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Southern corn rust (SCR) caused by Puccinia polysora Underw is a major disease
leading to severe yield losses in China Summer Corn Belt. Using six multi-locus
GWAS methods, we identified a set of SCR resistance QTNs from a diversity panel
of 140 inbred lines collected from China Summer Corn Belt. Thirteen QTNs on
chromosomes 1, 2, 4, 5, 6, and 8 were grouped into three types of allele effects
and their associations with SCR phenotypes were verified by post-GWAS case-
control sampling, allele/haplotype effect analysis. Relative resistance (RRg) and
relative susceptibility (RRs) catering to its inbred carrier were estimated from
single QTN and QTN-QTN combos and epistatitic effects were estimated for
QTN-QTN combos. By transcriptomic annotation, a set of candidate genes were
predicted to be involved in transcriptional regulation (S5_145, Zm00001d01613,
transcription factor GTE4), phosphorylation (S8_123, Zm00001d010672, Pgk2-
phosphoglycerate kinase 2), and temperature stress response (S6_l164a/
S6_164b, Zm00001d038806, hsp101, and S5_211, Zm00001d017978,
cellulase25). The breeding implications of the above findings were discussed.

KEYWORDS

maize, multi-locus GWAS, QTNs, post-gwas, case-control, disease resistance gene,
southern corn rust (SCR), Puccinia polysora

Introduction

Southern corn rust (SCR), caused by the fungus P. polysoraUnderw., is a major disease that
leads to significant grain yield loss in maize (Zea mays L.). SCR is common in warm-temperate
and tropical regions of the world, and is a severe maize disease in regions such as China’s
Summer Corn Belt (SCB, also known as the Huanghuaihai Summer Corn Region), the SCB of
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the United States, and Africa (Storey and Ryland, 1954; Dong et al,,
2010; Brewbaker et al., 2011; Wang et al., 2014; Zhao et al., 2018; Duan
et al., 2020; Wang et al., 2020b; Sun et al., 2021b). In China, SCR was
first identified in Sanya and Ledong, Hainan Province, in early 1972
(Duan and He, 1984) and has gradually spread to high-latitude areas
because of global climate change (Wang et al, 2020b). A major
outbreak of SCR in China’s SCB occurs every 2-3 years and has
resulted in grain yield losses of up to 50% (Zhou et al., 2008; Wang
et al,, 2014; Lv et al,, 2020). A lack of resistance genes and a narrow
germplasm basis are the main reasons for SCR epidemics (Brewbaker
et al, 2011; Chen et al, 2018; Chen et al, 2019; Deng et al,, 2022).
Recent surveys of Chinese maize germplasm have shown that only a
small number of varieties (less than 15% of commercial maize varieties
and newly released varieties) have high resistance to SCR, and the
majority of commercial maize hybrids are susceptible (Wang, 2005;
Wang et al,, 2014; Sun et al., 2021b), including some major commercial
varieties cultivated in China’s SCB, such as Zhengdan 958 and Xianyu
335. It is not only desirable but also urgent to identify more resistance
genes from diverse germplasm resources.

Genetic improvement is the most important strategy for reducing
maize yield losses caused by SCR in China (Ali and Yan, 2012; Wang
etal, 2014). A number of genes and QTLs with major phenotypic effects
have been identified using linkage-based genetic mapping populations,
including Rppl, Rpp9, RppP25, RppM, RppK, and RppCML496 (Zhou
etal, 2017; Deng et al,, 2019; Deng et al., 2020; Lv et al., 2020; Wang et al.,
2020a); these loci are all located at the short arm of chromosome 10, are
believed to be race-specific, and the associated resistance is easily lost with
a change in the P. polysoraUnderw. fungus (Xiao et al,, 2017; Sun et al,
2021b). Mining of genes with a broad resistance spectrum has not been
very successful using linkage-based genetic mapping populations, either
with temporary segregation populations (Mu et al., 2022; Li et al., 2023b)
or with permanent segregation populations such as RILs (Wanlayaporn
et al, 2013). The genome-wide association study (GWAS) approach is
widely used in identifying small-effect loci of a complex trait in human
genetics (Uffelmann et al., 2021) and has also been used for other maize
diseases (Shikha et al,, 2021; Sun et al., 2021b). However, this approach
has not been widely used in genetic mapping of SCR resistance (Zhou
et al., 2017; De Souza Camacho et al., 2019; Li et al., 2023b). GWAS is
also known to generate a large proportion of false positive signals.

In this report, we identify a set of SCR-resistance QTNs based
on multi-locus GWAS from a diversity panel of 140 inbred maize
lines that include most of the parental lines of major commercial
hybrids in the China Summer Corn Belt. The SCR-resistance QTNs
identified were further verified by two post-GWAS analyses: case-
control sampling and allele/haplotype effect analysis. Resistant and
susceptible alleles were then evaluated for relative resistance and
relative susceptibility, with the goal of employing them in molecular
breeding of SCR-resistant varieties of maize.

Materials and methods
Genetic materials and SCR phenotyping

In a previous study (Shu et al., 2021), 490 inbred lines collected
from maize breeders at China Summer Corn Belt were genotyped
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via genotyping-by-sequencing (GBS); among these, 140 inbred lines
that can grow and mature normally in both the summer corn region
and Sanya winter nursery in Hainan Province were scored for
resistance to southern corn rust (SCR). All 140 of these inbred
maize lines were planted in a complete randomized design at
Nanbin Station (N18°21'7"’, E109°10'20’’), Sanya, Hainan
province, China, in November 2013, in two-row plots of 5 m
length and spaced 0.60 m apart, with 25 plants per row. Standard
crop management practices were followed throughout the growing
season to ensure normal growth without weed or insect damage.
Natural infection with airborne uredospores of P. polysora was
employed to induce the disease phenotype. To provide an abundant
supply of the SCR pathogen, highly SCR-susceptible inbred lines
Ye478 and Lx9801 were planted in a rectangular lattice across the
field surrounding the SCR-phenotyping plots; this controlled field
test plot design has been confirmed as an effective way to ensure
efficient spread of the pathogen to neighboring plants in fields (Jines
et al., 2007; Zhao et al., 2013) and has been adopted as the standard
method of SCR phenotyping in maize breeding and genetic research
in China (Zhao et al., 2013; Deng et al., 2020; Lv et al., 2020; Wang
et al., 2020b). Disease scores were recorded at 30 days post-
pollination. The degree of infection on each plant was visually
scored on a scale of 1 to 9 using the Stakman infection type scale
with 1 = HR (highly resistant, almost free of rust pustules), 3 = R
(resistant, infection covering 6% to 10% of leaf area), 5 = MR
(moderately resistant, infection covering 11% to 30% of leaf area),
7 = S (susceptible, infection covering 31% to 70% of leaf area), and
9 = HS (highly susceptible, nearly completely covered with rust
pustules) (Wang et al., 2014; Deng et al., 2019; Deng et al., 2020; Li
et al,, 2021). The scores for each plot, based on the average of all
plants in the plot, were used as the phenotype scores for each
inbred line.

DNA sequencing and genotyping

A leaf sample from each inbred line was used for DNA
extraction via a CTAB procedure. The protocol reported by
Elshire et al. (2011) was followed for DNA sequencing. Briefly,
genomic DNA was digested with the restriction enzyme ApeK1, and
genotyping-by-sequencing (GBS) libraries were then constructed in
96-plex and sequenced on an Illumina HiSeq 2000. SNP calling was
performed using the TASSEL-GBS pipeline (Glaubitz et al.,, 2014),
with B73 RefGen V2.0 as the reference genome. Initially, 87,6297
SNPs were filtered with minor allele frequency (MAF) > 5%,
missing rate< 20%, and heterozygosity rate< 25% (Shu et al,
2021); data on 68,768 high-quality SNP loci were retained for
entry into all analyses conducted in this study.

Population structure, linkage
disequilibrium, and multi-locus GWAS
ADMIXTURE 1.3.0 (http://dalexander.github.io/admixture/

download.html) was used to determine the population structure
among all 140 inbred maize lines using 68,768 SNPs (Alexander and
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Lange, 2011), and the “Expectation Maximization” clustering
algorithm was run with cluster numbers ranging from K = 1 to K
= 12 in order to determine the optimum number of clusters K
producing the smallest cross-validation error. Linkage
disequilibrium (LD) analyses were carried out using TASSEL
5.2.25 (https://www.maizegenetics.net/tassel) (Bradbury et al,
2007; Glaubitz et al,, 2014). The following six multi-locus GWAS
methods from the R software package mrMLM.GUI V4.0.2 (Zhang
etal., 2019; Zhang et al., 2020) were used to detect significant QTNs
for SCR resistance: (1) mrMLM (https://cran.r-project.org/web/
packages/mrMLM/index.html, Wang et al., 2016); (2)
FASTmrEMMA (Wen et al., 2018); (3) ISIS EM BLASSO (Tamba
et al, 2017); (4) pLARmEB (Zhang et al,, 2017a); (5) pKWmEB
(Ren et al., 2018); and (6) FASTmrMLM (Tamba & Zhang, 2018,
bioRxiv). Q-matrices generated using ADMIXTURE 1.3.0 and K-
matrices generated using mrMLM.GUI V4.0.2 were applied to
correct the population structure and polygenic backgrounds. An
intermediate result file and a final result file were generated.
Manhattan plots were generated based on the intermediate and
final results files using mrMLM.GUI V4.0.2.

Case control sampling

Case-control sampling is a common design in human genetic
mapping, in which cases and controls are defined based on the
presence or absence of a certain phenotype, respectively (Uffelmann
et al,, 2021). In this study, case-control sampling was employed to
verify the phenotype-SNP association detected in GWAS. Briefly,
10 inbred lines with the highest SCR disease phenotype scores (all
with phenotype score 9) were sampled as cases, and 10 inbred lines
with the lowest SCR disease phenotype scores (all with phenotype
score 1) were sampled as controls; the SNP allele genotype and the
mean phenotypic value for the corresponding allele for each QTN
identified in multi-locus GWAS were compared between the case
sample and the control sample for consistency. The phenotypes are
visualized on a color scale in (with phenotype values from 1-9
expressed on a color scale from blue to red).

