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Abstract

Soil salinization is an important factor threatening the yield and quality of maize.
Ca?" plays a considerable role in regulating plant growth under salt stress. Herein,
we examined the shoot Ca?* concentrations, root Ca®* concentrations, and trans-
port coefficients of seedlings in an association panel composed of 305 maize inbred
lines under normal and salt conditions. A genome-wide association study was con-
ducted by using the investigated phenotypes and 46,408 single-nucleotide polymor-
phisms of the panel. As a result, 53 significant SNPs were specifically detected under
salt treatment, and 544 genes were identified in the linkage disequilibrium regions of
these SNPs. According to the expression data of the 544 genes, we carried out a
weighted coexpression network analysis. Combining the enrichment analyses and
functional annotations, four hub genes (GRMZM2G051032, GRMZM2G004314,
GRMZM2G421669, and GRMZM2G123314) were finally determined, which were
then used to evaluate the genetic variation effects by gene-based association analy-
sis. Only GRMZM2G123314, which encodes a pentatricopeptide repeat protein, was
significantly associated with Ca?* transport and the haplotype G-CT was identified
as the superior haplotype. Our study brings novel insights into the genetic and molec-
ular mechanisms of salt stress response and contributes to the development of salt-

tolerant varieties in maize.

JEL CLASSIFICATION
Ecophysiology, stress and adaptation

equilibrium, antioxidant activation, osmotic adjustment, and tissue

water status maintenance (de Azevedo Neto et al., 2006; Hichem

Soil salinization is a major environmental factor restricting plant
growth and crop productivity (Hanin et al., 2016; Yang & Guo, 2018).
It is estimated that, excluding arid and desert areas, 20% of the
world's irrigated land is currently affected by salinization
(Yamaguchi & Blumwald, 2005). Salinization affects several physiologi-
cal and metabolic processes. For instance, it causes osmotic stress and
ionic toxicity to plants, and reduces photosynthetic rate and stomatal
conductance, and even affects starch metabolism and nitrogen fixa-
tion. Under salt stress, plants have developed a variety of coping strat-

egies, such as stomatal regulation, ionic homeostasis, hormonal

et al., 2009; Jafar et al., 2012; Kaya et al., 2014; Neubert et al., 2005).
As one of the major cereal crops, maize plays an important role in agri-
culture, food, and industry (Ranum et al., 2014), but suffers from salt
stress. Therefore, enhancing the salt tolerance of maize is an urgent
work for maize breeders.

In the past few decades, a large number of researches have been
carried out to decode the molecular mechanism of salt tolerance in
plants. The HKT (high-affinity K™ transporter) pathway is widely
accepted to be involved in salt stress. Some members of the HKT fam-

ily reduce the Na* accumulation in leaves via controlling the shoot-
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root Na™ translocation (Berthomieu et al., 2003; Munns &
Tester, 2008; Ren et al., 2005). Additionally, fluctuations in plant hor-
mones, such as auxin, ethylene, and abscisic acid (ABA), correlate with
the regulation of salt stress responses (Bahieldin et al., 2016; Duan
et al., 2013; Ryu & Cho, 2015).

Ca®" is a central regulator in plant growth and development.
Numerous pieces of evidences have revealed the importance of Ca®*
signaling in plant response to abiotic stimuli. The Ca?" concentration
in plant cytoplasm increased under high salinity, low/high tempera-
ture, phytohormone, and other abiotic or biotic stresses
(Hepler, 2005; Sanders et al., 2002; Zhu, 2016). Under salt stress,
plants activate various signaling pathways, including those involving
Ca?*, which promote sufficient cellular cascade reaction (Zhu, 2002).
The salt-overly-sensitive (SOS) pathway plays a crucial role in regulat-
ing salt stress response, and it facilitates the understanding of the
Ca?* signatures mediated by salt stress (Chinnusamy et al., 2004;
Mahajan et al., 2008). In the SOS pathway, the genes SOS1, SOS2, and
SOS3 separately encode Na*/H™ antiporter (NHXs), serine/threonine
protein kinase, and calcium-binding protein with EF-hand motifs.
Under salt stress, SOS3 senses a surge of Ca®* triggered by excessive
Na* entering the cytoplasm (Halfter et al., 2000; Ji et al., 2013). It
activates SOS2 to form a SOS52-SOS3 complex (Liu et al., 2000), which
then activates the C-terminal region of SOS1 by phosphorylation. The
activated SOS1 pumps Na™ out of the cells in exchange for H' (Min
et al., 2016; Shi et al., 2002). Other proteins also play important roles
in the SOS pathway, such as MITOGEN-ACTIVATED PROTEIN
KINASE 6 (MPK6) and SOS3-like CALCIUM BINDING PROTEIN
8 (SCaBP8)/CBL10, which activate SOS1 directly or indirectly (Quan
et al., 2007). Under salt stress, the spikes of Ca?* concentration in
root cell cytoplasm activate SOS signal transduction cascade to avoid
Na™ toxicity (Liu et al., 2000).

