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ZmWAKO2 encoding an RD-WAK protein confers maize
resistance against gray leaf spot
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o Gray leaf spot (GLS) caused by Cercospora zeina or C. zeae-maydis is a major maize disease
throughout the world. Although more than 100 QTLs resistant against GLS have been identi-
fied, very few of them have been cloned.

¢ Here, we identified a major resistance QTL against GLS, gRglsSB, explaining 58.42% phe-
notypic variation in SB12xSA101 BC4F, population. By fine-mapping, it was narrowed down
into a 928 kb region. By using transgenic lines, mutants and complementation lines, it was
confirmed that the ZmWAKO2 gene, encoding an RD wall-associated kinase, is the responsi-
ble gene in gRg/sSB resistant against GLS.

¢ The introgression of the ZmWAKO2 gene into hybrid lines significantly improves their grain
yield in the presence of GLS pressure and does not reduce their grain yield in the absence of
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ZmWAKO2.

e In summary, we cloned a gene, ZmWAKO2, conferring large effect of GLS resistance and

confirmed its great value in maize breeding.

Introduction

Maize is one of the most important crops in the world. But it is
vulnerable to diseases that cause serious reduction in grain yield
and quality (Balint-Kurti & Johal, 2009; Zhu ez al., 2021). The
best way to control those diseases is to plant-resistant maize
hybrids (Carson et al., 2002) while cloning of resistance genes is
the primary basis to achieve that goal by using biotechnology.
Although a lot of work on maize resistance against diseases has
been done during the past 10 yr, only few maize resistance genes
have been cloned, compared with resistance genes cloned from
other crops such as rice and wheat.

Gray leaf spot (GLS) is one of major maize diseases through-
out the world and yield losses due to GLS range from 11% to
69%, depending on the hybrid cultivars and environmental con-
ditions (Ward ez al., 1999; Mueller ez al., 2020). Gray leaf spot
was first reported in Alexander County, IL in 1925, showing rec-
tangle lesions on leaves. Until the 1970s, it became prevalent in
the eastern United States, resulting in serious economic losses
(Donahue et al., 1991; Coates & White, 1998). Up to now, GLS
has spread throughout most of maize planting areas and has
become one of the most important yield-limiting maize diseases
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in the world (Ward ez /., 1999; Mueller ez al., 2016, 2020; Chen
et al., 2021). Although multiple Cercospora species have been iso-
lated from maize leaves showing GLS lesions, only two of them
(C. zeae-maydis and C. zeina) are the causal agents of GLS (Wang
et al., 1998; Crous et al., 2006). Cercospora zeae-maydis is gener-
ally distributed in the United States, Brazil and Northern China
(Wang et al., 1998; Balestre et al., 2012; Q-K. Liu ez al., 2013)
while C. zeina is spread in the United States, Southwest China
and African (Wang er al, 1998; Q-K. Liu ez al, 2013; Nsibo
et al., 2021).

Based on the genetic analysis, it is known that the GLS resis-
tance is a quantitative trait and is inherited additively (Clements
et al., 2000). Up to now, more than 100 resistance QTLs against
GLS have been reported (Du et 4/, 2020). And five loci were
repeatedly identified from different maize inbred lines by differ-
ent research groups: bin 1.05-1.06 (Lehmensiek ez al, 2001;
Balint-Kurti ez al., 2008; Pozar et al., 2009; Sun et al., 2021), bin
2.03-2.05 (Zwonitzer et al., 2010; Zhang et al., 2012; Lennon
et al., 2016), bin 4.05-4.08 (Gordon ez al, 2004; Balint-Kurti
et al., 2008; Lennon et al., 2016), bin 5.03-5.06 (Clements ez 4.,
2000; Xu et al., 2014; Lennon et al, 2016) and bin 7.02-7.03
(Pozar et al., 2009; Benson et al., 2015; Mammadov ez al., 2015;
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Du ez al., 2020). Although none of these QTLs have been cloned,
two cloned maize multiple disease resistance (MDR) genes
(ZmCCoAOMT2 and ZmMDM]I) were found to positively regu-
late GLS resistance (Yang ez al., 2017; Wang ez al., 2021). The
of ZmCCoAOMT2 is related to
the increased levels of lignin and other metabolites, and these of
ZmMM]1 are associated with ROS accumulation (Yang ez al,
2017; Wang et al., 2021). But the detailed molecular mechan-
isms of them are still unknown. In summary, our understanding

resistance mechanisms

of maize GLS resistance is limited.

To fight against pathogens, plants largely depend on the innate
immunity consisting of two branches: pattern-triggered immu-
nity (PTI) and effector-triggered immunity (ETL; Jones &
Dangl, 20006). Pattern-triggered immunity is activated by cell-
surface pattern recognition receptors (PRRs) after detecting
microbe-associated  molecular  patterns  (MAMPs)  or
damage-associated molecular patterns (DAMPs); MAMPs are
microbe-derived conserved elicitors such as chitin, and DAPMs
are plant-derived molecules released after pathogen invasion, such
as AtPepl (Dodds & Rathjen, 2010; Liu ez al, 2012; Z. Liu
et al., 2013). While ETI is activated when pathogen-derived
effectors are recognized by plant proteins such as nucleotide-
binding leucine-rich repeat proteins (NLRs), following with
strong immune responses such as hypersensitive response (HR;
Ngou et al., 2022). Cell wall-associated kinase (WAK) proteins
possess an extracellular domain, a transmembrane domain and an
intercellular kinase domain. Their extracellular domain is respon-
sible for binding small pectic oligosaccharides (pectic products of
cell wall degradation; Kohorn ez al., 2014), and the intercellular
kinase domain is responsible for activating downstream signaling
pathways (Amsbury, 2020). So, WAK proteins were taken as
kinase receptor-activating PT1I, which contributes basal resistance
and has no race-specificity (Bacete et al., 2018). While, the race-
specific resistance gene Xa4 in rice encodes a WAK protein (Hu
et al., 2017). It indicates that WAK proteins also play important
roles in ETI. Based on the presence or absence of the conserved
arginine (R) residue adjacent to the aspartate (D) residue in the
kinase domain, WAK proteins are classified into two subgroups:
RD (arginine-aspartate) WAK and non-RD (non-arginine-
aspartate) WAK (Dardick ez 4/, 2012). In crops, RD WAKs are
normally associated with roles in growth and development,
whereas non-RD WAKSs play roles in disease resistance (Stephens
et al., 2022).