Allele/haplotype effect analysis,
QTN/combo performance estimates,
and epistasis

Allele/haplotype effect estimates

The phenotype effect of an allele of a single QTN or a haplotype
of combos generated from two QTNs, called the allele/haplotype
effect, was estimated using the average SCR score of their carrier
inbred lines: allele/haplotype effect = average SCR score of
resistance allele/haplotype carriers (SCRg) - average SCR score of
susceptible allele/haplotype carriers (SCRg).

Allele/haplotype effect type assignment
The allele/haplotype effect type of each QTN was categorized as
HR, R, MR, S, or HS. Here, these labels corresponded to allele/
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haplotype phenotypic values of 1.0-1.9, 2.0-3.9, 4.0-5.9, 6.0-7.9,
and 8.0-9.0, respectively.

QTN/combo performance estimate

For each QTN, the relative risk statistic (RR) was calculated as a
measure of the performance (in terms of relative resistance, RRy) of
its resistant allele/haplotype over its susceptible allele/haplotype,
and the relative susceptibility (RRs) of its susceptible allele/
haplotype over its resistant allele/haplotype; these statistics were
calculated using the following equations:

(1) Relative resistance of resistant allele/haplotype over
susceptible allele/haplotype:

RRy = (N} /(Ny; +N5))/(Ny; /(Ny; +Nyy)) (1)

(2) Relative susceptibility of susceptible allele/haplotype over
resistant allele/haplotype:

RRg = (N,,/(Ny; + Nj,)) /(N /(Ny; + Nypy)) (2)

In this case, the total inbred lines (N) from the GWAS analysis
were divided into resistance allele carriers (N;) and susceptible allele
carriers (N,); among N carriers, N;; and Ny, represent the number
of resistant allele carriers that have the resistant and susceptible
phenotypes, respectively; similarly, among N, carriers, N,; and N,
represent the number of susceptible allele carriers that have the
resistant and susceptible phenotypes, respectively.

Epistasis

Epistasis (also known as the epistatic effect or modifying effect)
was estimated for each QTN pair or combo using the -epistasis
function of PLINK v1.07 (Purcell et al,, 2007) by executing the
following commands at the command line: > plink -file “input
filename” -pheno phenoq.txt —epistasis —epil 1 -noweb-out
“output filename”. The use of —epil 1 enabled the generation and
output of epistatic effect estimates for all QTN pairs, shown in
Table S1.

Identification of candidate genes and
tissue-specific and stress-induced
transcriptomic analysis

FASTA sequences containing significant QTNs were re-aligned
to the B73 v4 reference genome in order to obtain a more accurate
physical localization for improved gene annotations (https://
www.maizegdb.org/gbrowse). For each statistically significant
QTN identified via multi-locus GWAS, the annotated genes
within £300kb of the chromosome region (based on B73
Reference V4) were considered as candidate genes, as described in
Ahmed et al. (2022). The location of a QTN in a gene and its effect
were analyzed using the ANNOVAR software package (Wang et al.,
2010). The polymorphic SNPs surrounding key significant QTNs,
their SCR phenotype associations, and their association with gene
structures were explored using scatter plots and gene structure
diagrams. The expression profiles for each candidate gene in
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different organs and tissues at different developmental stages and
under exposure to different biotic and abiotic stresses were extracted
from the transcriptomic databases at MaizeGDB (https://
www.maizegdb.org/). The relationship between expression of each
candidate gene and resistance to southern corn rust was analyzed.

Results
SNP genotype data characterization

Using the control procedure of the Tassel pipline (see Materials
and Methods section), the quality of the genotype data of the set of 140
inbred lines was improved by filtering out SNPs with minor allele
frequency (MAF)< 5% and SNPs with more than 20% of the
genotyping data missing (Figure S1). The filtered genotype data of
68,769 SNP loci were evaluated for LD decay on all 10 maize
chromosomes (Figure 1A); the mean LD decay distance across all
chromosomes for this diversity panel was r* = 0.1, or approximately
200~300 kb (Figure 1A). The 140 inbred lines were evaluated for
population structure using the SNP data (see Material and Methods
section). ADMIXTURE 1.3.0 was used to detect population structure;
the cross-validation error was smallest at K=6 (Figure 1B), indicating
there were 6 subgroups. This population structure is visualized
in Figure 1C.

Multi-locus GWAS and QTN identification

Genome-wide association study (GWAS) was conducted using
SCR phenotype data, SNP genotype data from the diversity panel of
140 inbred lines, and the population structure information through
use of a multi-locus GWAS R package that offers six different

10.3389/fpls.2023.1221395

statistical and computational models (see Material and Methods
section). All statistically significant QTNs, including 21 QTNs
identified by GWAS (defined as a LOD score greater than 3.00),
are reported in Supplementary Table S1; among these, 13 QTN loci
associated with putative candidate genes are listed in Table 1.
Pairwise LD values among 10 QTNs are shown in Supplementary
Figure S2. Among the 21 QTNs identified by GWAS
(Supplementary Table S1), eight QTNs were located on exons, six
in intergenic regions, three in the upstream regions of genes, two on
introns, one in the UTR3 region, and one in the UTR5 region.
Among the eight QTNs located on exons, three variants located on
Zm00001d032244, Zm00001d033259, and Zm00001d052781 were
identified as nonsynonymous SNVs causing an amino acid change,
whereas 5 variants were identified as synonymous SNVs not causing
an amino acid change (Table S1).

The map positions of the 13 QTNs reported in Table 1 were also
labeled on a Manhattan plot (Figure 2) produced using the R
software package mrMLM.GUI V4.0.2 (see Materials and
Methods section). As shown in Table 1; Supplementary Table S1;
Figure 2, the 13 significant QTNs were located on Chromosomes 1,
2,4, 5, 6, and 8; some chromosomal regions were found to contain
multiple tightly linked QTNs, such as binl.11 (QTNs SI_299a and
S1_299b (nbcs4)), bin5.06 (QTNs S5_210 (Fcf2) and S5_211(cel25)),
and bin6.07 (QTN S6_164a (hsp101) and S6_164b (hsp101)). Three
QTNs that were found to explain more than 10% of the phenotypic
variation (r’%) are shown in Table 1; these are SI_299b (nbcsd),
S5_145 (GTE4), and S5_211 (cel25).

Allele effect type assignment

As shown in Table 2, the two alleles from each QTN were
associated with significantly different phenotypic effects on their
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TABLE 1 QTNs for southern corn rust (SCR) resistance identified by multi-locus GWAS models and annotations.

Chr Position (B73 GWAS QTN Candidate Location of Description
# RefGen V4.0) model effect genes SNPs in genes
Zm00001d032240, MYB-t iption factor 146, probabl
S1_218 1 218619398 107 4,6 116 458 8.10 " Exon/non-synonymous  myb146 > riranscription factor 226, probable
Zm00001d032244 inactive receptor kinase
S1_299 1 299623487 1.11 3 -1.20 8.58 18.13 Zm00001d034678 UTR5 nbes4 nucleobase-cation symporter 4
§2_12 2 12916090 2.01 2,6 -0.81 5.07 4.06 Zm00001d002447 Intergenic rlk12 receptor-like protein kinase 12
§2_220 2 220613149 2.08 6 -0.73 3.98 513 - Intergenic - -
S§4_170 4 170324384 4.06 2,3,6 -0.53 3.99 3.94 Zm00001d051812 Intronic hk6 histidine kinase 6
CO CO-LIKE TIMING OF CABI protein
§4_200 4 200738088 4.08 3 0.55 4.82 4.15 Zm00001d052781 Exon/non-synonymous cct23 .
domain 23
§5_145 5 145816043 5.04 4 1.36 3.47 11.16 Zm00001d016131 Synonymous GTE4 Transcription factor GTE4
§5_210 5 210212211 5.06 2,6 1.09 5.92 9.28 Zm00001d017927 Upstream Fef2 Fcf2 pre-rRNA processing protein
§5_211 5 211183684 5.06 1,3, 4 1.26 6.81 11.69 Zm00001d017978 Exon/synonymous cel25 cellulase 25
Zm00001d038791, receptor-like protein kinase 10, heat-shock
S6_164a 6 164808768 6.07 4 0.63 3.47 4.09 Exon/synonymous rlk10, hsp101 .
Zm00001d038806 protein 101
Zm00001d038791, receptor-like protein kinase 10, heat-shock
S6_164b 6 164811804 6.07 2 1.63 4.47 5.09 UTR3 1k10, hsp101
- Zm00001d038806 PO, sp protein 101
§6_165 6 165682422 6.07 6 0.60 5.22 4.62 Zm00001d038843 Intergenic wrky82 WRKY-transcription factor 82
Zm00001d010672, . pgk2 - phosphoglycerate kinase 2 (also
§8_123 8 123503579 8.04 2,6 0.70 4.13 6.71 Int k2
- Zm00001d010673 ntergenic pg known as metacaspase type II)

GWAS Models 1, 2, 3, 4, 5, and 6 refer to multi-locus models FASTmrEMMA, FASTmrMLM, ISIS EM-BSSO, mrMLM, pKWmEB, and pLARmEB, respectively.

R represents phenotypic variation explained.
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Manhattan plot of QTNs for resistance to southern corn rust (SCR) detected by GWAS in 140 inbred lines of maize. QTNs identified by multiple
models are indicated by pink dots with vertical lines; QTNs identified by a single model are indicated by light green or blue dots with vertical lines.

carriers. Based on measures of the difference in allelic effect, the 13
QTN fell into four different categories or allele effect types: (1) type
A, or HR/S type: one allele is associated with high resistance (HR)
and the other with susceptibility (S); (2) type B, or MR/S type: the
two alleles are associated with moderate resistance (MR) and
susceptibility (S), respectively; (3) type C, or MR/HS type: the two
alleles are associated with moderate resistance (MR) and high
susceptibility (HS), respectively; and (4) type D, or S/HS type: the
two alleles are associated with susceptibility (S) and high
susceptibility (HS), respectively. From Table 2, it can be seen that
most of the highly resistant (HR) inbred lines, such as Qi319, X178,
P138, CT01, and CT1251, carry not only HR alleles of type A QTNs
(S5_145, §5_210), but also either MR alleles of type B and type C
QTN or S alleles of type D QTNs; in contrast, most of the highly
susceptible (HS) inbred lines, such as Zong3, Zheng58, 478, and
Xun926, carriers of the HS alleles of type D QTNs (Tables 2, 3).