To date, many quantitative trait loci (QTL) related to salt response
have been identified in plants. In rice, SKC1 was the first cloned QTL,
which encodes an HKT-like protein and maintains Na™/K" homeosta-
sis under salt stress (Ren et al., 2005). Ren et al. (2010) reported that a
QTL, RSA1, plays a negative role in modulating the rice seed germina-
tion and early seedling growth under salt stress. Under saline condi-
tions, a major QTL controlling plant height was mapped using a
double haploid population consisting of 240 maize individuals and
1317 single nucleotide polymorphisms (SNPs; Luo et al, 2017).
Another maize salt-tolerance QTL, ZmNC1 (Zea mays Na* CONTENT
1), was cloned from a recombinant inbred line population derived
from the cross of Zheng58 and Chang7-2. ZmNC1 encodes an HKT-
type transporter (designated as ZmHKT1) and positively mediates
maize salt tolerance (Zhang et al., 2018). With the advances in res-
equencing technology, the development of DNA markers has become
more efficient and cheaper, which promotes the extensive applica-
tions of genome-wide association analysis (GWAS; Elshire
et al., 2011; Xiao et al., 2017). In the past decades, GWAS has been
widely used in the identification of the causal genes conferring plant
salt tolerance. In Arabidopsis, two genes (CYP79B2 and HKT1) control-
ling the growth and development of lateral roots were detected by
GWAS under salt exposure (Julkowska et al., 2017). Using GWAS,

70 candidate genes were identified for tissue cation concentration
based on 306 rice accessions (Patishtan et al., 2018). Furthermore, a
total of 14 germination-associated candidate genes were identified
using GWAS in alfalfa (Medicago sativa L.) under different levels of salt
treatment. Among them, several loci were situated within the salt-
tolerant QTL detected in previous studies (Yu et al., 2016).

As a regulation network analysis method, WGCNA has become a
popular technique in discovering key factors related to target traits
(Childs et al., 2011). Using WGCNA, two hub genes were identified
and further verified to regulate the element accumulations in maize
(Schaefer et al., 2018). Seven priority genes associated with seminal
root length were detected in maize seedlings under drought stress by
WGCNA (Guo et al., 2020). In this study, we firstly performed GWAS
to identify the significant SNPs and candidate genes correlated with
Ca?* concentrations in an association panel consisting of 305 lines
under salt stress. Subsequently, the expression values of the candi-
date genes were used to conduct WGCNA for excavating the hub
genes. Finally, each hub genes were PCR-amplified in 70 lines and the
variation loci obtained from each gene were subjected to gene-based
association analysis. The objective of this study was to uncover the
hub genes controlling Ca?* concentrations under salt treatment and
identify the favorable haplotypes of the hub genes for cultivating the
maize salt-tolerant varieties by molecular marker-assisted selection
(MAS) breeding.

2 | MATERIALS AND METHODS

2.1 | Plant materials and growth conditions

An association panel composed of 305 maize (Zea mays) inbred lines
was used for the phenotypic investigation. All lines were come from
the breeding program of Southwest China (Zhang et al., 2016). Each
line grew under salt and control conditions as follows: seeds with uni-
form size were selected and soaked in 10% H,O, for 15-20 min, then
washed thrice with deionized water, and dipped in saturated CaSO,4
for 8 h to accelerate germination. Subsequently, seeds were sown in
seeding trays and germinated in an artificial climate chamber, as
described in our previous study (Ma et al., 2021). When the maize
seedlings had three leaves, they were evenly divided into two groups
(each group contained eight seedlings) and respectively cultivated in
Hoagland nutrient solution (Control) and Hoagland nutrient solution
supplemented with 150 mmol/L NaCl (Salt stress) (Abdel-Ghani
et al., 2012). After 7 days, shoots and roots were separated and dried
in an oven at 80°C for 72 h. This experiment was carried out with

three biological repetitions (eight seedlings per group per repetition).

2.2 | Determination of Ca?" concentrations

Approximately 0.2 g powder for each sample was digested by a micro-
wave digestion system (MARS6). Inductively-coupled plasma mass
spectrometer (ICP-MS, NexION 2000, PerkinElmer Inc.) was used to
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measure the concentration of Ca?*. The experiment was conducted

with three biological replicates.

2.3 | Statistical analysis of phenotypes

Descriptive statistical analysis of phenotypic data was performed
using SPSS 25.0 (Statistical Product and Service Solutions, