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ABSTRACT

Wheat powdery mildew, caused by Blumeria graminis f. sp. tritici (Bgt), is a devastating disease that

threatens wheat production worldwide. Pm12, which originated from Aegilops speltoides, a wild relative

of wheat, confers strong resistance to powdery mildew and therefore has potential use in wheat breeding.

Using susceptible mutants induced by gamma irradiation, we physically mapped and isolated Pm12 and

showed it to be orthologous toPm21 fromDasypyrum villosum, also awild relative of wheat. The resistance

function ofPm12was validated via ethyl methanesulfonatemutagenesis, virus-induced gene silencing, and

stable genetic transformation. Evolutionary analysis indicates that the Pm12/Pm21 loci in wheat species

are relatively conserved but dynamic. Here, we demonstrated that the two orthologous genes, Pm12 and

Pm21, possess differential resistance against the same set of Bgt isolates. Overexpression of the coiled-

coil domains of both PM12 and PM21 induces cell death in Nicotiana benthamiana leaves. However, their

full-length forms display different cell death-inducing activities caused by their distinct intramolecular in-

teractions. Cloning of Pm12will facilitate its application in wheat breeding programs. This study also gives

new insight into two orthologous resistance genes,Pm12 andPm21, which showdifferent race specificities

and intramolecular interaction patterns.
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INTRODUCTION

Wheat powdery mildew, caused by the obligate biotrophic fungal

pathogen Blumeria graminis f. sp. tritici (Bgt), is a devastating

disease that threatens wheat production and yield worldwide.

Incorporation of powdery mildew resistance (Pm) genes into sus-

ceptible wheat cultivars is the most effective, economical, and

environmentally friendly means for controlling this disease. Tradi-
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tional breedingmethods takemany years to introduce resistance,

whereas cloned resistance genes could be transferred directly

through a transgenic approach. Currently, more than 100 Pm
munications 4, 100472, March 13 2023 ª 2022 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:algao@henu.edu.cn
mailto:ptma@ytu.edu.cn
mailto:hghe@ujs.edu.cn
https://doi.org/10.1016/j.xplc.2022.100472
http://creativecommons.org/licenses/by-nc-nd/4.0/


Plant Communications Function and evolution of Pm12 and its ortholog Pm21
genes/alleles have been identified from common wheat and its

cultivated or wild relatives (McIntosh et al., 2017; He et al.,

2021a; 2021b). Only a few of these Pm genes have been

cloned, such as Pm1–Pm5 (Yahiaoui et al., 2004; Sánchez-

Martı́n et al., 2016, 2021; Xie et al., 2020; Hewitt et al., 2021),

Pm8 (Hurni et al., 2013), Pm17 (Singh et al., 2018), Pm21 (He

et al., 2018), Pm24 (Lu et al., 2020), Pm38/Yr18/Lr34/Sr57

(Krattinger et al., 2009), Pm41 (Li et al. 2020), Pm46/Yr46/Lr67/

Sr55 (Moore et al. 2015), Pm60 (Zou et al., 2018), and WTK4

(Gaurav et al., 2022). Pm3, Pm5, Pm21, Pm24, Pm38/Yr18/

Lr34/Sr57, Pm41, Pm46/Yr46/Lr67/Sr55, and Pm60 were

cloned by a map-based strategy. Pm1, Pm2, and Pm4 were iso-

lated based on a mutant sequencing strategy. WTK4 was identi-

fied by genome-wide association study (GWAS). Pm8 and Pm17

were both isolated using a homology-guided approach based on

the previously cloned Pm3.

The powdery mildew resistance gene Pm21, which originates

from Dasypyrum villosum (2n = 2x = 14, VV), a wild diploid relative

of wheat, confers immunity to all testedBgt isolates and has been

widely utilized in wheat breeding (Chen et al., 2013). However, it

is difficult to clone Pm21 on 6VS of D. villosum owing to

the restriction of exchange between the alien and wheat

homoeologous chromosomal arms (Qi et al., 1998). Using the

gene chip technique, Cao et al. (2011) identified a candidate

gene, Stpk-V, from the Pm21 region, which encoded a serine-

threonine kinase that enhanced powdery mildew resistance

when overexpressed in common wheat. He et al. (2017)

identified susceptible D. villosum accessions from a natural

population and performed fine genetic analysis of Pm21 using a

mapping population derived from a cross between resistant

and susceptible D. villosum accessions. Two nucleotide-

binding and oligomerization domain (NOD)-like receptor (NLR)

genes, but not Stpk-V, were located in the Pm21 locus.

Further functional analysis revealed that DvRGA2, one of the

two NLR genes, is Pm21 (He et al., 2018). Another study also

verified the same NLR gene as Pm21 via RenSeq-PacBio (Xing

et al., 2018).

Pm12 also confers highly effective resistance to powderymildew,

as reported by several researchers (Niewoehner and Leath 1998;

An et al., 2019; Zhang et al., 2019; Wan et al., 2021). Pm12 was

originally transferred from Aegilops speltoides (2n = 2x = 14,

SS) into wheat cv. Wembley, generating Line #31 (Wembley

Line #31, WL31). WL31 harbors the translocated chromosome

6BS-6SS.6SL (Miller et al., 1988; Jia et al., 1996).

Subsequently, the introgression line 1338-8, which contains

only a partial short arm of chromosome 6S (6SS), was generated

fromWL31. However, linkage drag, including delayed maturation

and yield depression, could not be eliminated because of severe

recombination suppression between chromosomes 6SS and

6BS (Song et al., 2007). Therefore, the powdery mildew

resistance conferred by Pm12 has rarely been used in

breeding. Recombination suppression also greatly impeded the

isolation of Pm12 using traditional map-based cloning in a wheat

background.

As an alternative to genetic analysis, chromosomal deletion anal-

ysis is also an efficient method for finely mapping a gene of inter-

est (Zhu et al., 2018). Here, using chromosome deletion lines

induced by irradiation that are susceptible to powdery mildew,
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we quickly revealed that the Pm12 locus corresponds to the

Pm21 orthologous region of Ae. speltoides based on molecular

marker analysis combined with comparative genomics analysis.

We now report the isolation and functional validation of Pm12

via ethyl methanesulfonate (EMS)-induced mutagenesis, virus-

induced gene silencing (VIGS), and stable wheat transformation.