Allelic and haplotype effect analysis

The allele phenotypic effect of each single QTN (Table 3) and
the joint phenotypic effects of haplotypes from two QTNs (known
as a QTN combo) were estimated via allele/haplotype effect
analysis (Table 3); these effects were also visualized using
boxplots, two examples of which are shown in Figure 3. QTN
S6_164a and S6_164b (Table 3, combo 1) were two tightly linked
QTN loci with D'= 0.93 (Supplementary Figure S1), and
physically were only 3036 bp apart on Chr6 (see B73 RefGen V4
position in Table 2); both were type D QTN loci (S/HS allele effect
type), and both were found to have AA and GG alleles (Figures 3-
A2, 3-A3). In order to evaluate their joint phenotype effects, the
haplotype effects for all four observed haplotypes (GGGG, AAGG,
GGAA, AAAA), in the form of the average SCR score of their
carrier inbred lines, were plotted as shown in Figure 3-Al. The
haplotypes GGGG and AAAA were found have an almost
identical SCR phenotypic effect to that of the GG and AA alleles
of a single QTN alone (Figures 3-A2, 3-A3); the haplotype AAGG
and GGAA had very few counts, indicating that these are likely
recombinant types, and the GGGG and AAAA are likely parental
types. The joint phenotypic effects of combo 2 (S6_165.S8_123)
are shown in Table 3 and in Figure 3-B1, 3-B2, 3-B3. S6_165 (MR/
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S) and $8_123 (MR/HS) were found to be two almost completely
independent QTNs (D’= 0.28, Figure S1), producing four
observed haplotypes (AATT, GGTT, AAGG, GGGG); as shown
in Figure 3-B1 and Table 3, the haplotype AATT carriers were
found to have an SCR phenotypic effect of 2.4, and were more
likely to be resistant (R) inbred lines than either the AA allele
carriers of QTN S6_165 (5.1, Figure 3-B2; Table 3) or the TT allele
carrier of S8_123 (4.4, Figure 3-B3; Table 3), both of which were
found to have an SCR phenotypic effect of around 5.0. Similarly,
the GGGG haplotype was found to be a better predictor of an HS
phenotype in its carriers than the GG allele of S6_165 or the GG
allele of S8_123 alone (Figure 3-B1, 3-B2, 3-B3, Table 3). As shown
in Table 3, the maximum haplotype effect of combo 2
(86_165.88_123, AATT vs GGGG) was -6.0, much larger than
the allele effect of QTN S8_123 (AA vs GG, -3.6) or QTN S6_165
(TT vs GG, -2.7) alone by absolute value. In comparing the two
combos, it is clear that combo 2 has much better predictive value,
because the two QTNs have low LD and they can freely shuffle to
generate a more advantageous allele combination or haplotype
than combo 1.

Case—-control sampling

To verify the significant association between the SCR phenotype
and QTN genotype that we had observed in multi-locus GWAS, a
case—control sampling study was conducted (see Materials and
Methods section). Specifically, 10 case inbred lines and 10 control
inbred lines were genotyped for 10 QTN loci; the results are
summarized in Figure 4, where rows represent inbred carrier,
columns represent QTNs, and the letters and the color of each
cell C; represent the SNP genotype and the allelic phenotypic value
of QTN j of inbred carrier i, respectively. The allelic effect type (A,
B, C, or D, from Table 2) for each QTN are indicated in the top
margin of Figure 4. Based on Figure 4; Table 2, our findings were as
follows: (1) at type A QTNss, all case inbred lines carried S alleles in
type A and type B QTINs and had a susceptible allelic effect
phenotype (shown by the orange color), whereas all control
inbred lines carried HR alleles and had a highly resistant allelic
effect phenotype (shown by the blue color) at type A QTNs, with the
exception of Xun248, which was found to carry only S alleles of type
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TABLE 2 Resistant and susceptible alleles of significant QTNs and their inbred carriers.

Position Allele . .
Chrit (B73 Effect = Allele Resistant allele car- = Susceptible allele

QTN QTN effect

type ID V4.0) type (R/S) (R/S) riers carriers

CTO01, Xun248, F06, Chang7-2,
10/ | Qi319, X178, P138, CT1251, | 581, Jing24, 9801H, TSPT,

Type A $5_145 5 145816043 HR/S GG/IAA | 18/76
pe - R/ / / 125 | PT46, L19-5SS Huangzaosi, CT201-1S111,
Xun926, Huangyesi, Ji853
PT46, Xun248, Chang7-2, 581,
10/ Qi319, X178, P138, CTO1, Jing24, 9801H, TSPT,
Type & 85210 > 210212211 HR/S GGICC 18176 120 CT1251, L19-5SS, F06 Huangzaosi, CT201-1S111,
Xun926, Huangyesi, Ji853
8/ | CTI1251, CTO1, Xun248, Zong3, Ji868, Zheng58, WK858,
Type B S1_218 1 218619398 MR/S AAIGG | 43173
7Pe - R / / 125 | DH351, CT02 Yuanwu02
CTO1, CT1251, Xun248,
. Chang7-2, 581, Jing24, 9801H,
27 319, PT46, CT019-21,
Type B S6_165 6 165682422 MR/S AA/GG 5.1/7.8 10{ 8119 SSS. FO6 TSPT, Huangzaosi, CT201-
’ 1S111, Xun926, Huangyesi,
Jiss3
PT46, Xun248, Chang7-2, 581,
£/ Qi319, X178, P138, CTO1, ing24, 9801H, TSPT,
TypeC | S5.211 5 211183684 |~ MR/HS | GG/TT = 53/80 Q Jing

88 CT1251, CT019-21, L19-SSS | Huangzaosi, CT201-1S111,
Xun926, Huangyesi, Ji853

F06, 581, Jing24, 9801H, TSPT,

16/
Type C §8_123 8 123503579 MR/HS TT/GG 4.4/8.0 05 Qi319, PT46, L19-SSS Huangzaosi, CT201-1S111,
Xun926, Huangyesi, Ji853
102/ Qi319, X178, CT01, NC20, 6WC, NH60, LN287,
Type D S1_299% 1 299623487 S/HS GG/TT 6.8/8.3 12 CT1251, PT46, CT019-21, 09B, PHW52, SNNdN, Ye515,
L19-SSS, Xun248 Ji868, H446, Ye8112, Tie7922
L811, DH 212, Zong3,
Qi319, X178, P138, CTO1, Hangsls, Zong
125/ PC7-231118111, 207,
Type D §2_12 2 12916090 S/HS AA/GG 6.9/9.0 CT1251, PT46, CT019-21, .
10 L19-SSS. Xun248. FO6 Yuanwu02, Huangyesi,
’ ’ K7M129, LDA801, Dan360
114/ X178, P138, CT01, CT1251, Jing7H, Jing24, 478, WNxNN.
i > Ji > 478, >
Type D §2_220 2 220613149 S/HS GG/AA 7.0/9.0 6 PT46, CT019-21, Xun248, S7M114, K7M129
Fo6
w6k8y8F, Ji53, HuangC,
03/ Qi319, X178, CT01, Zh7922, Ye488, L189, Xun9058,
Type D S§4_170 4 170324384 S/HS TT/AA 6.9/8.0 16 CT1251, PT46, CT019-21, Jing724, Hu803, E28, Lvjiuk,
Xun248, F06 478, 54-0, Zheng22, STM114,
Dan360
Qi319, X178, CT01, . .
89/ 724, ]i853, Dan340, Zong3,
Type D | $4.200 4 200738088 S/HS GGICC | 66/8.1 CT1251, PT46, CTO19-21, ) 1m8724 i853, Dan340, Zong
44 WK858
Xun248, FO6
Qi319, X178, P138, CT01,
83/ CT1251, PT46, CT019-21, 581, 9801H, CT201-1S111,
Type D S6_164a 6 164808768 S/HS GG/AA 6.6/8.5 2 Xun248, F06, Jing24, TSPT, Xun926, Zheng58, Jing92,
Huangzaosi, Huangyesi, Jing724
Ji853
Qi319, X178, P138, CT01,
103/ CT1251, PT46, CT019-21, 581, 9801H, CT201-1S111,
Type D S6_164b 6 164811804 S/HS GG/AA 6.8/8.2 25 Xun248, F06, Jing24, TSPT, Xun926, Zheng58, Jing92,
Huangzaosi, Huangyesi, Jing724

Ji853

N, number of resistant allele carriers, N, number of susceptible allele carriers.

A, and CT019-21, for which genotype data were missing; (2) all case ~ carried HS alleles of type D QINs. As shown in Figure 4, the
inbred lines carried HS alleles and had highly susceptible allelic ~ associations between the allelic genotypes carried by the case and
effect phenotype (shown by the red color) at two type C QTNs and  control inbred lines and the phenotypes observed were highly
at one or more type D QTNs, while none of the control inbred lines  consistent across different QTNs.
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TABLE 3 QTN type, allele/haplotype effect, and relative resistance and relative susceptibility performance.