Here, we report the identification and cloning of a major resis-
tance QTL against GLS: ¢RglsSB. It was identified in bin 1.06,
explaining 58.42% phenotypic variation of GLS resistance in
SB12xSA101 BC,F; population. Based on map-based cloning
strategy, qRglsSB was narrowed into 817 kb region, containing 12
candidate genes. Three of them encoding WAKs (ZmWAKO2,
ZmWAKO3 and ZmWAKO4) were selected as the best candidates,
and their genomic DNA was transferred into susceptible inbred
line KN5585. Only transgenic plants containing ZmWAK02
showed resistance phenotype against GLS. Also, the disease phe-
notypes of mutants and complementary lines confirmed that the
ZmWAKO2 gene is responsible for GLS resistance in gRglsSB.
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Unlike most of resistance WAK genes in crops encoding non-RD

WAKs, ZmWAKO2 encodes an RD WAK.

Materials and Methods

Plant materials

Maize inbred line SB12, highly resistant to GLS, was used as the
donor parent and maize inbred line SA101, highly susceptible to
GLS, was taken as the recurrent parent. Both of them were pro-
vided by Hubei Tenglong Seed Co. Ltd. SB12 was crossed with
SA101 to generate F; plants, and F; was backcrossed with SA101
to generate BC,F; population. The BC,F; population contain-
ing 217 individual plants was used for the initial QTL analysis.
All of those BCF; plants were self-crossed to generate BC,F,
families. And those BC,F, families were used to confirm the
results of the initial QTL analysis. BC3F; population was gener-
ated via marker-associated selection (MAS) through backerossing
resistant BCF; plants with SA101 twice and BCsF; population
was generated via MAS through backcrossing resistant BC3F;
plants with SA101 twice. Resistant BCsF; plants were self-
crossed to generate BCsFs families via MAS. And NIL plants
were derived from resistant BCsFs plants.

Evaluation of GLS resistance phenotype

For primary QTL analysis, the BC;F; population was planted at
Badong (Hubei Province, China), and the BC;F, families were
planted at Badong and Dehong (Yunnan Province, China) under
natural infection in two replicates at each location. For the fine-
mapping, all plants were planted at Badong under natural infec-
tion. Cercospora zeina is prevalent in Badong and Dehong, and
GLS happens every year in those two regions.

The GLS disease phenotype was examined at 2-3 wk after
anthesis, and the disease severity was evaluated by using the five-
class scale (Supporting Information Fig. S1), in which ‘1’ means
highly resistant phenotype to GLS and ‘9" means highly suscepti-
ble phenotype to GLS.

Marker development and genotyping

For primary QTL analysis, SSR and insertions or deletions
(InDels) polymorphism (IDP) markers were obtained from the
Maize Genetics and Genomics Database (http://www.maizegdb.
org), and markers showing polymorphism in SB12xSA101
population were used to genotype all individual plants in the
SB12xSA101 BC,F; population and to generate the genetic
map. For fine-mapping, IDP markers were developed based on
the sequence difference between SB12 and SA101, which was
detected based on sequence difference of specific fragments in the
QTL region.

For genotyping individual plants, the Fragment Analyzer sys-
tem (Fragment Analyzer™ Automated CE System) was used.
This system is a multiplexed capillary electrophoresis (CE) instru-
ment for performing automated, high-throughput separation and
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quantification of double-stranded DNA, and it can separate
DNA fragments that differ in size > 5 base pairs (bp).

Construction of a linkage map and QTL analysis

The linkage map was generated by using the MAPMAKER 3.0 soft-
ware (Lander ez al., 1987). The input data included markers for the
BC,F; population and their corresponding genotype. The ‘group’
command was used to produce linkage groups with a logarithm of
odds (LOD) score of 3.0, and the Kosambi mapping function was
applied to covert recombination frequency into centiMorgen (cM).

QTL detection was done by using Windows QTL CARTOGRA-
PHER 2.5 software with composite interval mapping (CIM)
method (Silva ez al, 2012). The walk speed is 1 cM, and a signifi-
cant threshold for QTLs was determined by 1000 permutation
tests at the level 2=0.05.

Fine-mapping for gRgl/sSB and the progeny test

To fine-map gRglsSB, recombinants in the QTL regions were
identified from BC3F; populations and BCsF; populations by
using molecular markers. And those recombinants were self-
pollinated to generate progenies (BC3F, families or BCsF,
families), which were planted at Badong for disease phenotype
examination.

More than 100 progenies from the self-cross of each recombinant
were planted in the field for genotyping and phenotyping evalua-
tion. Progenies derived from the same recombinant were genotyped
by markers. Based on the presence or absence of SB12 donor
region, three genotypes (SB12/SB12 homozygous, SA101/SA101
homozygous and SB12/SA101 heterozygous genotypes) are present
in those progenies. And the significant difference of disease pheno-
types between SB12/SB12 homozygous and SA101/SA101 homo-
zygous genotypes in the same recombinant-derived progenies was
examined by using a Student’s #test (two-tailed). If the SB12 donor
region in the recombinant contains the resistance QTL, plants with
the SB12/SB12 homozygous genotype is expected to be signifi-
cantly more resistant (2<0.05) than plants with the SA101/SA101
homozygous genotype. On the contrary, if the SB12 donor region
in the recombinant does not contain the resistance QTL, there is
no significant difference (P> 0.05) in disease phenotypes between
plants with the SB12/SB12 homozygous genotype and plants with
the SA101/SA101 homozygous genotype.