We demonstrate a significant difference between the two orthol-

ogous genes Pm12 and Pm21 through comparative analyses of

their resistance spectra and intramolecular interaction patterns.

We also reveal the evolutionary dynamics of orthologous Pm12/

Pm21 loci in Triticeae species.
RESULTS

Chromosomal deletion analysis suggests that Pm12
might be orthologous to Pm21

Ae. speltoides Pm12 (6SS) and D. villosum Pm21 (6VS) are both

located on the short arms of the homoeologous group 6 chromo-

somes. To evaluate the collinearity relationship, we used a set of

Pm21-associated 6VS markers reported previously (He et al.,

2016; Zhu et al., 2018) to detect the Pm12 and Pm21 regions.

The results revealed that 9 of 46 6VS markers showed

polymorphisms between Pm12-carrying materials (WL31 and

1338-8) and Pm12-null common wheat YM9. Another four poly-

morphic markers (6SS-03, 6SS-04, 6SS-05, and 6SS-07) were

newly developed in this study. Among the 13 polymorphic

markers, 10 could simultaneously distinguish the alien chromo-

somes 6SS and 6VS in a wheat background (Supplemental

Figure 1, Supplemental Table 1).

Seeds of line 1338-8 carrying Pm12 were treated with 60Co-g-ray

irradiation. From the 316 M2 families, four susceptible mutants

(1338-8-S1 to 1338-8-S4) were obtained (Figure 1A). The 13

6SS-specific markers described above were then used to detect

whether there were alien chromosomal deletions in the four

susceptible mutants. The result showed that the mutant lines

1338-8-S2 and 1338-8-S3 contained alien chromosomal deletions

flanked bymarkers 6SS-03 and 6SS-05, and 6SS-03 and 6SS-06,

respectively (Figure 1B). Thus, the Pm12 locus could be narrowed

to a relatively small physical region flanked by markers 6SS-03

and 6SS-05, corresponding to TraesCS6B02G146300 and

TraesCS6B02G151600, respectively, in the B subgenome of the

Chinese Spring reference genome, RefSeq v1.1 (International

Wheat Genome Sequencing Consortium et al., 2018). Because

most disease resistance genes belong to the NLR family, we

checked the Chinese Spring genome sequence spanning

TraesCS6B02G146300 to TraesCS6B02G151600 and found only

one annotated NLR gene, TraesCS6B02G148400 (Figure 1B).

BLAST analysis showed that this gene was highly homologous

to the recently cloned powdery mildew resistance gene Pm21

from D. villosum (88% nucleotide identity; E value = 0). Further

analysis showed that TraesCS6B02G148400 fused two NLR

genes corresponding to the two adjacent genes DvRGA1 and

DvRGA2 (Pm21). In the recently published genome of Ae. spel-

toides accession AEG-9674-1 (Avni et al., 2022), a gene

(AE.SPELTOIDES.r1.6BG0531060) highly homologous to

Pm21 was also found (94% identity; E value = 0). Molecular

detection showed that marker 6SS-04 corresponding to

AE.SPELTOIDES.r1.6BG0531060 had no product in the

susceptible mutants 1338-8-S2 and 1338-8-S3. Therefore,
thor(s).



Figure 1. Physical mapping of Pm12 and characteristics of the candidate gene Pm12-can.
(A) Powdery mildew-susceptible mutants obtained after 60Co-g-ray irradiation.

(B) Physical mapping of Pm12 using chromosomal deletion mutant lines and comparative mapping using the reference genomes of Ae. speltoides

accession AEG-9674-1 and wheat cv. Chinese Spring.

(C) Gene structures of Pm12 and Pm21. Genes in the Pm12 and Pm21 loci are indicated by arrows that are broken by introns.

(D) Sequence comparison of the LRR domains encoded by Pm12 and Pm21. Both LRR domains of PM12 and PM21 are divided into 16 LRRmotifs (LRR1

to LRR16). LxxLxLxx motifs are marked below the corresponding sequences. L represents a leucine or another aliphatic amino acid residue, and x

represents the predicted solvent-exposed LRR residue. Green amino acids or – indicate insertions/deletions, and red amino acids differ between PM12

and PM21. Arrows represent solvent-exposed LRR residues.
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AE.SPELTOIDES.r1.6BG0531060, the ortholog of Pm21, was

considered to be a candidate for Pm12. In lines 1338-8-S1 and

1338-8-S4, the specific bands of marker 6SS-04 were present.

We suggest that the candidate gene may contain minor change(s)

that require further analysis.

The Pm12 candidate, Pm12-can, shares high identity
and the same exon–intron structure with Pm21

In the Pm21 locus, two NLR genes, DvRGA1 and DvRGA2

(Pm21), with typical coiled-coil (CC), nucleotide-binding site

(NBS), and leucine-rich repeat (LRR) domains are paralogous

and closely linked. According to their conserved sequences,

we designed three primer pairs to isolate Pm12-related DNA

fragments from the genomic DNA of lineWL31. The downstream

sequence of the candidate gene was obtained using the TAIL–

PCR method (Supplemental Figure 2). Finally, a 9355-bp

genomic sequence from WL31 was assembled. This sequence

contained two NLR genes, AesRGA1 (DvRGA1-like gene)

and Pm12-can (the candidate for Pm12, DvRGA2-like gene).

The Pm12-can sequence was identical to that in the recently

published genome of Ae. speltoides accession AEG-9674-1

(Avni et al., 2022) and differed in only one base from the

genome sequence of Ae. speltoides accession TS01 (Li et al.,

2022), leading to the amino acid change R769Q. We

concluded that the sequence we obtained originated from

Ae. speltoides chromatin introgressed into wheat. Through

comparing sequences of the above genomic DNA and its

corresponding cDNA obtained by RT–PCR, we found that

Pm12-can and Pm21 have the same gene structure, consisting

of three exons and two introns (Figure 1C). The transcription of

both Pm-can and Pm21 was slightly activated when

challenged with Bgt01 (Supplemental Figure 3).
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identity with those ofPm21 and its paralogDvRGA1, respectively.

In addition to five InDels, there were 268 SNPs, including 133 syn-

onymous SNPs and 135 non-synonymous SNPs, between Pm12

and Pm21 (Supplemental Table 2). Sixty-three of 135 amino acid

changes appeared in the LRR domain, 16 of which were located

in the solvent-exposed LRR residues (Figure 1D) that may alter

recognition specificity to the powdery mildew pathogen (Wulff

et al., 2009). The putative protein of Pm12-can showed the high-

est identity with PM21 (84.9%), relatively lower identity with

DvRGA1 (64.2%), and low identities with the powdery mildew

resistance proteins PM1a, PM2, PM3b, PM5e, PM8, PM17,

PM41, and PM60 and other disease resistance proteins (<36%).