QTN type QTN ID Allele_R/S | SCRg SCRs Allele/haplotype effect Ni;

Type A S§5_145 GG/AA 1.8 7.6 5.8 10 05 20 105 595  17.64
Type A $5_210 GG/CC 1.8 7.6 5.8 10 0.5 21 99 544 | 17.33
Type B S6_165 AA/GG 5.1 7.8 -2.7 15 12 14 87 4.01 1.94
Type B §1_218 AA/GG 43 7.3 -3.0 5 3 27 98 289 | 2.09
Type C $8_123 TT/GG 44 8.0 -3.6 13 3 8 87 9.65 | 488
Type C S$5_211 GG/TT 53 8.0 2.7 23 19 9 79 535 | 198
Type D S1_299b GG/TT 6.8 8.3 -15 30 72 05 12 735 | 136
Type D $2_12 AA/GG 6.9 9.0 21 34 91 05 10 571 | 131
Type D §2_220 GG/AA 7.0 9.0 2.0 30 84 0.5 6 342 125
Type D $4_170 TT/AA 6.9 8.0 -1.1 26 67 1 15 447 13
Type D $4_200 GG/CC 6.6 8.1 -15 29 60 4 40 358 135
Type D S6_164a GG/AA 6.6 8.5 -1.9 27 56 1 28 943 | 143
Type D S6_164b GG/AA 6.8 8.2 1.4 29 74 2 23 352 | 128
Combo 1 S6_164a.56_164b | GGGG/AAAA 6.6 8.4 1.8 25 53 1 18 609 139
Combo 2 S$6_165.88_123 AATT/GGGG 24 8.4 -6.0 7 0.5 2 70 336 | 1458
Combo 3 §5_145.85_210 GGGG/AACC 13 7.8 6.5 6 0.5 15 99 7.02 | 11.29
Combo 4 §5_211.88_123 GGTT/TTGG 4.5 8.4 3.9 9 2 1 68 5645 @ 542
Combo 5 S6_165.86_164a | AAGG/GGAA 48 8.4 -3.6 13 9 1 23 1418 234
Combo 6 S6_165.86_164b | AAGG/GGAA 47 8.2 35 13 9 1 19 1182 | 232
Combo 7 S§5_211.86_165 GGAA/TTGG 45 8.3 3.8 8 5 3 69 1477 | 249
Combo 8 $2_12.85_210 AAGG/GGCC 1.8 9.0 7.2 10 0.5 0.5 6 1238 | 1938

see Materials and Methods section for further details on calculations. Ny, number of resistance allele carriers with resistance phenotype; Ny, number of resistance allele carriers with disease
phenotype; N,;, number of susceptible allele carriers with resistance phenotype; N5, number of susceptible allele carriers with disease phenotype. RRg and RRg are the relative resistance of the

resistant allele over the susceptible allele and the relative susceptibility of the susceptible allele over the resistant allele, respectively. If N=0, it was replaced with 0.5 for the purpose of calculations.

Resistance performance and disease
risk analysis

For each of the 13 QTNs and the 8 combos of two QTNss, the
allelic (haplotype) effect, expressed as the difference between its
resistant alleles (or haplotypes) and its susceptible alleles (or
haplotypes) in terms of average SCR phenotype score is reported
in Table 3; a negative value indicates that the resistant alleles (or
haplotypes) can reduce the SCR score of their carriers, thereby
enhancing the carrier’s disease resistance performance. Among
single QTNs, the two type A QTNs had the largest allele effect by
absolute value, with a value of -5.8. Type D QTNs had the smallest
allelic effect by absolute value (ranging from -2.1 to -1.1; Table 3).
Among combos of two QTNs, the combo of two type A QTNs
(combo 3) had an effect of -6.5, larger than any single type A QTN,
while the combo of one type D QTN and one type A QTN (combo
8,82_12.55.210) had the largest allele effect, -7.2. For each QTN, the
relative performance of its resistant allele over its susceptible allele
was measured in the form of RRg, and the relative performance of
its susceptible allele over its resistant allele was measured in the
form of RRg As shown in Table 3, for any QTN, its resistant allele
significantly enhanced disease resistance performance over its

Frontiers in Plant Science

susceptible allele, with RRy values ranging from 2.89- to 9.65-
fold, and its susceptible alleles significantly increased disease risk
over its resistant allele, with RRg values ranging from 1.25- to 17.64-
fold. For combos of two QTNs, RRy values ranged from 6.09- to
56.45-fold, significantly greater than values for a single QTN, and
RRg values ranged from 1.39- to 19.38-fold, only slightly greater
than values for a single QTN. The above results suggest that the
disease resistant haplotype arising from a combo of two QTNs
could significantly increase resistance performance without
significantly increasing the disease risk of its carriers.

QTN-QTN interaction and epistasis

According to the QTN-QTN interaction estimates calculated
using Plink v1.07 (see Supplementary Table S2), among the 78
QTN-QTN pairs generated from the 13 QTNs shown in Table 3 (1/
2(13x12)), six pairs showed very significant epistatic effects
(p<0.01) and nine pairs showed significant epistatic effects
(0.01<p<0.05). Among the eight combos (QTN-QTN pairs) listed
in Table 3, three showed epistatic effects (0.01<p<0.05), and the
absolute SCR value was little greater than that of the more resistant
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FIGURE 3
Allele and haplotype phenotypic effects of a single QTN and multi-QTN combos with low and high LD. (A) Combo 1. S6_164a.56_164b(Al), S6_164a
(A2) and S6_164b(A3). (B) Combo 2: S6_165.58_123(B1), S6_165 (B2) and S8_123(B3).
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FIGURE 4
The allele genotypes (letters) and allele effect phenotypes (colors) of 10 QTNs, as observed in case—control sampling. (A) QTNs of type A. (B) QTN of
type B. (C) QTNs of type C. (D) QTNs of type D.
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QTN in the pair in each case, with differences of -0.1 (SCRy of
S5_211.88_123 minus S8_123), 0.3 (SCRy of S6_165.56_164a minus
S6_165), and 0.5 (SCRy of S5_145.5S5_210 minus S5_145 or S5_210).
Combo 2 (S6_165.58_123), with SCRR=2.4, showed no significant
epistatic effect (p = 0.1273). These findings indicate that epistasis or
gene modification is quite common in the gene regulation network,
but other types of interaction, such as additive effects, likely also
play important roles in enhancing SCR resistance.

Genomic and transcriptomic annotation
of QTNs

The associations between resistance to southern corn rust (SCR)
and the polymorphic SNPs surrounding key significant QTNs were
further examined using the intermediate results file via a scatter
diagram. The relationships between associations and gene
structures were studied using a gene structure diagram (Figure 5).
The transcriptomic profiles of the candidate genes were obtained
from maize transcriptomic databases via MaizeGDB (see Material
and Methods section, Supplementary Figures S3A-L, S4A-L).
Supplementary Figure S2 shows the expression profiles of these
candidate genes in different tissues, as obtained from MaizeGBD,
and Supplementary Figure S3 shows an organ-specific and stress-
induced gene expression atlas for them, also retrieved from
MaizeGDB. Here, we only list a select set of QTNs and putative
candidate genes for further scrutiny.

(1) QTN SI_218 (Table 1, V4: chr1:218619398, bin 1.07) was
identified as significant by two GWAS models, with an LOD score of
4.58 and phenotype contribution of 8.1%. SI1_218 was located in the
CDS region of Zm00001d032244 (probable inactive receptor kinase)
and A MYB-transcription factor 146 (Zm00001d032240) was located
110kb upstream; Zm00001d032240 is notably upregulated after
infection by Cercospora zeina (Supplementary Figure S4A) (Hoopes

“logg(PValue)
oW oe
-logyg(PValue)

for v weno

299619000 299620000 299621000 299622000 299623000

10.3389/fpls.2023.1221395

etal, 2019). MYB transcription factors have been reported to function
as negative regulators of plant immunity (Wang et al, 2021) and
positive regulators of the defensive response to stripe rust in wheat
(Zhu et al, 2021), and have also been found to be associated with
resistance to rust disease in foxtail millet (Bai et al., 2019).

(2) QTN S1_299b (Figure 5A, V4: chrl1:299623487, bin 1.11):
with an LOD score of 8.58 and phenotype contribution of 18.13%,
this encodes a permease I (Zm00001d034678, nbcs4, nucleobase-
cation symporter4). According to the results of genome scanning of
the genome region of Zm00001d034678 (nbcs4) (Figure 5A), three
SNPs (Chrl: 299623551, 299623552, 299623554) with -logi
(Pvalue.Q)< 2 were located on the 5 UTR region of
Zm00001d034678 (nbcs4); a high level of gene expression in
leaves was also reported (Supplementary Figure S3B). One of the
nucleobase-cation symporters (NBCS), named MdNAT?7, has been
reported to transport xanthine and uric acid, which enable more
efficient scavenging of ROS by enhancing H,0,-scavenging
enzymes in apple (Sun et al,, 2021a).

(3) QTN S2_12 (Table 1, V4: chr2:12916090, bin 2.01) was
identified by two GWAS models, with an LOD score of 5.07 and
phenotype contribution of 4.06%; an rlk12 gene (Zm00001d002447,
receptor-like protein kinase 12) was located 11kb upstream, and has
been found to be a fungal resistance-related gene (Zhang et al,
2017b; Yang et al,, 2019), with Zm00001d002447 having been found
to express in mature leaves and its level of expression to be elevated
by fungal infection (Supplementary Figure S3C; Supplementary
Figure S4C) (Hoopes et al., 2019).

(4) QTN S5_145 (Figure 5B,V4: chr5:145816043, bin 5.04): with an
LOD score of 3.47 and phenotype contribution of 11.16%, two SNPs
(Chr5:145816043, 145817495) with -log;o (Pvalue.Q) > 2 were located
on the CDS regions (the SNP chr5:145816043 is a synonymous SNV,
and the SNP chr5:145817495 is a nonsynonymous SNV;
Supplementary Table S3) of Zm00001d016131 (Transcription factor
GTE4); Zm00001d016131 has been found to express in leaves, and its
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The polymorphic SNPs surrounding four significant QTNs and their SCR phenotype associations, distributions, and structure of candidate genes.
(A) Zm00001d034678 (nbcs4, near S1_299b); (B) Zm00001d016131 (GTE4, near S5_145); (C) Zm00001d017978 (EGL, near S5_211); (D) Zm00001d038806

(hsp101, near S6_164b). Red dots represent -log;o(PValue.QE) >2.
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expression is elevated by fungal infection (Supplementary Figure S3F,
Figure S4F) (Hoopes et al., 2019).

(5) QTN S5_211 (Figure 5C, V4: chr5:211183684, bin 5.06) was
identified by three GWAS models, with an LOD score 6.81 and
phenotype contribution 11.69%. S5_211 was located in the CDS
region (synonymous SNV, Supplementary Table S3) of
Zm00001d017978 (cellulase25). An immediate-to-early fungal
elicitor protein (CMPG1) encoding gene, Zm00001d017976, was
located 280kb upstream; expression of Zm00001d017976 was
significantly elevated by Colletotrichum graminicola infection
(Supplementary Figure S4H) (Hoopes et al., 2019).