Genome sequencing, assembling and gene annotation

Sequencing, optical map generation and assembling were per-
formed as previously described (Hufford ez 4l., 2021), with a few
modifications. SB12 seedlings were grown in growth room to
three-leaf stage. Leaf tissue of seedings was harvested and frozen
in liquid nitrogen. Ultra-high molecular weight ("HMW) DNA
was isolated from ¢ 1 g frozen leaf tissue grinded in liquid nitro-
gen using the Bionano Plant Tissue DNA isolation kit as pre-
viously described (Hufford et al., 2021). The resulting DNA was
used for Bionano DLS genome optical mapping, the PacBio
CLR sequencing and illumina library construction.
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Approximately 1 pg uHMW DNA was labelled by using the
DLS kit (Cat. 80005; Bionano Genomics, San Diego, CA, USA)
as per the manufacturer’s instructions (Bionano Genomics). The
labelled sample was loaded onto a Bionano chip flow cell, where
molecules were separated, imaged and digitized in the Saphyr Sys-
tem (https://bionanogenomics.com/support-page/saphyr-system/).
In total, 1120 634 molecules with a minimum length of 150 and
306 kb N50 were assembled at effective coverage of 95.6x and
optical genome map N50 of 102.6 Mb from 33 maps.

For Illumina libraries, Chromium 10x libraries were con-
structed using a Chromium 10x system as per the manufac-
turer’s recommendations (10x Genomics, Pleasanton, CA,
USA) and sequenced in one Illumina HiSeq sequencer using a
pair end 2 X 150 configuration. The chromium libraries yielded
a total of 98 859 309 600 bp in 328 749 165 PE150 clusters, for
an expected coverage of 44 x.

For PacBio sequencing, sequencing libraries were constructed
following PacBio’s template prep protocols for the Express Tem-
plate Prep Kit 2.0. PacBio CLR sequencing yielded 72.5-fold
coverage of sequence (162.5 Gb; 6.887 million subreads; N50
read length: 26.3 kb). PacBio reads were trimmed and assembled
with CaNU (v.1.8; Koren ez al., 2017), and the resulting contigs
were filtered to a minimum contig length of 30 kb. The PacBio
sequence assembly was merged with the optical map using the
hybrid scaffolding module of BIoNANOSOLVE (v.3.4.0) and Bio-
NANO AcCESS (v.1.3.0). The de novo assembly yielded 1101 con-
tigs with contig N50 of 43.5Mb and total assembly size of
2.242 Gb. Hybrid scaffolding yielded 31 hybrid scaffolds with an
N50 of 103.9 Mb. Polished hybrid scaffolds were ordered and
oriented into 10 pseudomolecules relative to B73_v4 with a total
length of 2.152 Gb.

For gene annotation, RNA-seq data were generated by using
RNA isolated from leaf samples of SB12 seedlings at three-leaf
stage. Then, paired-end reads from the generated Illumina RNA-
seq libraries were aligned to the assembled SB12 genome using
ToPHAT2 v.2.0.4, with default parameters (https://genomebiology.
biomedcentral.com/articles/10.1186/gb-2013-14-4-r36). The aligned
RNA-seq reads were then utilized to assemble the SB12 tran-
scriptome with STRINGTIE v.2.1.1, with default parameters
(hteps://www.nature.com/articles/nbt.3122). The SB12 genome
was annotated using a hybrid evidence and ab initio-based gene
prediction pipeline (Li ez al, 2021). Evidence-based predictions
were directly inferred from the assembled transcripts generated
by using STRINGTIE v.2.1.1. For generating assembled transcripts,
RNA-seq reads were mapped to SB12 genome using STAR
(v.2.5.3a), and those mapped reads were organized by using
SAMToots (v.1.9) to generate input for transcript assembly pro-
grams (Li et al., 2009). Ab initio predictions were done by using
BRrAKER (v.2.1.2) with both evidence-based predicted proteins
and mapped RNA-seq reads as inputs.

Transgenic validation of ZmWAKO02, ZmWAKO3 and
ZmWAKO4

The genomic fragments of ZmWAK02, ZmWAKO3 and
ZmWAKO4 were amplified from the genomic DNA of the
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resistant line SB12 and were cloned into the binary vector
pZLZ01523 to generate PLZ01523-ZmWAKO2,
PZZ01523-ZmWAKO3 and pZZ01523-ZmWAKO4 constructs.
The insertions in these constructs were sequenced to confirm the
accuracy of the fragments. Construct pZZ01523-ZmWAKO2
contains the genomic sequence of ZmWAK02 (9335 bp) includ-
ing 3060 bp promoter, 3503 bp gene body and 2772 bp down-
stream region; construct pZZ01523-ZmWAKO3 contains the
genomic sequence of ZmWAKO3 (8149 bp) including 3050 bp
promoter, 3637 bp gene body and 1462 bp downstream region;
and construct pZZ01523-ZmWAKO4 contains the genomic
sequence of ZmWAKO04 (10 182 bp) including 4020 bp promo-
ter, 4538 bp gene body and 1624 bp downstream region. To gen-
erate  three overexpression constructs (pZZ01523-Ubi::
ZmWAKO2-GFP, pZZ201523-Ubi::ZmWAK03-GFP and
pZZ201523-Ubi::ZmWAK04-GFP), the coding sequences of
ZmWAKO02, ZmWAKO3 and ZmWAKO4 were amplified from
SB12 cDNA library and were fused with GFP gene, and the fused
genes were driven by the promoter of maize Ubiquitin gene.

The six constructs were transformed into the susceptible maize
inbred line KN5585 by the gene transformation platform of
Weimi Biotechnology Co. Ltd Positive T; plants were identified
and self-crossed twice to produce homozygous positive and nega-
tive T3 plants, which were planted at Enshi (Hubei Province,
China) for evaluating the GLS disease phenotype. The two-tailed
Student’s #test was conducted to test the significant difference on
GLS phenotype between positive and negative transgenic plants.