Pm12-can is necessary for resistance, as shown by
mutational and VIGS analyses

To further examine whether Pm12-can is responsible for disease

resistance, we obtained its genomic sequences from two

susceptible mutant lines, 1338-8-S1 and 1338-8-S4, by

PCR followed by Sanger sequencing. Line 1338-8-S1 contained

a 1-bp deletion in the CC domain of Pm12-can that led to a frame-

shift and the formation of a truncated protein. Line 1338-8-S4

contained a missense mutation in the Kinase-2 motif of the

NBS domain of Pm12-can. We also carried out mutation

analysis of 15 independent susceptible mutant lines (1338-8-S5

to 1338-8-S19) identified from 1206 EMS-induced M2 families

(Figure 2A). Each mutant contained a single base change in the

coding region of Pm12-can. Two mutations caused premature

stop codons, and the other 13 mutations led to amino acid

changes in the CC domain (1), the linker between the CC and

NBS domains (1), the Kinase-3a (RNBS-B) motif (1), the RNBS-

C motif (2), the region close to the GLPL motif (1) of the NBS
munications 4, 100472, March 13 2023 ª 2022 The Author(s). 3



Figure 2. Functional validation of Pm12.
(A) Responses of EMS-induced mutants to Bgt01 at the seedling stage, using 1338-8 and YM9 as the resistant and susceptible controls, respectively,

whose images can be found in Figure 1A.

(B) Gene structure showing mutation sites identified in susceptible mutants. The green, brown, and blue boxes are the CC, NBS, and LRR domains,

respectively.

(C)Macroscopic phenotypes of the resistant wheat WL31 (carrying Pm12) after treatment with BSMV:Pm21as. BSMV:Pm21as-infected YM18 (carrying

Pm21) and BSMV:00 (with empty vector)-infected WL31 were used as the positive and negative controls, respectively.

(D) Silencing efficiencies of Pm12 in WL31 leaves and Pm21 in YM18 leaves measured by qPCR. Error bars represent the standard error of the mean of

three independent experiments. Statistical significance of differences was assessed using Student’s t-test. *P < 0.001.

(E) Responses of T2 transgenic lines expressing Pm12 to four Bgt isolates at the one-leaf stage, using Pm12 donors WL31 and 1338-8 as the resistant

controls and the recipient Fielder as the susceptible control. The responses ofPm12 plants were also compared with those of YM18, the transgenic wheat

line (Pm21 Line 1) carrying Pm21, and KN199 without any powdery mildew resistance gene.
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domain, and the LRR domain (7) (Figure 2B). We also amplified

and sequenced theDvRGA1-like gene,AesRGA1, in eachmutant

line and found no mutations. The fact that mutations were found

only in Pm12-can strongly supports the notion that Pm12-can is

actually the gene that controls Pm12-mediated resistance.

The VIGS approach was also used to test whetherPm12-canwas

required for Pm12 resistance. In our previous work, the recombi-

nant virus BSMV:Pm21as carrying a 362-bp LRR-encoding

sequence that shares 94.2% nucleotide identity with that of

Pm12-can effectively blocked Pm21 resistance (He et al.,

2018). Here, we found that infection of the resistant line WL31

with the BSMV:Pm21as construct compromised its Pm12 resis-

tance and allowed the development of Bgt colonies with disease

symptoms and fungal sporulation on the leaves (Figure 2C and

2D). Taken together, these data indicate that the candidate

gene Pm12-can is required for Pm12-mediated resistance to

wheat powdery mildew.

Pm12-can confers highly effective resistance to
powdery mildew in transgenic wheat lines

To validate the resistance function of Pm12-can, a construct

harboring Pm12-can cDNA driven by the maize ubi promoter
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was transformed into the susceptible wheat cv. Fielder using

Agrobacterium-mediated transformation. Three of the four

regenerated T0 plants were confirmed to carry Pm12-can

(Supplemental Figure 4). The T2 plants derived from these three

lines showed strong resistance to 122 Bgt isolates with

infection type (IT) 0 or 1, with the exception of isolate WH-1.

The responses of the transgenic plants from each line to the

same isolate were consistent with those of the donors WL31

and 1338-8 (Figure 2E, Supplemental Table 3). Therefore, we

concluded that Pm12-can is indeed Pm12. As a comparison,

we also determined the disease responses of YM18 carrying

Pm21 and Pm21 T5 Line 1 (transgenic wheat line expressing

Pm21) to the same set of Bgt isolates. The results showed that

Pm21 conferred immunity to all 123 isolates tested. This finding

suggested that there is a difference in race specificity between

Pm12 and Pm21, which might be associated with the sequence

variations in their LRR domains.

PM12 and PM21 differ in cell death-inducing activity
caused by their different intramolecular structures

Cell death inNicotiana benthamiana induced by overexpression of

NLR proteins, such asMLA10, SR33, SR35, Rp1-D21, RGA4, and

PM60, has been widely reported (Bai et al., 2012; Cesari et al.,
thor(s).



Figure 3. Cell death assay and Co-IP analysis in N. benthamiana leaves.
(A)Comparative analyses of cell death-inducing activities of the single or combined domain(s) encoded by Pm12 and Pm21.N. benthamiana leaves were

infiltrated with agrobacteria carrying different constructs. Cell death was observed by trypan blue staining at 48 h post infiltration.

(B) Western blotting detection of different domains or proteins expressed in N. benthamiana leaves. EV: empty vector. FL: full-length proteins. Tagged

proteins were detected by western blotting with anti-GFP antibodies (a-GFP).

