplementary Figure S6: Subcellular localization of TaCML21 protein.
TaCML21-eGFP and eGFP were separately mixed with mRFP (NLS-mRFP,
nuclear localization protein) and expressed in the leaves of N. benthami-
ana

Supplementary Figure S7: Fungal development in TaCML21-silenced leaves
during initial stages of Pst inoculation. (a) Microscopic observation of Pst
growth in TaCML21-silenced leaves at 1 and 5 dpi. (b) Hyphal length and
(¢) infection area of Pst in gene silenced leaves after infected with CYR34.
Wheat leaves were sampled at different time points and observed micro-
scopically after stained with WGA. SV, substomatal vesicle; H, haustoria; IH,
infection hypha; HMC, haustorial mother cell; and SH, secondary hyphae.
Bars=100 um. * p<0.05** p<0.01, ***p <0.001

Supplementary Figure S8: Possible working model of TaCML21-TaZFP-5B
complex in plant defense responses. The TaCML21-TaZFP8-5B complex
represses the expression of target gene(s) that are involved in regula-
tion of plant defense; upon pathogen infection, the generated Ca?*
signal could interact with TaCML21-TaZFP8-5B complex that leads to the
complex degradation and transcriptional de-repression and activation of
plant defense responses. Dash lines represent hypothetical situations. Red
spheres denote Ca®* ions. The number of red spheres represent the level
of concentration

Supplementary Table S1: List of primers used in this study
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