Mutant generation and screening

More than 5000 seeds of SB12 were radiated with ®°Co-y ray
with 200 Gy at the Institute of Biological and Nuclear Technol-
ogy, Hubei Academy of Agricultural Sciences, China. A total of
1290 M, families were generated after self-crossing 2000 M,
plants. Those M, families were planted at Badong for GLS phe-
notype evaluation. Susceptible plants were self-crossed to gener-
ate M3 families. And those M; families were planted at Badong
to test the GLS resistance phenotype again to get stable mutant
plants showing susceptible phenotype to GLS.

RT-gPCR analysis

Maize inbred line SB12 at five-leaf stage was inoculated with C.
zeina spores under high-humidity conditions. Leaf samples were
collected at different time points before and after inoculation, then
RNAs were isolated from those leaf samples by using TrizoL (Invi-
trogen). RT-qPCR was done by using SYBR premix (TaKaRa,
Dalian, China) on real-time PCR (CFX96 Real-Time System; Bio-
Rad). Primers used to detect the expression levels of ZmWAK02,
ZmWAKO3, ZmWAKO4 and ZmUbiquitin are listed in Table S1.

Molecular breeding of the ZmWAKO2 gene

The ZmWAKO2 gene was used to improve commercial maize
hybrid lines XianYu335 (PH4CV x PH6WC) and Zheng-
Dan958 (Zheng58 x Chang7-2), widely planted in China.

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

£

Research

The resistant inbred line SB12 was crossed with two parental
inbred lines of XianYu335, respectively. The BCsF; lines con-
taining ZmWAKO2 were generated through maker-associated
selection. The PHACV#"WAK02 and PHEWC W52 Jines iden-
tified from the BCsF5 population were crossed to generate the
improved hybrid line XianYu335 ZmWAKo2
(PH4CV#WAKOZy pH W A WAKD2)

Introgression of the ZmWAKO2 gene into Zheng58 was done
by crossing SB12 with Zheng58. Finally, The Zheng58”""4%%
lines identified from the BCsF; population were crossed with
Chang7-2 to generate the improved hybrid ZhengDan958
ZmWAR0Z (71, ng5 87" WAKO2y Chang7-2).

The improved hybrid lines and wild-type (WT) hybrid lines
were planted in fields for yield evaluation under two conditions:
in the absence of GLS: field in Huanggang (29°N, 114°E),
China, in 2022; and in the presence of GLS: natural GLS nursery
field in Enshi (30.5°N, 109.6°E), China, in 2022. In Huang-
gang, each line was planted in four subplots and each subplot
contains three rows, each row was 3 m long with 11 plants. In
Enshi, each line was planted in three subplots, and each subplot
contains three rows, each row was 4 m long with 14 plants. All
ears were harvested and dried to uniform moisture for scoring ear
and grain traits. The two-tailed Student’s #test was done to test
the significant difference of grain yield, plant height, days to tas-
sel, days to silking, days to anthesis and ear height between the
improved hybrid lines and WT hybrid lines.

Results

Identification of a major resistance QTL, gRg/sSB,
against GLS

Maize inbred line SB12 is highly resistant to GLS, while inbred
line SA101 is highly susceptible to GLS (Fig. 1a). In order to
identify resistance QTLs against GLS, a BC,F; population
derived from a cross between SB12 and SA101 was generated for
genotyping and phenotyping examinations. In 2015, 217 plants
in the BCF; population were planted at Badong in Hubei pro-
vince for GLS disease evaluation (15Badong), based on the five-
class disease scale (Fig. S1). And the genetic linkage map for the
SB12xSA101 population was developed by using 166 SSR mar-
kers (Fig. S2). As determined by the analysis of the association
between the genetic data and the phenotypic data, QTL analysis
identified one major resistance QTL against GLS, ¢Rg/sSB, in the
region between molecular markers C1-56 and TF104 on chro-
mosome 1. The resistance allele at gRglsSB was derived from the
resistant inbred line SB12 (Fig. 1b). And, it could account for
58.42% of the total phenotypic variation with 4.087 additive
effect on the disease scale (Figs 1b, S2a).

In order to confirm the QTL analysis results, those
SB12xSA101 BC;F; plants were self-crossed to generate
BC,F;., families, which were planted at Badong in Hubei Pro-
vince and Dehong in Yunnan Province (two repeats for each loca-
tion) for GLS disease evaluation in 2016. The correlation
coefhicients between the disease phenotypes of the BC,F; popula-
tion and the BC,F;., population were 0.74-0.79, P<0.0001
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Fig. 1 Identification of a major QTL, gRg/sSB, resistant against gray leaf spot (GLS). (a) GLS disease phenotypes of maize inbred lines SB12, SA101 and F4
(SB12xSA101). (b) Log-of-odd (LOD) profiles and additive genetic effects of the QTL for resistance against GLS. Disease phenotypes were collected from
BC4F, population grown at Badong in 2015 and were collected from BC4F, population in four replicate plots grown at Badong and Dehong in 2016. a(H1),

additive effect under alternative hypothesis (H1).

(Fig. S3). And the major QTLs detected from the BC,F;.; popu-
lation in the four repeats were exactly the same as qRglsSB, con-
firming the reliability of the QTL mapping results in BC;F,
population (Fig. 1b).

Fine-mapping of gRglsSB

In order to fine-map qRglsSB, resistant BC,F; plants with het-
erozygous genotype at the QTL region were identified by using
molecular markers C1-56 and TF104; then, those BC,F; plants
were backcrossed twice to SA101 to generate the BC53F; popula-
tion. Next, 9600 BC3F; plants were planted at Badong for GLS
disease evaluation. By using molecular markers C1-56 and
TF104, 947 recombinant plants were identified from the BC3F,
population. Furthermore, all recombinant plants were geno-
typed by 11 molecular markers, resulting in 23 different geno-
types (G1-G23) in those recombinant plants (Fig. 2a). Based on
the disease phenotype data and the genotype data of recombi-
nant BC5F; plants, the QTL region was narrowed down in a
region between molecular marker TD111 and TD382 (Fig. 2b),
which is ¢ 2.7Mb based on the B73 genome sequence
(RefGenV4).