(C) Comparative analyses of interactions of different domains encoded by Pm12 and Pm21. Different domains fused to GFP or Myc tags were transiently

co-expressed in N. benthamiana leaves in the indicated combinations (+, agro-infiltrated construct; –, non-infiltrated construct), and total proteins were

extracted at 20 h post infiltration. Tagged proteins were detected by western blotting in the input and after immunoprecipitation with anti-Myc antibodies

(a-Myc). Actin was used as the protein loading control. Asterisk indicates non-specific signals.
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2014, 2016; Wang et al., 2015; Zou et al., 2018). However, several

studies have shown that different NLR-type powdery mildew

resistance proteins identified fromwheat cropsmay have different

cell death-inducing activities (Bourras et al., 2015; Hewitt et al.,

2021; M€uller et al., 2022; Praz et al., 2016; Zou et al., 2018). To

assess the cell death-inducing activities of PM12 and PM21, we

infiltrated Pm12 and Pm21 into N. benthamiana leaves; overex-

pression of PM12 resulted in strong cell death, but overexpression

of PM21 did not. We then detected the cell death-inducing activ-

ities of their CC, NBS, and LRR domains as well as the fragments

CC-NBS and NBS-LRR. The PM12 and PM21 CC domains were

able to induce cell death, whereas the other single domains

were not (Figure 3A and 3B), indicating that the CC domains of

both PM12 and PM21 are sufficient to trigger cell death.

Interestingly, the PM12 CC-NBS fragment elicited a strong cell

death response, whereas the PM21 CC-NBS fragment did not

induce cell death. These findings suggest that the activities of

the CCdomains of PM12 and PM21 are intramolecularly regulated

in different ways. Different domains of an NLR protein usually

interact with each other, and cell death activity may be regulated

by other domains in the same protein (Moffett et al., 2002;

Rairdan et al., 2008; Wang et al., 2015, 2019a, 2019b; Bernoux

et al., 2016; El Kasmi et al., 2017; Zhao et al., 2022). The above

results prompted us to speculate that differences in cell death

caused by full-length PM12 and PM21 might be caused by

differences in regulation and interactions of the domains in the

two proteins.

To test this hypothesis, co-immunoprecipitation (Co-IP) assays

were performed on N. benthamiana leaves by co-expressing

either NBS-GFP or LRR-GFP with CC-Myc of PM12 or PM21, fol-

lowed by pull-down experiments with anti-GFP antibody (aGFP).

The results showed that PM21 CC-Myc co-immunoprecipitated

with both PM21 NBS-GFP and PM21 LRR-GFP, whereas PM12

CC-Myc did not co-immunoprecipitate with either PM12 NBS-

GFP or PM12 LRR-GFP. Co-IP assays also revealed that both
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(Figure 3C). Combining the cell death assays and Co-IP data, we

suggest that differences in cell death-inducing activities of PM12

and PM21 likely resulted from differences in their intramolecular

domain interactions.
Genomic data reveal the origin and evolutionary
dynamics of the Pm12/Pm21 loci in Triticeae species

InD. villosum, both Pm21 (DvRGA2) and the immediately adjacent

gene, DvRGA1, encode NLR proteins. Similarly, Pm12 is also

linked to the DvRGA1-like gene AesRGA1 in Ae. speltoides. Using

BLAST searches, we found frequent occurrences of this NLRgene

pair in the genomes of Triticeae species, including common

wheat, durum wheat, wild emmer, T. urartu, Ae. tauschii, and

Ae. speltoides (Figure 4). Based on their location proximity and

their high sequence similarity, the two genes in the pair are likely

to be paralogs derived from a tandem duplication event in the

Triticeae genomes. In the syntenic region of the Brachypodium

distachyon genome, there are three tandemly duplicated copies

of DvRGA1-like genes (Bradi3g03874, Bradi3g03878, and Bra-

di3g03882) that share 71.4%–72.9% identity and the same

exon–intron organization as DvRGA1. However, no DvRGA1-like

gene appears in rice (Oryza sativa), maize (Zea mays), and sor-

ghum (Sorghum bicolor). This suggests that DvRGA1-like genes

existed before the separation of Brachypodium and the Triticeae

lineage. Furthermore, there is no DvRGA2-like gene near the

DvRGA1-like gene or elsewhere in the Brachypodium genome,

indicating that the Pm21/Pm12 orthologs originated after the

divergence of wheat species and Brachypodium but before the

divergence of D. villosum and the common ancestor of the three

wheat donor species T. urartu (A subgenome), Ae. speltoides

(B subgenome), and Ae. tauschii (D subgenome).

Sequence analysis showed that the DvRGA1 orthologs

shared 96.4%–100% identity with each other; however, the
munications 4, 100472, March 13 2023 ª 2022 The Author(s). 5



Figure 4. Phylogenetic tree of PM12 (PM12-can) and relevant NLR proteins from wheat species, rice, and Arabidopsis.
The phylogenetic tree was constructed based on full-length NLR proteins by the neighbor-joining method with the Poisson model in MEGA7 software.

Arabidopsis RPP13 was used to root the tree. The scale bar indicates an evolutionary distance of 0.20 amino acid substitutions per site. Red and green

dots indicate DvRGA2-like (including PM21 and PM12) and DvRGA1-like NLR proteins, respectively, from D. villosum and Ae. speltoides. Aet: Ae.

tauschii. Aes: Ae. speltoides. Dv:D. villosum. Ta: Triticum aestivum (common wheat). Tas: T. aestivum ssp. spelta (spelta wheat). Tdi: T. dicoccoides (wild

emmer). Tdu: T. durum (durum wheat). Tu: T. urartu. Wheat cultivars or related accessions are shown in brackets.

Plant Communications Function and evolution of Pm12 and its ortholog Pm21
transcribed or predicted coding sequences of Pm12/Pm21

(DvRGA2-like) orthologs had only 72.0%–100% identity. This

indicates that DvRGA1-like genes are relatively conserved in

wheat and its related species, whereas Pm12/Pm21 orthologs

are more evolutionarily dynamic. The DvRGA1-like gene has a

single intron (250–355 bp) that lies at the immediate N terminus

of the sequence encoding the Kinase-2 motif in the NBS

domain. Pm12/Pm21 orthologs have three exons and two

introns. The first intron is very short (only 96–101 bp) and

lies upstream of the sequence encoding the NBS domain.

The second intron lies in the same location as that of the

DvRGA1-like genes. Compared with Pm21 and Pm12, the

second introns of the orthologs TaRGA2-6A, TaRGA2-6B,

and TaRGA2-6D, derived from the wheat A, B, and D subge-

nomes, respectively, have clearly expanded, probably through

independent insertion events of different transposable ele-

ments (TEs) and/or other unknown repetitive elements (REs).