(6) QTN S6_164a (V4: chr6:164808768, bin 6.07) and QTN
S6_164b (V4: chr6:164811804, bin 6.07) were two QTNs found to
be only 3036bp apart and tightly linked with high LD
(Supplementary Figure S1). The two significant QTNs S6_I164a
(Chr6:164808768) and S6_164b (Chr6:164811804) were located in
the CDS (synonymous SNV, Supplementary Table S3) and 3'UTR
regions of Zm00001d038806 (hsp101), respectively (Figure 5D); the
expression of Zm00001d038806 (hspl01) is notably upregulated
when the temperature increases (Figure S4K) (Hoopes et al., 2019).
Another gene named rlk10 (Zm00001d038791, receptor-like protein
kinase 10) was located 410kb upstream; the expression of
Zm00001d038791(rlk10) has been found to be significantly
elevated by Colletotrichum graminicola infection (Supplementary
Figure S4]) (Hoopes et al., 2019). Overall, Zm00001d038806
(hsp101) and Zm00001d038791(rlk10) are two potential candidate
genes for these two QTNs.

(7) QTN S8_123 (V4:chr8:123503579, bin 8.06) was identified
by two GWAS models; two genes encoding Pgk2- phosphoglycerate
kinase 2 (also known as Metacaspase type II, Zm00001d010672,
Zm00001d010673) were located 300kb downstream and might be
related to SCR resistance (Luan et al., 2020). Zm00001d010672 has
been found to be expressed in mature leaves and its expression is
elevated by fungal infection (Supplementary Figures S3K, L;
Supplementary Figure S4L) (Hoopes et al., 2019).

Discussion

Genetic mapping and genetic
variant verification

Genetic mapping, either by linkage-based mapping or
association-based mapping, mainly provides information on
associations between DNA markers and trait phenotypic
variation; further verification is required to establish that the
association represents a causal relationship between underlying
genetic variants and phenotypic variation. Traditional QTL
mapping using linkage-based F,-derived populations is limited by
a low frequency of chromosome recombination and low density of
molecular markers; the QTLs identified are far away from the causal
DNA variants, and intensive fine mapping is required to further
pinpoint the precise chromosome location. A large number of SCR-
related genetic loci have been reported since the 1960s, including
some major effect QTLs on chromosome 10S: RppM (Wang et al.,
2020a; Wang et al., 2022), RppS/RppK (Wu et al., 2015; Chen et al.,
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2022), RppQ (Chen et al., 2004), RppC (Deng et al., 2022), RppP25
(Liu et al., 2003), RppD (Zhang et al., 2009), and RppCML496 (Lv
et al,, 2020). Only a small number of QTLs, such as RppC, RppK,
and RppM, have been verified by further genetic fine mapping and
molecular studies (Chen et al., 2022; Deng et al., 2022; Wang et al.,
2022). A set of genes/QTLs including ZmREMI1.3 (Wang et al.,
2019b), gSCR4.01 (Deng et al., 2020), gSCR4.08 (Deng et al., 2019),
qSCR6.01(Lu et al., 2020), ZmMMI1(Wang et al., 2021), and
qSCR9.04 (Deng et al., 2019; Deng et al., 2020; Li et al., 2023b)
have also been reported on chromosomes 2, 4, 6, 7, 8, and 9, but
most of these have been identified based on preliminary linkage-
based mapping data or comparative proteomic analysis.
Association-based mapping strategies, such as GWAS, with a
large mapping population and high-density SNP markers, have
been shown to be very powerful in locating causal chromosome
variation and precise DNA variants without further fine mapping,
but are also more likely to generate a large number of false positive
signals, and thus require extensive post-GWAS verification (Wen
et al,, 2018; Xiao et al.,, 2017; Wang et al., 2019a; Zhang et al., 2020;
Li and Ritchie, 2021; Shikha et al., 2021). GWAS has been employed
to identify SCR-related QTN in several studies (Zhou et al., 2017;
De Souza Camacho et al., 2019; Sun et al., 2022; Li et al., 2023b). The
QTNs Chr4:173,863,109 and Chr6:169,030,253, identified by Sun
etal. (2022), are approximately 4Mb away from the QTNs reported
in this GWAS study: QTNs S4_170 (Chr4:170324384) and S6_164a
(Chr6:164808768), and QTNs S6_164b(Chr6:164811804) and
S6_165 (Chr6:165682422), respectively. Zm00001d029980 (mcal -
metacaspase 1, Chrl:97331766-97337093) and Zm00001d047078
(mca2 - metacaspase 2, Chr9:117546061-117551091) are genes
related to disease resistance in the NLR (Rpl-D21)-mediated
defense response (Luan et al., 2020). The NLR protein Rp1-D21
is coded by Zm00001d023317 (rpI-resistance to Puccinia sorghi 1,
Chr10:2861471-2865816). Zm00001d010672 and Zm00001d010673,
as candidate genes of QTN S8_123 in our study, encode
phosphoglycerate kinase 2, which is also known as metacaspase.

Most of the QTN identified on chromosomes 1, 2, 4, 5, 6,and 8
were found to be type B, type C, and type D QTNs with small effects.
To minimize the risk of reporting false positive QTNs, six different
multi-locus GWAS models from Zhang et al. (2020) were applied to
generate a shortlist of significant QT'Ns; two association-based post-
GWAS procedures (case-control sampling and allele/haplotype
effect analysis) were then followed for verification. For ultimate
confirmation that a statistical association represents a true causal
relationship between the QTNs identified and the SCR-related
phenotypes observed, additional molecular genetic tools, such as
transgenic studies and genome-editing, or signal transduction
cascade verification, are needed (Zhu et al., 2021; Chen et al,
2022; Deng et al., 2022; Wang et al., 2022).

Genotyping and genotype data

One critical component for successful application of GWAS is
genotyping. DNA markers with sufficient density and low LD are
important for association mapping. Due to multiple occurrences of
historical chromosomal recombination, the LD block in diversity
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panel of inbred lines is expected to be much shorter than in linage-
based F,-derived populations; low LD together with high marker
density render GWAS with a diversity panel an effective approach
to genetic mapping. In the past, the trade-oft between genotyping
cost and marker density had always been an issue: although SSR and
SNP-chip platforms are more cost-effective than complete
sequencing methods such as NGS, they yield fewer markers and a
lower marker density on chromosomes, and thus have lower
mapping resolution. In this study, we solved this dilemma by
using an NGS platform known as Genotyping by Sequencing
(GBS), which uses the DNA methylation-sensitive enzyme ApeK1
to cut maize chromosomes. Because ApeK1 cuts more frequently at
less methylated, gene-rich regions of the maize chromosomes, it
generates more short DNA fragments and thus more DNA
sequencing reads and more SNP calls. In this project, even
though the GBS method only achieves 5X genome coverage on
average, the real genome coverage can reach over 30X in gene-rich
chromosomal regions and may yield over 700K SNP loci (Bradbury
et al., 2007; Elshire et al., 2011; Glaubitz et al., 2014; Shu et al., 2021).

Multi-locus GWAS models

The selection of appropriate statistical models to detect and
measure association is critical to the success of GWAS. The models
should be able to deal with various features of phenotypic and
genotype data, such as continuity and normality of phenotypic data,
population structure and kinship information in genotype data, and
confounding from other covariables. The R software package
provided by Zhang’s group, mrMLM.GUI V4.0.2 (Zhang et al,
2020), includes six multi-locus GWAS statistical models and a
multiple-step algorithm for dealing with different data types and
reducing false positives. Under the framework of multi-locus
random-SNP-effect mixed linear modeling, each marker on the
maize chromosome was first scanned for statistical significance and
a less stringent Bonforroni correction was adopted in the statistical
test. The significant marker loci identified were then incorporated
into a new multi-locus genetic model; their effects were estimated by
an empirical Bayes method, and all non-zero effects were further
evaluated by the likelihood ratio test. Comparative studies have
shown that this R package is more powerful than other methods
both in terms of the detection of both strong and weak signals and
in terms of lower output of false-positive signals (Wang et al., 2016;
Tamba et al., 2017; Wen et al., 2018; Zhang et al., 2017a; Ren et al,,
2018; Tamba and Zhang, 2018; Wang et al., 2019a; Zhang et al,,
2020; Uffelmann et al., 2021; Park et al., 2022; Li et al., 2023a). As
shown in Table 1; Supplementary Table S1, a large portion of QTNs
were detected by more than one models, indicating that these QTNs
have strong associations with the SCR trait.

Post-GWAS analysis

As reported in other GWAS projects in human and maize, our
GWAS also identified a large number of statistically significant SNP
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variants or QTNs (Table 1; Supplementary Table S1), and the
majority of the QTNs were located in non-coding regions of a
putative gene or maize genome regions of unknown biological
function. Verification of QTNs identified by GWAS has always
represented a major challenge, but great progress has recently been
made, with various post-GWAS methods of analysis having been
developed and some important genes for complex human diseases
having been successfully identified (Li and Ritchie, 2021; Uffelmann
2021). In this study, two association-based post-GWAS
procedures were conducted: first, case-control sampling was
performed to verify the QTNs identified by GWAS and to check
the expected QTN genotype predicted by the phenotype for
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consistency; and second, the SNPs near the QTNs were collected,
their haplotypes were generated, and haplotype-trait associations
were examined (see Figures 3-5). Additionally, putative genes
within a 300kb neighborhood of the QTN were taken as
candidate genes, and their transcriptomic profiles and biological
functions were examined. The genome-wide transcriptomic
association study (TWAS) approach has gained in popularity over
the years due to its distinct ability to connect SNP variants with
expressed genes and complex trait phenotypes (Li and Ritchie, 2021;
Uffelmann et al., 2021). However, the majority of QTNs identified
in this study were located in non-coding regions of putative genes or
non-genic regions of chromosomes; similar findings have also been
reported in a number of studies of humans, rice, and maize, where
the majority of trait-associated DNA markers are located in non-
genic regions, and their genetic effects are generally greater than
those in genic regions (Li et al., 2012; Rodgers-Melnick et al., 2016;
Wei et al,, 2020). Many studies have shown that complex cis- and
trans-transcriptional regulatory mechanisms do not take effect
within the coding regions of genes and more likely reside in the
non-coding genomic neighborhood of identified QTNs (Li and
Ritchie, 2021); thus additional approaches for post-GWAS analysis,
such as transgenic validation, genome editing, and molecular
function analysis, are necessary.