Since the recombination frequency between molecular markers
TD111 and TD382 was very low, we needed a larger population
to isolate enough recombinants between these two molecular
markers. So, resistant genotype G17 and G18 plants in BC3F,
population were backcrossed twice to SA101 to develop a big
BCsF, population and >50 000 BCsF,; plants were screened by
using molecular markers TD209 and TD382 to identify

New Phytologist (2024) 241: 1780-1793
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recombinants. Finally, 220 recombinant plants were identified.
In order to genotype those recombinant plants, more markers in
the region between TD209 and TD380 were required. Based on
the published genomic DNA sequence data online (http://www.
maizegdb.org) and resequencing results of some genes in the
QTL region, we designed multiple candidate SSR and KASP
markers in the region between TD209 and TD382. However,
only two of them (PK76 and TD236) can clearly identify
SB12/SA101 heterozygous genotype and SA101/SA101 homozy-
gous genotype in the BCsF; population, which indicates that
there might be a big structure variation or low DNA polymorph-
ism in the QTL region between SB12 and SA101. Based on the
genotyping data, four genotypes (G24—G27) were identified in
these recombinants (Fig. 2¢). The progenies (>100 progeny
plants) from the self-cross of each recombinant were planted for
GLS phenotype evaluation. In the progenies of G24, G25 and
G27 genotype recombinants, SB12/SB12 homozygous plants
were significantly more resistant against GLS than SA101/SA101
homozygous plants. It indicates that G24, G25 and G27 geno-
type recombinants contain the corresponding resistance gene.
While, all plants in the progenies of G26 genotype recombinants
were susceptible to GLS and no significant difference on the dis-
ease phenotype was observed between SB12/SB12 homozygous
plants and SA101/SA101 homozygous plants. It indicates that
G26 genotype recombinants do not contain the corresponding
resistance gene. Together, we concluded that gRglsSB is located
in the region between molecular markers PK76 and TD236,
which is ¢ 1.5Mb based on the B73 genome sequence
(RefGenV4).
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G26 # — S 2 644£050  6.56+0.50 0.144
' (=61) (n=36)

G27 *:":1 R 2 3444112  6.56+0.52 3 19E-39
[ 928 kb = (n=61) (n=57)

ZmWAKOL  ZmWAKO02 ZmWAKO03 — ZmWAKO04

Fig. 2 Fine-mapping of gRg/sSB resistant against gray leaf spot (GLS) based on recombinants. (a) The genetic structures of 23 genotypes (G1-G23). 947
BC5F, recombinants were classified into 23 genotypes based on 13 molecular markers. The genetic structure for each genotype is depicted as gray rectan-
gles and white rectangles, corresponding to heterozygous SB12/SA101 alleles and homozygous SA101/SA101 alleles, respectively. (b) GLS disease pheno-
types of 23 genotypes. The number of recombinant plants for each genotype was presented. The disease score for each genotype was presented as

mean = SD. Statistical analysis was done based on the two-tailed Student's t-test. Different letters indicate significant differences at P<0.05. (c) The
genetic structures of four genotypes (G24-G27). BCsF4 recombinant plants were analyzed by using five molecular markers. gRglsSB was narrowed down
into an interval between PK76 and TD236, which is 926 kb based on the genome sequence of SB12 and contains three ZmWAK genes. (d) The deduced
disease phenotypes of four genotypes (G24-G27). For each genotype, two BCsF, families were planted for disease evaluation. The disease scores of homo-
zygous SB12/5SB12 and homozygous SA101/SA101 in progeny are presented with mean + SD. ‘n’" is the number of plants. Significant difference (P <0.05)
between homozygous SB12/SB12 and homozygous SA101/SA101 indicates the presence of gRg/sSB in the donor region, and the genotype is deduced to
be resistant to GLS; otherwise, it indicates the absence of gRg/sSB in the donor region and the genotype is deduced to be susceptible to GLS.
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ZmWAKO2, encoding an RD WAK, is responsible for
qRglsSB resistant against GLS

In order to clone the resistance gene in gRglsSB locus, we
assembled the whole genome of the resistance parent line SB12
with PacBio CLR sequencing data integrated with Bionano opt-
cal map and illumina short reads, and obtained 10 pseudomole-
cules of the maize inbred line SB12 with a total length of
2.152 Gb. Synteny analysis showed that the genomic DNA
sequence of the QTL region in SB12 was not colinear with that
in B73 (Fig. S4), which indicates that there is a big structure var-
iation in the QTL regions between SB12 and B73.

Based on the genomic DNA sequence of SB12, the QTL
region between PK76 and TD236 is 928 kb, containing 12 pre-
dicted protein-coding genes (Fig. S5). Three of them (Gene 1,
Gene 4 and Gene 9) encode RD WAKs and they were named
ZmWAKO2 (Gene 1), ZmWAKO3 (Gene 4) and ZmWAK04
(Gene 9), respectively. Gene 2 encodes a protein only containing
a GUB binding domain; Gene 3, Gene 6, Gene 7 and Gene 10
encode unknown proteins; Gene 5 encodes a B-lectin kinase;
Gene 8 and Gene 11 encode proteins containing two EFh
domains; and Gene 12 encodes glycerophosphodiester phospho-
diesterase 4 (GDPD4).

Since WAK genes play critical roles in plant defense, we con-
sidered ZmWAK02, ZmWAKO3 and ZmWAK0O4 as the most pro-
mising candidate genes. ZmWAKO02 and ZmWAKO04 proteins
contain a signal peptide, two GUB_WAK binding domains, two
epidermal growth factor-like (EFG) domains, a transmembrane
domain and a cytoplasmic kinase domain; while, ZmWAKO03
contains a signal peptide, a GUB_WAK binding domain, an
internal repeatl domain, an EFG domain, a transmembrane
domain and a cytoplasmic kinase domain (Fig. S6a). Protein
sequence alignment showed that the three WAK proteins share
>80% amino acid identity with each other (Fig. S6b). At first,
we examined whether their transcription levels could be induced
by C. zeina infection. RT-qPCR results showed that the tran-
scription level of ZmWAKO3 was barely detected before or after
pathogen infection; while, the transcription levels of ZmWAK02
and ZmWAKO4 were strongly induced by C. zeina infection at 3,
24 and 48 h after inoculation and that of ZmWAKO2 was much
higher than that of ZmWAKO4 after C. zeina infection (Fig. 3a).
It indicates that the ZmWAKO2 gene might be the best candidate
gene in the QTL region.