Further analysis at the subgenome level showed that most of

the intron expansion events in the Pm12/Pm21 orthologs of

common wheat cv. Chinese Spring could be clearly traced

back to its tetraploid and diploid ancestral species, including

durum wheat, wild emmer, T. urartu, and Ae. tauschii

(Figure 5A).
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The expressed Pm12/Pm21 orthologs in Chinese Spring
do not confer resistance to Bgt

The insertion of multiple TEs in the second intron was originally

thought to disrupt the expression of Pm12/Pm21 genes in Chi-

nese Spring wheat. However, a search of the wheat expression

database (http://www.wheat-expression.com) revealed that

TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D are all transcribed,

and their full-length open reading frame (ORF) sequences were

identified as TraesCS6A02G120000.1, TraesCS6B02G148400.1,

and TraesCS6D02G110000.1, respectively. qPCR analysis

confirmed that, despite the large expansion of the second intron,

the three orthologs could still be transcribed in Chinese Spring.

However, their transcript levels were significantly lower than

those of Pm12 and Pm21 during invasion by the Bgt isolate

Bgt01 (YZ01) (Figure 5B). Transcriptional analysis also indicated

that TaRGA2-6A and TaRGA2-6B were spliced in a similar

manner to Pm12 and Pm21. We also performed single-cell tran-

sient assays to test whether overexpression of Pm12/Pm21 or-

thologs provides resistance functions. The haustorium indexes

of TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D were 81.8%,

75.4%, and 78.2%, respectively, significantly greater than

that of Pm12 (42.3%) and similar to that of the negative

control (80.3%) (Figure 5C). These results indicated that
thor(s).
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Figure 5. Evolutionary, transcriptional, and transient expression analyses of Pm12/Pm21 orthologs from wheat species.
(A) Gene structures of Pm12/Pm21 orthologs in common wheat and its diploid and tetraploid ancestral species. Triangles with different colors represent

different transposable elements (TEs) and repetitive elements (REs). The Pm12/Pm21 orthologs TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D were

identified from wheat cv. Chinese Spring, TduRGA2-6A and TduRGA2-6B from T. durum (durum wheat), TdiRGA2-6A and TdiRGA2-6B from

T. dicoccoides (wild emmer), TuRGA2-6A from T. urartu, and TduRGA2-6D from Ae. tauschii.

(B) qPCR analysis of Pm12/Pm21 orthologs TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D in Chinese Spring leaves. The leaves were inoculated with Bgt01

and sampled at 0, 12, and 24 h post inoculation (hpi). The relative expression levels of TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D were compared with

those of Pm12 and Pm21.

(C) Single-cell transient expression assay of TaRGA2-6A, TaRGA2-6B, and TaRGA2-6D in wheat leaves. The vector expressing Pm12 and the corre-

sponding empty vector pUBI were used as the positive and negative controls. Statistical significance of differences was assessed using Student’s t-test.

*P < 0.01.
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overexpression of the three Chinese Spring orthologs could not

confer Bgt resistance, suggesting that accumulated variations

in the coding regions likely led to loss of function.

DISCUSSION

Alien disease resistance genes from wild relatives usually confer

high resistance to wheat diseases. However, after transfer into

cultivated wheat, most of them have not been well utilized in

breeding programs because of linkage drag that is difficult to

overcome. The best way to use such genes is to clone them

and transfer them directly into elite wheat lines using transgenic

technology (Wulff and Moscou, 2014; Sánchez-Martı́n and

Keller, 2019). However, owing to suppressed recombination

between wheat and alien chromatins, it is difficult to isolate the

alien genes in a wheat background using a positional cloning

strategy based on genetic mapping. Here, we demonstrate an

efficient strategy for physical mapping and identification of the

alien powdery mildew resistance gene Pm12 using mutants

obtained by irradiation. EMS treatment is useful for creating

mutations, but most mutations involve single-base variations

rather than deletions within chromosomes (He et al., 2018). By

contrast, we found that irradiation is a powerful tool for the
Plant Com
development of new genetic stocks with significant

chromosomal aberrations (Zhang et al., 2015). Consequently,

we proposed that irradiation would create more deletion

mutations at the chromosome level. Such chromosomal

deletions could easily be detected using traditional marker

analysis and used for physical mapping of genes of interest. In

the present study, two of four susceptible mutants of Pm12

derived from the irradiated population were shown to have lost

large chromosomal fragments, which enabled precise mapping

of Pm12. Subsequently, another two irradiated susceptible

mutants without chromosomal deletion in the target region

were used to identify the candidate gene for Pm12. Thus, we

successfully isolated the alien gene Pm12. The above strategy,

based on irradiation-induced mutants, is fast and efficient for

mapping and cloning of alien genes in a wheat background.

The efficient cloning of effective alien genes can not only accel-

erate their application in breeding but also enable understanding

of their functions and mechanisms.

In the Pm21 locus of D. villosum, only one of the two paralogous

NLR genes DvRGA2 (Pm21) and DvRGA1 participates in pow-

dery mildew resistance (He et al., 2018). Here, we showed that

Pm12, the orthologous gene of Pm21 in Ae. speltoides, is also
munications 4, 100472, March 13 2023 ª 2022 The Author(s). 7
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sufficient for resistance, independent of the adjacent gene

AesRGA1. Interestingly, this NLR pair exists not only in

D. villosum and Ae. speltoides but also in other published

Triticeae genomes, including those of common wheat, wild

emmer (T. dicoccoides), durum wheat (T. durum), T. urartu, and

Ae. tauschii. The NLR pair does not appear in Brachypodium,

rice, maize, and sorghum; however, DvRGA1-like genes can be

found within a cluster in the orthologous region of Brachypodium.

We suggest that DvRGA1-like NLRs appeared in the common

ancestor of wheat and Brachypodium, whereas DvRGA2-like

(Pm12/Pm21-like) NLRs might be duplicated from non-

functional DvRGA1-like NLRs after the divergence of wheat and

Brachypodium. Subsequently, the duplicated copies might

have experienced more rapid evolution and gained resistance

against powdery mildew diseases.