Connection between QTNs and
molecular breeding

In this study, we attempted to connect the QTNs identified by
GWAS with molecular breeding practice. Firstly, the allele of each
QTN or a haplotype of a QTN combo was assigned to one of the five
categories HR, R, MR, S, or HS based on the value of its allelic (or
haplotype) effect; subsequently, thirteen QTNs were grouped into
four allelic effect types (A, B, C, and D) according to their
combination of allele types. The two type A QTNs, S5_145 and
§5_210, both located on chromosome 5, were found to have large
allelic effects; each contributed approximately 10% of SCR-related
2%y and their highly resistant (HR) alleles
were present in all major SCR-resistant inbred lines in the diversity

phenotypic variation (r
panel. The two type B, two type C, and 7 type D loci, located on

chromosomes 1, 2, 4, 5, 6, and 8, were found to have small allelic
effects, and likely provide a broad spectrum of SCR resistance to
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resistant inbred lines. Following this analysis, the phenotypic impact
of each QTN (and its alleles) on its carrier was measured in terms of
two statistics, relative resistance (RRg) and relative susceptibility
(RRg; see Materials and Methods for definitions); these measure the
resistance efficacy and disease risk conferred on the carrier by a
resistant allele or a susceptible allele, enabling maize breeders to easily
understand the benefits and risks of integrating a particular allele or
QTN into their breeding materials or into new maize varieties.
GWAS has been shown to be effective in identifying QTLs with
small effects or conferring broad resistance (Xu et al,, 2014; Zhou
et al,, 2017; Xu et al., 2018; De Souza Camacho et al.,, 2019; Zhang
et al, 2019; Sun et al, 2022). Most published SCR-related QTL-
mapping projects have used F,-derived segregated populations or
their permanent versions, such as DHs and RILs from a genetic cross
of a highly resistant (HR) parent x a highly susceptible (HS) parent;
such studies have identified a number of QTLs associated with major
effects on the short arm of chromosome 10, but very few small-effect
QTLs have been reported and verified (Zhao et al., 2013; Ly et al,
2020; Wang et al., 2020a), indicating that linkage-based QTL-
mapping using the HR x HS genetic cross method is less effective
in identifying small-effect resistance genetic loci for broad resistance.
Large-scale GWAS using a large, well-designed diversity panel of
breeding lines and high-density SNP markers is likely to be a more
effective way of discovering small-effect, broad SCR-resistance
genetic loci.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: European Variation Archive (EVA)
at EMBL-EBI, accession number is PRJEB64281 (The European
Bioinformatics Institute< EMBL-EBI).

Author contributions

GS: Initiate the GWAS project, provide the guide to data
analysis methodology, write the first draft and final draft of the
manuscript. AifangW: Conduct multi-locus GWAS data analysis
and transcriptomic annotation, preparation of all the Tables and
Figures, take part in editing the manuscript. XW: Provide important
inbred lines used in GWAS project, collect SCR phenotype data. JD
give advice on data analysis and result interpretation, edit the

References

Ahmed, H. D., Zeng, Y., Igbal, M., Rashid, M. A. R,, Raza, H., Ullah, A, et al. (2022).
Genome-wide association mapping of bread wheat genotypes for sustainable food
security and yield potential under limited water conditions. PloS One 17 (3), e0263263.
doi: 10.1371/journal.pone.0263263

Alexander, D. H,, and Lange, K. (2011). Enhancements to the ADMIXTURE
algorithm for individual ancestry estimation. BMC Bioinf. 12, 246. doi: 10.1186/
1471-2105-12-246

Frontiers in Plant Science

13

10.3389/fpls.2023.1221395

manuscript. RC: Collect SCR phenotype data from the field
experiment. FG and AifenW: provide inbred lines for GWAS and
design and manage phenotype collection field experiment. TL:
manage the SNP marker data collection project. YW: Initiate the
GWAS project, provide the funding of the project, provide some
important. germplasm for the diversity panel, provide the insight on
application of GWAS result to molecular breeding of SCR resistance
traits, edit the manuscript. All authors contributed to the article and
approved the submitted version

Conflict of interest

Authors GS, AifangW, TL, XW, RC, FG, AifenW and YW were
employed by the company LongPing High-tech Corp. Authors GS,
AifangW, TL were employed within the Center of Biotechnology,
Beijing Lantron Seed. Authors XW, RC, FG, AifenW and YW were
employed within the Henan LongPing-Lantron AgriScience &
Technology Co., LTD.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1221395/

full#supplementary-material

SUPPLEMENTARY FIGURE 1
The LD value (D') between significant QTNs.

SUPPLEMENTARY FIGURE 3
Tissue-specific expression profiles of candidate genes retrieved
from maizeGDB.

Ali, F., and Yan, J. (2012). Disease resistance in maize and the role of molecular
breeding in defending against global threat. J. Integr. Plant Biol. 54 (3), 134-151.
doi: 10.1111/j.1744-7909.2012.01105.x

Bai, H., Song, Z., Wang, Y., Quan, J., Ma, J,, Liu, L,, et al. (2019). Identification and
expression analysis of MYB transcription factors related to rust resistance in Foxtail
Millet. Scientia Agricultura Sin. 52 (22), 4016-4026. doi: 10.3864/j.issn.0578-
1752.2019.22.007

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1221395/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1221395/full#supplementary-material
https://doi.org/10.1371/journal.pone.0263263
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1111/j.1744-7909.2012.01105.x
https://doi.org/10.3864/j.issn.0578-1752.2019.22.007
https://doi.org/10.3864/j.issn.0578-1752.2019.22.007
https://doi.org/10.3389/fpls.2023.1221395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shu et al.

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and Buckler,
E. S. (2007). TASSEL: software for association mapping of complex traits in diverse
samples. Bioinformatics 23 (19), 2633-2635. doi: 10.1093/bioinformatics/btm308

Brewbaker, J. L., Kim, S. K,, So, Y. S., Logrofio, M., Moon, H. G., Ming, R, et al.
(2011). General resistance in maize to southern rust (Puccinia polysora Underw.). Crop
Sci. 51 (4), 1393-1409. doi: 10.2135/cropsci2010.06.0327

Chen, W, Li, W,, Yang, Z., Sun, S., Wang, X., Zhu, Z., et al. (2018). Preliminary
identification and genetic diversity analysis of maize germplasm resources for
resistance to southern corn rust. J. Plant Genet. Resour. 19 (2), 225-231,242.
doi: 10.13430/j.cnki.jpgr.2018.02.005

Chen, W, Lu, L, Li, W,, Zhang, X, Sun, S., Zhu, Z,, et al. (2019). QTL mapping for
resistance to southern corn rust in maize. J. Plant Genet. Resour. 20 (3), 521-529.
doi: 10.13430/j.cnki.jpgr.20180831001

Chen, C. X,, Wang, Z. L,, Yang, D. E,, Ye, C. ], Zhao, Y. B,, Jin, D. M,, et al. (2004).
Molecular tagging and genetic mapping of the disease resistance gene RppQ to southern
corn rust. Theor. Appl. Genet. 108 (5), 945-950. doi: 10.1007/s00122-003-1506-7

Chen, G., Zhang, B, Ding, J., Wang, H., Deng, C., Wang, ], et al. (2022). Cloning
southern corn rust resistant gene RppK and its cognate gene AvrRppK from Puccinia
polysora. Nat. Commun. 13, 4392. doi: 10.1038/s41467-022-32026-4

Deng, C., Leonard, A., Cahill, J., Lv, M., Li, Y., Thatcher, S., et al. (2022). The RppC-
AvrRppC NLR-effector interaction mediates the resistance to southern corn rust in
maize. Mol. Plant 15 (5), 904-912. doi: 10.1016/j.molp.2022.01.007

Deng, C,, Li, H,, Li, Z,, Tian, Z., Chen, J., Chen, G,, et al. (2019). New qtl for resistance
to Puccinia polysora Underw in maize. J. Appl. Genet. 60 (2), 147-150. doi: 10.1007/
513353-019-00488-w

Deng, C., Lv, M., Li, B, and Ding, J. (2020). Identification and fine mapping of
qSCR4.01, a novel major QTL for resistance to Puccinia polysora in maize. Am.
Phytopathological Soc. 0, 1-5. doi: 10.1094/PDIS-11-19-2474-RE

De Souza Camacho, L. R,, Coan, M. M. D., Scapim, C. A, Barth Pinto, R. ],
Tessmann, D. J., and Contreras-Soto, R. I. (2019). A genome-wide association study for
partial resistance to southern corn rust in tropical maize. Plant Breed. 00, 1-11.
doi: 10.1111/pbr.12718

Duan, C,, Dong, H. Y., Li, X, Li, H,, Li, C. H,, Sun, S. L., et al. (2020). A large-scale
screening of maize germplasm for resistance to multiple diseases in multi-plot
demonstration for several years under natural condition. Acta Agronomica Sin. 46
(8), 1135-1145. doi: 10.3724/SP.J.1006.2020.03003

Duan, D., and He, H. (1984). Description of a rust Puccinia polysora on corn in
Hainan Island. Acta Mycol. Sin. 3, 125-126. doi: 10.13346/j.mycosystema.1984.02.01

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., et al.
(2011). A robust, simple genotyping-by-sequencing (GBS) approach for high diversity
species. PloS One 6 (5), €19379. doi: 10.1371/journal.pone.0019379

Glaubitz, J. C., Casstevens, T. M., Lu, F., Harriman, J., Elshire, R. ]J., Sun, Q., et al.
(2014). TASSEL-GBS: a high capacity genotyping by sequencing analysis pipeline. PloS
One 9 (2), €90346. doi: 10.1371/journal.pone.0090346

Hoopes, G. M., Hamilton, J. P., Wood, J. C., Esteban, E., Pasha, A., Vaillancourt, B.,
etal. (2019). An updated gene atlas for maize reveals organ-specific and stress-induced
genes. Plant J. 97, 1154-1167. doi: 10.1111/tpj.14184

Jines, M. P., Balint-Kurti, P., Robertson-Hoyt, L. A., Molnar, T., Holland, J. B., and
Goodman, M. M. (2007). Mapping resistance to southern rust in a tropical by
temperate maize recombinant inbred topcross population. Theor. Appl. Genet. 114,
659-667. doi: 10.1007/s00122-006-0466-0

Li, J., Cheng, D., Guo, S., Chen, C., Wang, Y., Zhong, Y., et al. (2023b). Genome-wide
association and genomic prediction for resistance to southern corn rust in DH and
testcross populations. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1109116

Li, P, Duan, C,, Qiu, J.,, Shi, J., Guo, N, Liu, S, et al. (2021). Technical specification
for identification of maize resistance to pests. Part 14: southern corn rust. ICS 65.020.01
CCS B 04 NY/T 1248.14-2021.