To determine the function of these three WAK genes in the
GLS resistance, we cloned genomic DNA fragments of
ZmWAK02 (9.3kb), ZmWAKO3 (8.1kb) and ZmWAKO4
(10.1kb) from SB12, respectively; these fragments contained
their genomic DNA sequence including native promoters, gene
coding region and native terminator sequences (Figs 3b, S7a,b).
The three fragments were then transformed into the maize inbred
line KN5585, which is susceptible to GLS. Two independent T
families of ZmWAK02, ZmWAKO3 and ZmWAK0O4 transgenic
plants were tested for disease phenotype to natural infection by
C. zeina in the field at Badong over 2yr. Only ZmWAK02
transgenic-positive plants from two independent families showed
stronger resistance to GLS than their corresponding nontransgenic
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siblings (Fig. 3c,d). It indicated that the introgression of the
ZmWAKO2 gene can enhance maize resistance against GLS caused
by C. zeina. No difference on GLS resistance phenotype was
observed between transgenic positive plants and their corresponding
nontransgenic siblings in ZmWAK03 and ZmWAKO4 transgenic
T families, and all of them showed susceptible phenotype to GLS
(Fig. S7c—1). It means that the ZmWAKO3 gene and the ZmWAK04
gene do not contribute resistance against GLS caused by C. zeina.

In order to test whether the three ZmWAK genes contribute
resistance against C. zeae-maydis, the causal agent of GLS in
Northern China. We planted these transgenic plants in Gongz-
huling at Jilin Province for natural inoculation, where C. zeae-
maydis is the only agent for GLS. It was observed that ZmWAK02
transgenic-positive plants but not ZmWAKO3 or ZmWAK04
transgenic-positive plants showed stronger resistance against GLS
than their corresponding nontransgenic siblings (Figs 3e,f, S7g—j).
These results indicate that the introgression of the ZmWAK02
gene but not the ZmWAKO3 gene or the ZmWAKO4 gene
increases maize resistance against GLS caused by C. zeae-maydis.
So, we made a conclusion that ZmWAKO2 confers maize resis-
tance against GLS caused by both of C. zeina and C. zeae-maydis.

We also generated overexpression constructs (Ubi::
ZmWAKO02-GFP, Ubi::ZmWAKO03-GFP and Ubi::ZmWAK04-
GFP) and transformed them into KN5585 (Fig. S8a,b). How-
ever, we only got Ubi::ZmWAK03-GFPIKN5585 and Ubi::
ZmWAKO4-GFPIKN5585 transgenic plants (Fig. S8c,d). No
Ubi::ZmWAKO02-GFPIKN5585 transgenic plants were gotten,
although the company tried the transformation assay twice. It is
possible that overexpression of ZmWAKO2 caused strong immu-
nity and killed transgenic-positive calli. Next, two independent
T; families of Ubi:ZmWAKO03-GFPIKN5585 and Ubi::
ZmWAKO4-GFPIKN5585 transgenic plants were tested for resis-
tance against natural infection by C. zeina in the field at Badong.
All transgenic-positive and -negative plants showed susceptible
phenotype to GLS and no difference on the GLS resistance was
observed between transgenic-positive plants and their corre-
sponding nontransgenic siblings (Fig. S8e—h). It confirmed that
the ZmWAKO3 gene and the ZmWAK04 gene do not contribute
GLS resistance.

ZmWAKO?2 rescues the phenotype of the mutant to
resistance against GLS

In order to confirm the resistance function of ZmWAKO02, we
tried to generate mutation of ZmWAKO2 in SB12 background. A
total of 5000 SB12 seeds were treated with “*Co-y ray to generate
a mutant library. A total of 1290 M, families of SB12 mutants
were evaluated for resistance against GLS at Badong, and three
different mutant plants (427M, 472M and 1538M) from differ-
ent M, families showed more susceptible phenotype to GLS than
SB12 (Fig. 4a). And, their progenies (M3 family seeds) showed
more susceptible phenotype to GLS than the WT plants (SB12)
(Fig. 4b). Therefore, 427M, 472M and 1538M were stable
mutants showing susceptible phenotype to GLS. Since *“°Co-y
ray normally causes large fragment deletion, we tried to examine
whether the 12 genes in the QTL region were deleted in the three
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Fig. 4 Validation of ZmWAKO2 function in resistance against (gray leaf spot) GLS. (a) Three mutants (427M, 472M and 1538M) are susceptible to
GLS. (b) The disease phenotypes of M3 populations of 427M, 472M and 1538M. (c) The diagram to show the genotypes of 427M, 472M and
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phenotypes of ZmMWAKO02/KN5585 line#1x472 F; population and ZmWAK02/KN5585 line#2x472 F4 population. The number of plants for each
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amplification and sequencing. The results showed that only six of
them (BY4944, BY4960, CIMBL49, CIMBL86, CIMBL93 and
CIMBL364) might contain the ZmWAKO2 gene (Table S2). Also,
we sequenced the ZmWAKO2 genomic DNA sequences of the six
maize inbred lines and found that they shared > 91% identity with
the genomic DNA sequence of ZmWAK02®'2 respectively
New Phytologist (2024) 241: 1780-1793

www.newphytologist.com

(Fig. S11a). We also predicted their mRNA sequences and their
encoding protein sequences based on those of ZmWAK02**"? and
found that the predicted ZmWAK02%"4%* and ZmWAK025Y47%
proteins were only 143 aa and 120 aa, which were shorter
than ZmWAK02%812 protein (960 aa; Fig. S11b). It indicates
ZmWAK02Z®™* and  ZmWAK02""%° genes might encode
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truncated proteins, and they do not have the same function as
ZmWAK02*®"?. That might explain why BY4944 and BY4960
were susceptible to GLS (Table S2). Further, we screened 188
teosinte lines and 288 landrace accessions by using the molecular
marker (PK537+PK538). After sequencing the PCR products,
we found six teosintes (Table S3) and nine landrace accessions
(Table S4) might contain the ZmWAKO2 gene (Fig. S12).
Furthermore, we examined 80 commercial maize hybrid lines by
using the molecular marker (PK537+PK538) and found that
only one of them might contain the ZmWAKO2 gene (Table S5;
Fig. S12). The low frequency of the ZmWAKO2 gene in the col-
lected maize hybrids indicates that the ZmWAKO2 gene has not
been broadly used in commercial hybrids and the ZmWAK02
gene is a rare allele, which highlight its potential value for maize
breeding.