In the three Pm12/Pm21 orthologs of the Chinese Spring

genome, independent insertions of TEs and other REs occurred

in the second intron. The insertions in the A and D subgenomes

of wheat can be traced back directly to their diploid progenitors,

T. urartu and Ae. tauschii, respectively, indicating that these

insertion events occurred after the divergence of the two diploid

progenitors. In the B subgenome of Chinese Spring, there are two

insertions in the Pm12/Pm21 ortholog. The first insertion (Stow-

away MITE) is also found in durum wheat but not in wild emmer,

whereas the other (RE 1) is not found in either durumwheat or wild

emmer. Ae. speltoides is considered to be the donor of the wheat

B subgenome, and Pm12, which originated from Ae. speltoides,

does not have a large insertion in its second intron. A

number of TE insertion events that appeared to decrease the

transcript levels of the corresponding genes were reported in in-

tronic regions of the Ae. tauschii genome (Zhao et al. 2017). Here,

we also showed that insertions of large fragments significantly

decreased the transcript levels of the three Pm12/Pm21

orthologs in Chinese Spring, which were only 13.4%–25.6% of

those of Pm12 and Pm21. In the VIGS experiment,

transcript levels of Pm12 and Pm21 were reduced to 29.6%

and 24.7%, respectively, making resistant plants susceptible to

powdery mildew. Therefore, the reduced transcript levels of the

orthologs caused by insertion events may have undermined

resistance. Furthermore, transient overexpression revealed that

the three orthologs from susceptible wheat cv. Chinese Spring

did not provide resistance to powdery mildew. Hence, we

conclude that the loss of function of the three Chinese Spring

orthologs is most likely caused by both insertion events and

sequence variations accumulated in their coding regions.

The functional Pm12 and Pm21 resistance genes identified in the

two diploid wild species, Ae. speltoides and D. villosum, respec-

tively, have undoubtedly undergone independent evolution in

different environments since divergence from their common

ancestral gene. The two orthologous resistance genes now share

89.9% nucleotide sequence identity and 84.9% amino acid

sequence identity. A total of 135 amino acid variations were found

in different domains of the two proteins, 16 of which involve the

solvent-exposed residues of the LRR motifs. We observed that

Pm12 and Pm21 showed different responses to isolate WH-1,

suggesting that there are differences in race specificity between

the two orthologous genes. We propose that this difference may

result from the variations in the solvent-exposed residues of the

LRR motifs, as they are considered to be responsible for percep-
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tion of the pathogen effector (Wulff et al., 2009; He et al., 2020).

From another point of view, a key effector inWH-1might have ob-

tained new variation(s), leading it to escape recognition by PM12

but still be perceived by PM21. It would be interesting to investi-

gate whether the two orthologous NLR proteins perceive the

same effector and how the isolate WH-1 escapes from PM12

but not from PM21.

In general, NLRs must be strictly regulated in the absence of their

cognate pathogen effectors to avoid autoimmunity that would be

damaging to the host. Previous studies have shown that some

NLRs, including SR33, SR50, Rp1-D21, and RGA4, can induce

pathogen effector-independent cell death when transiently over-

expressed in N. benthamiana (Cesari et al., 2014, 2016; Wang

et al., 2015), suggesting that these NLRs are in an autoactive

state. However, other NLRs, such as Rx, RPM1, and ZAR1

(Bendahmane et al., 2002; Baudin et al., 2017; El Kasmi et al.,

2017), do not lead to cell death, indicating that they are in an

autoinhibited state. In the present study, the full-length forms of

PM12 and PM21 showed obvious differences in cell death activ-

ity. This result suggests that in the absence of a pathogen

effector, PM21 is present in an autoinhibited state, whereas

PM12 is autoactive.

Previous transient overexpression assays have demonstrated the

complexity of the autoinhibited/autoactive states of NLR-type

powdery mildew resistance proteins of wheat crops. For

instance, T. urartu PM60 can induce cell death (Zou et al.,

2018), whereas wheat PM1, PM2, PM3, and PM17 cannot

(Bourras et al., 2015; Praz et al., 2016; Hewitt et al., 2021;

M€uller et al., 2022). Furthermore, some NLRs encoded by

alleles with high sequence identity also have different cell

death-inducing activity. For instance, overexpression of MLA10

from barley (Hordeum vulgare) can lead to cell death, whereas

overexpression of MLA1 and MLA6 does not (Bai et al., 2012;

Bauer et al., 2021). Confusingly, MLA10 showed no cell death

activity in the report of Bauer et al. (2021). Intramolecular

interactions in NLRs commonly play crucial roles in stabilizing

active or autoinhibited protein conformations (Rairdan et al.,

2008; Wang et al., 2015, 2019a; El Kasmi et al., 2017; Zhao

et al., 2022). Co-IP assays revealed that interaction occurs be-

tween the PM21 CC domain and its NBS and LRR domains but

not between the PM12 CC domain and its NBS or LRR domains.

Because PM12 and PM21 show a relatively high number of amino

acid differences, we believe that differences in their intramolecu-

lar interactions must be generated by their sequence

variations. These sequence variationsmay also alter their effector

recognition. It will be very interesting to determine which of

the amino acid differences influence recognition and which

influence activity leading to altered cell death signaling. Future

work involving structural characterization and functional experi-

ments in wheat protoplasts will further our understanding of these

molecular mechanisms.
METHODS

Plant materials and growth conditions

The common wheat–Ae. speltoides translocation Wembley Line #31

(WL31, 6BS-6SS.6SL), originally generated at the John Innes Centre, Nor-

wich, UK, is the donor of Pm12 (Miller et al., 1988; Jia et al., 1996). The
thor(s).
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resistant introgression line 1338-8 was derived from WL31 (Song et al.,

2007). Wheat cv. Chinese Spring was provided by the Germplasm

Resources Information Network (GRIN). The resistant wheat cv.

Yangmai 18 (YM18) carrying Pm21 on the translocated chromosome

T6AL.6VS and the susceptible cv. Yangmai 9 (YM9) were both

developed at Yangzhou Academy of Agricultural Sciences, Yangzhou,

China. The susceptible cv. Fielder was used as the recipient for genetic

transformation. Pm21 T5 Line 1, a transgenic wheat line expressing

Pm21, was originally developed in our previous work (He et al., 2018).

Kenong 199 (KN199), the recipient for Pm21 transformation, is a highly

susceptible wheat variety without any Pm genes. Nicotiana benthamiana

was used for transient expression assays. Plants were grown in a

greenhouse with LED lighting under long-day conditions (16 h light/8 h

dark) at 24�C.