Li, B., and Ritchie, M. D. (2021). From GWAS to gene: transcriptome-wide
association studies and other methods to functionally understand GWAS discoveries.
Front. Genet. 12. doi: 10.3389/fgene.2021.713230

Li, G., Zhou, Y., Li, H., and Zhang, Y. M. (2023a). A multi-locus linear mixed model
methodology for detecting small-effect QTLs for quantitative traits in MAGIC, NAM,
and ROAM populations. Comput. Struct. Biotechnol. J. 21, 2241-2252. doi: 10.1016/
j.csbj.2023.03.022

Li, X., Zhu, C,, Yeh, C. T., Wu, W., Takacs, E. M., Petsch, K. A, et al. (2012). Genic
and nongenic contributions to natural variation of quantitative traits in maize. Genome
Res. 22, 2436-2444. doi: 10.1101/gr.140277.112

Liu, Z. X,, Wang, S. C,, Dai, J. R, Huang, L. J,, and Cao, H. H. (2003). Studies of
genetic analysis and SSR linked marker location of gene resistance to southern rust in
inbred line P25 of maize. Acta Genetica Sin. 30 (8), 706-710. doi: 10.1016/S0891-0618
(02)00103-5

Lu, L, Xu, Z,, Sun, S, Du, Q., Zhu, Z,, Weng, J., et al. (2020). Discovery and fine
mapping of gSCR6. 01, a novel major QTL conferring southern rust resistance in maize.
Plant Dis. 104, 1918-1924. doi: 10.1094/PDIS-01-20-0053-RE

Luan, Q. L., Zhu, Y. X, Ma, S, Sun, Y., Liu, X. Y., Liu, M,, et al. (2020). Maize
metacaspases modulate the defense response mediated by the NLR protein Rp1-D21
likely by affecting its subcellular localization. Plant J. 105 (1), 151-166. doi: 10.1111/
tpj.15047

Frontiers in Plant Science

14

10.3389/fpls.2023.1221395

Lv, M., Deng, C,, Li, X,, Zhao, X, Li, H,, Li, Z, et al. (2020). Identification and fine-
mapping of RppCML496, a major QTL for resistance to Puccinia polysora in maize.
Plant Genome 14 (1), €20062. doi: 10.1002/tpg2.20062

Mu, X, Dai, Z., Guo, Z., Zhang, H., Yang, J., Gan, X,, et al. (2022). Systematic dissection of
disease resistance to southern corn rust by bulked-segregant and transcriptome analysis. Crop
Journal:English 10 (2), 426-435. doi: 10.1016/.¢j.2021.07.001

Park, M., Darwish, A. G., Elhag, R. I, Tsolova, V., Soliman, K. F. A, and El-
Sharkawy, 1. (2022). A multi-locus genome-wide association study reveals the genetics
underlying muscadine antioxidant in berry skin. Front. Plant Sci. 13. doi: 10.3389/
1pls.2022.969301

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D., et al.
(2007). PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am. J. Hum. Genet. 81, 559-575. doi: 10.1086/519795

Ren, W. L, Wen, Y. J., Dunwell, J. M., and Zhang, Y. M. (2018). pKWmEB:
integration of Kruskal-Wallis test with empirical bayes under polygenic background
control for multi-locus genome-wide association study. Heredity 120 (3), 208-218.
doi: 10.1038/s41437-017-0007-4

Rodgers-Melnick, E., Vera, D. L., Bass, H. W., and Buckler, E. S. (2016). Open
chromatin reveals the functional maize genome. Proc. Natl. Acad. Sci. 113 (22), E3177-
E3184. doi: 10.1073/pnas.1525244113

Shikha, K., Shahi, J. P, Vinayan, M. T., Zaidi, P. H,, Singh, A. K,, and Sinha, B.
(2021). Genome-wide association mapping in maize: status and prospects. Biotech 11,
244. doi: 10.1007/s13205-021-02799-4

Shu, G, Cao, G., Li, N.,, Wang, A., Wei, F,, Li, T., et al. (2021). Genetic variation and
population structure in China summer maize germplasm. Sci. Rep. 11 (1), 8012.
doi: 10.1038/541598-021-84732-6

Storey, H. H., and Ryland, A. K. (1954). Resistance to the maize rust, Puccinia
polysora. Nature 173, 778-779. doi: 10.1038/173778a0

Sun, Q, Li, L., Guo, F., Zhang, K., Dong, J., Luo, Y., et al. (2021b). Southern corn rust
caused by Puccinia polysora Underw: a review. Phytopathol. Res. 3, 25. doi: 10.1186/
542483-021-00102-0

Sun, G., Mural, R. V., Turkus, J. D., and Schnable, J. C. (2022). Quantitative
resistance loci to southern rust mapped in a temperate maize diversity panel.
Phytopathology 112, 579-587. doi: 10.1094/PHYTO-04-21-0160-R

Sun, T, Pei, T,, Yang, L., Zhang, Z.,, Li, M., Liu, Y., et al. (2021a). Exogenous
application of xanthine and uric acid and nucleobase-ascorbate transporter MANAT7
expression regulate salinity tolerance in apple. BMC Plant Biol. 21, 52. doi: 10.1186/
§12870-021-02831-y

Tamba, C. L., Ni, Y. L, and Zhang, Y. M. (2017). Iterative sure independence
screening EM-Bayesian LASSO algorithm for multilocus genome-wide association
studies. PloS Comput. Biol. 13 (1), €1005357. doi: 10.1371/journal.pcbi.1005357

Tamba, C. L., and Zhang, Y. M. (2018). A fast mrmlm algorithm for multi-locus
genome-wide association studies. Cold Spring Harbor Lab 4, 1-34. doi: 10.1101/341784

Uffelmann, E., Huang, Q. Q., Munung, N. S., De Vries, J., Okada, Y., Martin, A. R,,
etal. (2021). Genome-wide association studies. Nat. Reviews: Methods Primers 1 (1), 1-
21. doi: 10.1038/s43586-021-00056-9

Wang, X. (2005). Lecture series on knowledge of maize diseases and insect pests (III)
techniques of identification and investigation of maize resistance to disease and insect
pests. Crops 06, 53-55. doi: 10.3969/j.issn.1001-7283.2005.06.026

Wang, S., Chen, Z,, Tian, L., Ding, Y., Zhang, J., Zhou, J., et al. (2019b). Comparative
proteomics combined with analyses of transgenic plants reveal ZmREM1.3 mediates
maize resistance to southern corn rust. Plant Biotechnol. J. 17,2153-2168. doi: 10.1111/
pbi.13129

Wang, M. H,, Cordellc, H. J,, and Steen, K. V. (2019a). Statistical methods for
genome-wide association studies. Semin. Cancer Biol. 55, 53-60. doi: 10.1016/
j.semcancer.2018.04.008

Wang, S. B, Feng, J. Y., Ren, W. L,, Huang, B., Zhou, L., Wen, Y. ], et al. (2016).
Improving power and accuracy of genome-wide association studies via a multi-locus
mixed linear model methodology. Sci. Rep. 6, 19444. doi: 10.1038/srep19444

Wang, H,, Hou, J,, Ye, P, Hu, L., Huang, J., Dai, Z,, et al. (2021). A teosinte-derived
allele of a MYB transcription repressor confers multiple disease resistance in maize.
Mol. Plant 14, 1-18. doi: 10.1016/j.molp.2021.07.008

Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: Functional annotation of
genetic variants from next-generation sequencing data. Nucleic Acids Res. 38, el64.
doi: 10.1093/nar/gkq603

Wang, X, Liu, J., Guo, Y., Duan, C,, Zhu, Z,, Sun, S., et al. (2020b). Multiorigins of
initial infection sources of Puccinia polysora causing southern rust of maize in China. J.
Maize Sci. 28 (3), 1-14. doi: 10.13597/j.cnki.maize.science.20200301

Wang, S., Wang, X., Zhang, R,, Liu, Q., Sun, X., Wang, J., et al. (2022). RppM,
encoding a typical CC-NBS-LRR protein, confers resistance to southern corn rust in
maize. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.951318

Wang, S., Zhang, R., Shi, Z., Zhao, Y., Song, W., and Zhao, J. (2020a). Identification
and fine mapping of RppM, a southern corn rust resistance gene in maize. Frontier
Plant Sci. 11. doi: 10.3389/fpls.2020.01057