Next, we examined whether the introgression of the
ZmWAKO?2 gene affects five agricultural traits (plant height, days
to tassel, days to silking, days to anthesis and ear height) by using
ZmWAKO?2 transgenic plants and no difference on those agricul-
tural traits was observed between transgenic-positive plants and
their nontransgenic sibling plants (Fig. S13). Also, we tested the
phenotypes of the five agricultural traits in two SB12xSA101
NIL lines, and no significant difference on them was observed
(Fig. S14). Those indicate that the introgression of the
ZmWAKO2 gene does not affect the five agricultural traits.

Furthermore, we introduced the ZmWAKO2 gene into the
two parental lines of commercial maize hybrid Xianyu335
(PHO6WCxPH4CV) by repeated backcrossing and molecular
assisted selection. The PHACVZ”"W4K02 and PHEWC V452 Jines
identified from the BCsF; progenies were crossed to generate the
improved hybrid XianYu335 #"WAK0Z  (PH4CYWAKO2
PHOWCZ"WAK03 " In  the field, the improved hybrid
Xianyu3357"WAk02 (PHEWCZ"WAKO2 PHACV " WAK03)  blants
were more resistant to GLS than the original Xianyu335 hybrid
plants (Fig. 5a,b). As a result, the yield of )(ianyu335‘szAK02
was 3.9% higher than that of the original Xianyu335 hybrid in
the presence of GLS, and no significant difference on the five
agronomic traits were observed (Figs 5¢,d, S15). It indicates that
the introgression of the ZmWAKO2 gene can reduced GLS-
caused yield loss and does not affect five major agricultural traits
under the pressure of GLS. In the absence of GLS, no significant
changes were observed on grain yield and other five agronomic
traits between Xianyu335”"*%%% and Xianyu335 (Figs 5c.d,
S15). It means the introgression of the ZmWAKO2 gene does
not affect grain yield and other five major agricultural traits in
the absence of GLS. We also improved the father parent
line (Zheng58) of the commercial hybrid ZhengDan958
(Zheng58 x Chang7-2) by using the similar strategy. And we got
similar results as Xianyu335””¥%% In the presence of GLS, the
improved hybrid ZhengDan958””W4%%? (Zheng587""K02x
Chang7-2) was more resistant against GLS than the original
hybrid ZhengDan958; the grain yield of ZhengDan9587 WX
was 8% more than that of the original hybrid ZhengDan958;
and, no significant difference on yield and other five major agro-
nomic traits was observed between ZhengDan958%”"%4X% 3nd

ZhengDan958 (Figs 5e—h, S16). In the absence of GLS, no
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significant changes were observed on grain yield and other agro-
nomic traits between ZhengDan958“""4%%? and ZhengDan958
(Figs 5g,h, S16). These results confirmed the breeding value of
the ZmWAKO2 gene in maize.

Discussion

In this study, we identified a major QTL, gRglsSB, conferring
maize resistance against GLS. By combining map-based cloning
strategy and transgenic functional complementation, we con-
firmed that ZmWAKO2 gene encoding an RD WAK is responsi-
ble for the resistance of ¢RglsSB. The introgression of the
ZmWAKO2 gene can significantly enhance GLS resistance and
increase grain yield in the presence of GLS; and it does not cause
yield loss in the absence of GLS.

ZmWAKO?2 has a large effect on GLS resistance

Previously, only two genes resistant to GLS have been cloned:
ZmCCoAOMT2 from gMdrg o> and ZmMM]I from qLM7 and
the introgression of qMdrg o, or qLM7 slightly enhanced GLS
resistance (Yang et al., 2017; Wang et al., 2021). While, gRglsSB
explained 58.42% phenotypic variation of the resistance against
GLS in SB12xSA101 population, which indicates that gRglsSB
might confer qualitative rather than quantitative resistance
against GLS. The additive effects of qRg/sSB in SB12xSA101
population at different repeats were between 3.1914 and 4.087
(Fig. S3¢). The introgression of the ZmWAKO2 genomic DNA
into susceptible maize inbred line KN5585 or susceptible large-
fragment deletion mutants significantly enhances their GLS resis-
tance. And the difference of GLS disease scale between those
plants carrying ZmWAKO2 and plants without ZmWAKO2 were
between 3 and 4.3 (Figs 3b—f, 4a,b). Similar results were observed
between Xianyu335“”%4%? and Xianyu335 and between
ZhengDan95SZmWAKO2 and ZhengDan958 (Fig. 5a,b,e,f). All of
these results indicate the ZmWAKO2 gene has a large effect on
the GLS resistance.