Evaluation of powdery mildew resistance

Three seedlings of each line at the one-leaf stage were inoculated withBgt

isolates by dusting fungal conidiospores onto leaves. The inoculated

plants were grown under a daily cycle of 16 h light/8 h dark at 24�C in

a greenhouse. Responses to powdery mildew were evaluated at

7–10 days after inoculation. The responses of transgenic wheat to Bgt

pathogens were assessed using two sets of Bgt isolates collected from

different regions of China. The first set contained 22 isolates maintained

by Dr. Pengtao Ma at Yantai University (He et al., 2021b), and the

second set included 100 isolates held by the Institute of Plant

Protection and Soil Science, Hubei Academy of Agricultural Sciences

(Bourras et al., 2019). Isolate WH-1 was newly collected from Wuhan,

China. Infection types were scored on a 0 to 4 scale as described by An

et al. (2013), where ITs 0, 1, and 2 were regarded as resistant and ITs 3

and 4 as susceptible.

Genomic DNA isolation and molecular marker analysis

Genomic DNA was isolated from the leaves of seedlings using the TE-

boiling method (He et al., 2017). A total of 50 markers, including 46

D. villosum 6VS-specific markers reported previously (Song et al., 2009;

Qi et al., 2010; Bie et al., 2015a, 2015b; He et al., 2016, 2017; Zhu et al.,

2018) and four new markers developed in this study using the CISP

(conserved-intron scanning primers) strategy (He et al., 2013) based on

the potential collinearity relationship between Ae. speltoides 6SS and

D. villosum 6VS, were used to screen for polymorphisms among YM9,

WL31, and 1338-8. The diagnostic molecular marker 6SS-04 was

designed based on the promoter sequences of Pm12 and Pm21. PCR

products were separated on an 8% non-denaturing polyacrylamide gel,

followed by silver staining. All polymorphic DNAmarkers for 6SS are listed

in Supplemental Table 1. In the physical map, the order of molecular

markers was adopted from the reference genome of Ae. speltoides

accession AEG-9674-1 (Avni et al., 2022).

Isolation of the candidate gene for Pm12 (Pm12-can)

Three primer pairs were used to isolate the genes or fragments at the

Pm12 locus. The first pair, Pm12-I-1, was designed according to

D. villosum DvRGA1 and used to isolate a DvRGA1-like gene from

genomic DNA of the line WL31. The second pair, Pm12-I-2, was designed

based on the conserved sequences of Pm21 alleles reported previously

(He et al., 2020) and used to amplify the DNA fragment that covered

most of the coding sequence of Pm12-can, the candidate for Pm12.

The third primer pair, Pm12-I-3, was designed based on the terminus of

DvRGA1 and the head of Pm21 and was used for isolating the intergenic

region between the two genes. Subsequently, the downstream sequence

of Pm12-can was obtained by thermal-asymmetric-interlaced (TAIL) PCR

(Liu and Huang, 1998). The genomic sequence of the Pm12 locus was

then assembled, and the corresponding cDNA sequences of the two

genes were confirmed by reverse transcriptase (RT)–PCR. The high

fidelity PrimeSTAR Max Premix (TaKaRa, Japan) was used for all PCR

amplification. All primers used in this study are listed in Supplemental

Table 4.
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RT–PCR and quantitative RT–PCR analyses

Total RNA was extracted from the first fully expanded leaves of seedlings

from linesWL31, 1338-8, Yangmai 18, andChinese Spring, with or without

Bgt01 inoculation, using the TRIzol reagent (Life Technologies, Carlsbad,

CA, USA). Two micrograms of total RNA were used for synthesis of first-

strand cDNA using the PrimeScript II 1st Strand cDNA Synthesis Kit

(TaKaRa, Shiga, Japan). qPCR was performed on an ABI 7300 Real

Time PCR System (Life Technologies, Carlsbad, CA, USA) as previously

described (He et al., 2016). The wheat actin gene was used as the

reference gene (Bahrini et al., 2011). When performing qPCR analysis,

three independent biological replicates of each line were used.

Statistical significance of differences was assessed using Student’s t-test.

Sequence analysis

Pm12 was used to perform BLAST searches against the genomes of du-

rum wheat cv. Svevo (Maccaferri et al., 2019), wild emmer accession

Zavitan (Avni et al., 2017), T. urartu accession G1812 (Ling et al., 2018),

Ae. tauschii accession AL8/78 (Luo et al., 2017), Ae. speltoides

accessions AEG-9674-1 and TS01 (Avni et al., 2022; Li et al., 2022), and

multiple wheat cultivars (International Wheat Genome Sequencing

Consortium et al., 2018; Guo et al., 2020; Walkowiak et al., 2020; Sato

et al., 2021). The matched sequences with the highest identities from

homeologous group 6 of wheat species were considered to be Pm12/

Pm21 orthologs whose exon–intron structures were predicted

according to those of Pm12 and Pm21. The DvRGA1-like and DvRGA2-

like sequences were also obtained from the above genomes after

BLAST analysis and annotated based on the expression data of DvRGA1

and DvRGA2 from D. villosum (He et al., 2018). TEs were predicted by

comparison with the TREP database (https://trep-db.uzh.ch). Other

DNA REs were found by BLAST searches against the reference genome

of wheat cv. Chinese Spring (RefSeq v1.1). Nucleotide and amino acid

sequence identities were calculated with DNASTAR software (Burland

2000). Protein domain prediction and multiple sequence alignment were

performed with SMART (Letunic et al., 2015) and CLUSTAL W

(Thompson et al., 1994), respectively. Annotation of LRR motifs was

performed as described in our previous work (He et al., 2020). The

phylogenetic tree was constructed based on the (putative) full-length pro-

teins by the neighbor-joining method with the Poisson model in MEGA7

software (Kumar et al., 2016).

Barley stripe mosaic virus-induced gene silencing (BSMV-
VIGS) analysis

BSMV-VIGS was used to perform a transient assay to investigate the po-

tential functional relationship between Pm12 and Pm21. The recombinant

virus BSMV:Pm21as (syn. BSMV:DvRGA2as) harboring the DNA fragment

of the Pm21 gene was used to infect the leaves of WL31 carrying Pm12.

BSMV:Pm21as-infected YM18 (harboring Pm21) and BSMV:00 (harboring

empty vector)-infectedWL31were used as positive and negative controls,

respectively. At 6 days, the virus-infected leaves were challenged with the

avirulent isolate Bgt01. At 5 days after Bgt inoculation, the powdery

mildew reactions were observed. Details of the silencing test are

described in our previous work (He et al., 2016, 2018).