Wang, X, Zhang, Y., Xu, X,, Li, H, Wu, X,, Zhang, S., et al. (2014). Evaluation of
maize inbred lines currently used in Chinese breeding programs for resistance to six
foliar diseases. Crop J. 2 (4), 213-222. doi: 10.1016/j.cj.2014.04.004

frontiersin.org


https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.2135/cropsci2010.06.0327
https://doi.org/10.13430/j.cnki.jpgr.2018.02.005
https://doi.org/10.13430/j.cnki.jpgr.20180831001
https://doi.org/10.1007/s00122-003-1506-7
https://doi.org/10.1038/s41467-022-32026-4
https://doi.org/10.1016/j.molp.2022.01.007
https://doi.org/10.1007/s13353-019-00488-w
https://doi.org/10.1007/s13353-019-00488-w
https://doi.org/10.1094/PDIS-11-19-2474-RE
https://doi.org/10.1111/pbr.12718
https://doi.org/10.3724/SP.J.1006.2020.03003
https://doi.org/10.13346/j.mycosystema.1984.02.01
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0090346
https://doi.org/10.1111/tpj.14184
https://doi.org/10.1007/s00122-006-0466-0
https://doi.org/10.3389/fpls.2023.1109116
https://doi.org/10.3389/fgene.2021.713230
https://doi.org/10.1016/j.csbj.2023.03.022
https://doi.org/10.1016/j.csbj.2023.03.022
https://doi.org/10.1101/gr.140277.112
https://doi.org/10.1016/S0891-0618(02)00103-5
https://doi.org/10.1016/S0891-0618(02)00103-5
https://doi.org/10.1094/PDIS-01-20-0053-RE
https://doi.org/10.1111/tpj.15047
https://doi.org/10.1111/tpj.15047
https://doi.org/10.1002/tpg2.20062
https://doi.org/10.1016/j.cj.2021.07.001
https://doi.org/10.3389/fpls.2022.969301
https://doi.org/10.3389/fpls.2022.969301
https://doi.org/10.1086/519795
https://doi.org/10.1038/s41437-017-0007-4
https://doi.org/10.1073/pnas.1525244113
https://doi.org/10.1007/s13205-021-02799-4
https://doi.org/10.1038/s41598-021-84732-6
https://doi.org/10.1038/173778a0
https://doi.org/10.1186/s42483-021-00102-0
https://doi.org/10.1186/s42483-021-00102-0
https://doi.org/10.1094/PHYTO-04-21-0160-R
https://doi.org/10.1186/s12870-021-02831-y
https://doi.org/10.1186/s12870-021-02831-y
https://doi.org/10.1371/journal.pcbi.1005357
https://doi.org/10.1101/341784
https://doi.org/10.1038/s43586-021-00056-9
https://doi.org/10.3969/j.issn.1001-7283.2005.06.026
https://doi.org/10.1111/pbi.13129
https://doi.org/10.1111/pbi.13129
https://doi.org/10.1016/j.semcancer.2018.04.008
https://doi.org/10.1016/j.semcancer.2018.04.008
https://doi.org/10.1038/srep19444
https://doi.org/10.1016/j.molp.2021.07.008
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.13597/j.cnki.maize.science.20200301
https://doi.org/10.3389/fpls.2022.951318
https://doi.org/10.3389/fpls.2020.01057
https://doi.org/10.1016/j.cj.2014.04.004
https://doi.org/10.3389/fpls.2023.1221395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shu et al.

Wanlayaporn, K., Authrapun, J., Vanavichit, A., and Tragoonrung, S. (2013). QTL
mapping for partial resistance to southern corn rust using RILs of tropical sweet corn.
Am. ]. Plant Sci. 4 (4), 878-889. doi: 10.4236/ajps.2013.44108

Wei, J., Xie, W., Li, R, Wang, S., Qu, H,, Ma, R,, et al. (2020). Analysis of trait
heritability in functionally partitioned rice genomes. Heredity (Edinb) 124, 485-498.
doi: 10.1038/s41437-019-0244-9

Wen, Y. J., Zhang, H.,, Ni, Y. L., Huang, B., Zhang, J., Feng, J. Y., et al. (2018).

Methodological implementation of mixed linear models in multi-locus genome-wide
association studies. Briefings Bioinf. 19(4), 700-712. doi: 10.1093/bib/bbw145

Wu, X, Li, N,, Zhao, P, He, Y., and Wang, S. (2015). Geographic and genetic
identification of RppS, a novel locus conferring broad resistance to southern corn rust
disease in China. Euphytica 205, 17-23. doi: 10.1007/s10681-015-1376-5

Xiao, Y., Liu, H., Wu, L., Warburton, M., and Yan, J. (2017). Genome-wide
association studies in maize: praise and stargaze. Mol. Plant 10, 359-374.
doi: 10.1016/j.molp.2016.12.008

Xu, Y., Yang, T., Zhou, Y., Yin, S, Li, P, Liu, J, et al. (2018). Genome-wide
association mapping of starch pasting properties in maize using single-locus and multi-
locus models. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01311

Xu, L., Zhang, Y., Shao, S., Chen, W, Tan, J., Zhu, M., et al. (2014). High-resolution
mapping and characterization of qRgls2, a major quantitative trait locus involved in
maize resistance to gray leaf spot. BMC Plant Biol. 14, 230-240. doi: 10.1186/512870-
014-0230-6

Yang, P, Praz, C, Li, B,, Singla, J., Robert, C. A. M., Kessel, B., et al. (2019). Fungal
resistance mediated by maize wall-associated kinase ZmWAK-RLKI correlates with
reduced benzoxazinoid content. New Phytol. 221 (2), 976-987. doi: 10.1111/nph.15419

Zhang, J., Feng, J. Y., Ni, Y. L., Wen, Y. J,, Niu, Y., Tamba, C. L, et al. (2017a).
PLARmEB: integration of least angle regression with empirical Bayes for multilocus
genome-wide association studies. Heredity (Edinb) 118, 517-524. doi: 10.1038/
hdy.2017.8

Frontiers in Plant Science

15

10.3389/fpls.2023.1221395

Zhang, Y. M, Jia, Z., and Dunwell, J. M. (2019). The applications of new multi-locus
GWAS methodologies in the genetic dissection of complex traits. Front. Plant Sci. 10.
doi: 10.3389/fpls.2019.00100

Zhang, Y. W., Tamba, C. L., Wen, Y. J,, Li, P, Ren, W. L., Ni, Y. L, et al. (2020).
mrMLM v4.0.2: An R platform for multi-locus genome-wide association studies.
Genomics Proteomics Bioinf. 18, 481-487. doi: 10.1016/j.gpb.2020.06.006

Zhang, Y., Xu, L., Zhang, D. F,, Dai, J. R, and Wang, S. C. (2009). Mapping of
southern corn rust-resistant genes in the W2D inbred line of maize (Zea mays L.). Mol.
Breed. 25, 433-439. doi: 10.1007/s11032-009-9342-3

Zhang, N., Zhang, B., Zuo, W., Xing, Y., Konlasuk, S., Tan, G,, et al. (2017b).
Cytological and molecular characterization of Zm WAK-mediated head-smut resistance
in maize. Mol. Plant-Microbe Interact. 30 (6), 455-465. doi: 10.1094/MPMI-11-16-
0238-R

Zhao, Z., Min, X., Yuan, C., Yan, W., and Xiao, T. (2018). Identification of corn rust
in district of off-season multiplication and research of pathogenic biological
characteristic. Mol. Plant Breed. 16 (1), 289-296. doi: 10.13271/j.mpb.016.000289

Zhao, P, Zhang, G., Wu, X,, Li, N,, Shi, D., Zhang, D., et al. (2013). Fine mapping of
RppP25, a southern rust resistance gene in maize. J. Integr. Plant Biol. 55, 462-472.
doi: 10.1111/jipb.12027

Zhou, C., Chen, C,, Cao, P., Wu, S., and Wang, B. (2008). Characterization and fine
mapping of RppQ, a resistance gene to southern corn rust in maize. Mol. Genet.
Genomics 278, 723-728. doi: 10.1007/s00438-007-0288-z

Zhou, G., Hao, D., Mao, Y., Zhu, Q., Chen, G., Lu, H., et al. (2017). Identification of
genetic loci conferring partial resistance to southern corn rust through a genome-wide
association study. Eur. J. Plant Pathol. 150 (4), 1083-1090. doi: 10.1007/s10658-017-
1351-1

Zhu, X,, Li, X,, He, Q., Guo, D., Liu, C., Cao, J., et al. (2021). TaMYB29: a novel R2R3-
MYB transcription factor involved in wheat defense against stripe rust. Front. Plant Sci.
12. doi: 10.3389/fpls.2021.783388

frontiersin.org


https://doi.org/10.4236/ajps.2013.44108
https://doi.org/10.1038/s41437-019-0244-9
https://doi.org/10.1093/bib/bbw145
https://doi.org/10.1007/s10681-015-1376-5
https://doi.org/10.1016/j.molp.2016.12.008
https://doi.org/10.3389/fpls.2018.01311
https://doi.org/10.1186/s12870-014-0230-6
https://doi.org/10.1186/s12870-014-0230-6
https://doi.org/10.1111/nph.15419
https://doi.org/10.1038/hdy.2017.8
https://doi.org/10.1038/hdy.2017.8
https://doi.org/10.3389/fpls.2019.00100
https://doi.org/10.1016/j.gpb.2020.06.006
https://doi.org/10.1007/s11032-009-9342-3
https://doi.org/10.1094/MPMI-11-16-0238-R
https://doi.org/10.1094/MPMI-11-16-0238-R
https://doi.org/10.13271/j.mpb.016.000289
https://doi.org/10.1111/jipb.12027
https://doi.org/10.1007/s00438-007-0288-z
https://doi.org/10.1007/s10658-017-1351-1
https://doi.org/10.1007/s10658-017-1351-1
https://doi.org/10.3389/fpls.2021.783388
https://doi.org/10.3389/fpls.2023.1221395
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Identification of southern corn rust resistance QTNs in Chinese summer maize germplasm via multi-locus GWAS and post-GWAS analysis
	Introduction
	Materials and methods
	Genetic materials and SCR phenotyping
	DNA sequencing and genotyping
	Population structure, linkage disequilibrium, and multi-locus GWAS
	Case control sampling
	Allele/haplotype effect analysis, QTN/combo performance estimates, and epistasis
	Allele/haplotype effect estimates
	Allele/haplotype effect type assignment
	QTN/combo performance estimate
	Epistasis

	Identification of candidate genes and tissue-specific and stress-induced transcriptomic analysis

	Results
	SNP genotype data characterization
	Multi-locus GWAS and QTN identification
	Allele effect type assignment
	Allelic and haplotype effect analysis
	Case–control sampling
	Resistance performance and disease risk analysis
	QTN–QTN interaction and epistasis
	Genomic and transcriptomic annotation of QTNs

	Discussion
	Genetic mapping and genetic variant verification
	Genotyping and genotype data
	Multi-locus GWAS models
	Post-GWAS analysis
	Connection between QTNs and molecular breeding

	Data availability statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