ZmWAKQO?2 presents great value for maize breeding

One of the major goals for resistance study is to isolate resistance
genes that can be used for crop resistance breeding. However, that
goal has been ignored for a while. Most of work on resistance genes
has been focused on exploring molecular mechanisms of them, and
only a few resistance genes were evaluated for their value on breed-
ing (Zhang et al., 2018). Here, we proved that the ZmWAKO2 gene
has great value for maize breeding. First, ZmWAKO2 confers large
effect on GLS resistance in different backgrounds (SA101,
KN5585, Xuanyu335 and ZhengDan958; Figs 3-5). Second,
ZmWAKO2 contributes strong resistance against both of C. zeae-
maydis and C. zeina, the two causal agents of GLS (Fig. 3c).
Third, the introgression of the ZmWAKO2 gene increased yield in
the presence of GLS pressure and did not cause yield loss in the
absence of GLS (Fig. 5). Fourth, the introgression of the
ZmWAKO2 gene did not affect five major agricultural traits (plant
height, days to tassel, days to silking, days to anthesis, and ear
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Fig.5 Introgression of ZmMWAKO2 into maize hybrids significantly enhances their resistance against GLS without fitness cost. (a) The GLS disease
phenotypes of Xianyu3357™"#%02 and Xianyu335. Bar: 10 cm. (b) The GLS disease phenotypes of Xianyu335%""*%02 and Xianyu335 at Enshi (ES) in 2020
and 2022. (c) The grain yield phenotypes of Xianyu335%""AK%2 and Xianyu335 at Enshi (ES) in the presence of GLS disease) and Huanggang (HG) in the
absence of GLS disease in 2022. (d) Ear phenotypes of Xianyu335%""AX02 and Xianyu335 at Enshi (ES) in the presence of GLS disease and at Huanggang
(HG) in the absence of GLS disease in 2022. Bar: 5 cm. (e) The GLS disease phenotypes of ZhengDan9582’"WAKO2 and ZhengDan958. Bar: 10 cm. (f) The
GLS disease phenotypes of ZhengDan958“™"Ak02 and ZhengDan958 at Enshi (ES) in 2020 and 2022. (g) The grain yield phenotypes of
ZhengDan9587™WAK02 and ZhengDan958 at Enshi (ES) in the presence of GLS disease) and Huanggang (HG) in the absence of GLS disease in 2022. (h) Ear
phenotypes of ZhengDan958?"AX02 and ZhengDan958 at Enshi (ES) in the presence of GLS disease and at Huanggang (HG) in the absence of GLS disease
in 2022. Bar: 5 cm. The number of plants for each genotype was presented. The disease score for each genotype was presented as mean =+ SD. Statistical
analysis was done based on the two-tailed Student'’s ¢-test. * means P <0.05; ** means P <0.01; *** means P <0.001; ns means no significant difference.

ZhengDan9582mW4K02 7hengDan958

height; Figs S15, S16). Fifth, ZmWAKO2 has not been wildly used
in maize breeding. Only one of 81 tested commercially cultured
hybrids carries ZmWAKO2 gene (Table S5).

ZmWAKO2 encodes an RD wall-associated kinase

Wall-associated kinase proteins are a group of receptor-like
kinases (RLKs), playing important roles in plant development
and stress resistance (Verica & He, 2002). They are classified into
two groups: RD WAKs and non-RD WAKs (de Oliveira

New Phytologist (2024) 241: 1780-1793
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et al., 2014). In crops, non-RD WAK proteins play critical roles
in disease resistance. ZmWAK/qHSRI contributes resistance
against head smut (Zuo ez al., 2015); ZmWAK-RLK1/ HtN1 and
its alleles (Hz2 and Ht3) are responsible for resistance against
northern corn leaf blight (Hurni ez 4/, 2015; Yang et al., 2021);
rice Xa4, encoding a cell WAK, confers race-specific resistance
against rice bacterial blight at all stages (Hu ez 4/, 2017); cotton
GhWAKJA contributes resistance against Verticillium and Fusar-
ium wilts (Wang ez al., 2020). However, ZmWAKO2 gene confer-
ring GLS resistance (Fig. 3b—f) encodes an RD WAK protein but
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not a non-RD WAK protein (Fig. S6b). Recently, another RD
WAK protein, TaStb6, was identified to contribute resistance
against Septoria tritici blotch on wheat (Saintenac ez al., 2018). It
indicates that RD WAK proteins might also be a major group in
disease resistance. Compared with non-RD WAKs, the molecular
mechanisms of RD WAKSs in disease resistance are largely
unknown. In the future, more work should be done on RD
WAKs to explore their molecular mechanisms and identify the
difference between RD WAKSs and non-RD WAKs.
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Fig. S1 Disease scale of gray leaf spot.

Fig. S2 Genetic linkage map from SB12xSA101 BC;F; popula-

tion.

Fig. S3 Phenotypic distribution and correlation of five repeats
from QTL detection.

Fig. S4 Comparison of genome sequences of gqRglsSB regions
between SB12 and B73.

Fig. S5 Information of 12 genes in the 928 kb qRg/sSb region.

Fig. S6 Alignment analysis of ZmWAKO02, ZmWAKO03 and
ZmWAKO04 proteins.

Fig. 87 ZmWAKO03 and ZmWAK04 do not contribute maize

resistance against gray leaf spot.

Fig. S8 Overexpression of ZmWAKO3 or ZmWAKO04 does not
enhance maize resistance against GLS.
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Fig. S9 Genotyping three SB12 mutants (427M, 472M and
1528M) by PCR amplification.

Fig. $10 ZmWAK03 and ZmWAK04 did not recue the suscepti-
ble phenotype of 472M to gray leaf spot.

Fig. S11 Sequence alignment among ZmWAKO02 genomic DNA
sequences and ZmWAKO2 amino acid sequences.

Fig. S12 DNA sequence alignment among PCR products
(PK537 + PK538).

Fig. S13 No significant difference on major agronomic traits
between ZmWAKO2/KIN5585 transgenic-positive lines and trans-

genic-negative lines.

Fig. S14 No significant difference on major agronomic traits in
SB12xSA101 NIL lines.

Fig. 815 Introgression of ZmWAKO2 into hybrid line Xianyu335

does not affect its major agronomic traits.
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Fig. S16 Introgression of ZmWAKO?2 into hybrid line Zheng-
Dan958 does not affect its major agronomic traits.

Table S1 Primers used in this study.

Table S2 Genotype of ZmWAKO2 locus in 358 inbred lines of
the association mapping panel.

Table S3 Genotype of ZmWAKO2 locus in 188 teosinte

lines.
Table S4 Information of 288 landrace accessions.

Table S5 Genotype of ZmWAKO2 in 81 commercially cultured
hybrids in China.
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