Mutation analysis

About 500 dry seeds of the powdery mildew-resistant line 1338-8 that

were harvested in the most recent season and had a high germination

rate were exposed to 60Co-g-ray irradiation with 200 Gy at a dosage

rate of 1.0 Gy/min (Zhang et al., 2015). After irradiation, the seeds were

sown immediately in the field, and 316 M2 families were generated.

Independently, �2000 seeds of 1338-8 were treated with 0.6% EMS, re-

sulting in 1206 M2 families. About 100 individuals of each M2 family were

used to screen for susceptible mutants by inoculation with Bgt isolate

Bgt01, which is avirulent to Pm12. The resistant line 1338-8 and the sus-

ceptible line YM9 were used as the controls. Susceptible mutants ob-

tained by irradiation were then used for molecular marker analysis

to test for potential chromosomal deletion. The candidate gene
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Pm12-can in each mutant line was amplified from its genomic DNA using

the primer pair Pm12-GT and subjected to Sanger sequencing. Each

mutated Pm12-can gene was verified independently by sequencing the

PCR product harboring the candidate mutation site. The DvRGA1-like

gene in each mutant was also amplified by PCR and sequenced.

Plasmid construction

For wheat transformation, cDNA with the entire ORF of Pm12-can was

cloned into the binary vector pLGY02 at the SmaI and SpeI sites. The re-

sulting construct was designated pLGY02-Pm12-can and expressed the

candidate gene under the control of a maize ubiquitin promoter. For

single-cell transient assays in wheat, the Pm12/Pm21 orthologs Pm21-

CS6A, Pm21-CS6B, and Pm21-CS6Dwere amplified from wheat cv. Chi-

nese Spring cDNA and individually cloned into the destination vector

pUbi-GW using gene-specific primers with Gateway technology (Shen

et al., 2007). As a positive control, Pm12 was also inserted into the

same vector. For transient assays in N. benthamiana, the coding

sequences of Pm12 and Pm21 were amplified and inserted into the

pS1300-GFP-Nos or pS1300-myc-Nos vector to create fusions with

GFP or Myc tags at the C terminus. Genes on the constructs were driven

by a constitutive promoter (Dong et al., 2018; Gao et al., 2020).

Wheat transformation

The construct pLGY02-Pm12-can was used to transform the suscepti-

ble wheat cv. Fielder by Agrobacterium tumefaciens (agrobacterium)-

mediated transformation (Zhang et al., 2018). Both T0 and T1 plants

were tested for the presence of the transgene by PCR amplification

with primer pair Pm12-MA, and cv. Fielder was used as the negative

control. Powdery mildew responses of three plants from each T2 line

were tested at the one-leaf stage after inoculation with different Bgt

isolates.

Single-cell transient assay in wheat leaves

Single-cell transient expression assays were performed as described pre-

viously (Shen et al., 2007). In brief, amixture of the construct expressing an

individual Pm12/Pm21 ortholog and the pUBI:GUS reporter construct was

introduced into leaves of the susceptible wheat cv. KN199 by biolistic

bombardment. After 4 h, the leaves were inoculated with Bgt isolate

E18 (held by the lab of Dr. Qian-Hua Shen, Institute of Genetics and Devel-

opmental Biology, Chinese Academy of Sciences, China) for 48 h. Two

days after inoculation, the leaves were GUS stained, and fungal structures

were examined under a microscope. The haustorium index (i.e., the per-

centage of GUS-stained cells with haustoria among all GUS-stained cells

invaded by Bgt) was used to assess whether the tested genes conferred

resistance to powdery mildew. Constructs carrying Pm12 or the empty

vector were used as positive and negative controls, respectively.

Agroinfiltration of N. benthamiana leaves

Agrobacterium-mediated transient expression (agroinfiltration) was

conducted as described in Liu et al. (2010) with minor modifications. In

brief, the appropriate plasmid construct was transformed into

Agrobacterium strain GV3101. The Agrobacterium strains were then

grown to an optical OD600 of about 1.0. The cultures were harvested

by centrifugation, resuspended in infiltration medium containing 2% su-

crose, 0.5% MS, 10 mM MES (pH 5.6), and 200 mM acetosyringone,

adjusted to an OD600 from 0.5 to 1, and incubated for 2–4 h at room tem-

perature before infiltration. N. benthamiana leaves were used for infiltra-

tion. For co-expression of multiple proteins, agrobacteria carrying

different constructs were mixed in a 1:1 ratio and used for infiltration. Af-

ter infiltration, plants were maintained in growth chambers for subse-

quent assays.

Cell death assay on N. benthamiana leaves

The cell death assay was performed as described by Bai et al. (2012) and

Gao et al. (2020). In brief, each Agrobacterium strain carrying a plasmid

construct was infiltrated into a 1-cm circular region on five different
10 Plant Communications 4, 100472, March 13 2023 ª 2022 The Au
leaves for three independent experiments. Leaves were photographed

at 24–48 h after infiltration, soaked in trypan blue solution (10 ml lactic

acid, 10 ml glycerol, 10 g phenol, 10 mg trypan blue, and 50 ml

ethanol dissolved in 30 ml distilled water), and heated in a boiling water

bath for 5 min. Leaves were then destained in 2.5 g ml�1 chloral hydrate

solution until the background was clear.

Protein extraction, immunoblotting, and co-
immunoprecipitation assay

Agrobacterium strain GV3101 carrying constructs expressing GFP- or

Myc-fused proteins were mixed and infiltrated intoN. benthamiana leaves

as described above. Before cell death was visible (at about 20 h post infil-

tration), the total leaf proteins were extracted in 0.5 ml plant extraction

buffer (CWBIO, Beijing, China), followed by centrifugation at 12 000 g

for 20 min. Portions of the supernatants were saved as input samples

for later SDS–PAGE and immunoblot analysis. For the Co-IP assay, the re-

maining supernatant was incubated with 4 mg of anti-Myc monoclonal

antibody (Proteintech, Chicago, IL, USA) at 4�C for 2–4 h. The antibody–

protein complexeswere captured by incubationwith 18 ml of agarose resin

conjugated with protein A/G for 2–4 h at 4�C. After washing six times

with IP buffer, the immunocomplexes were heated at 95�C for 5 min in

50 ml 13 SDS loading buffer. The supernatant after centrifugation was

used for immunoblot analysis (Gao et al., 2020).
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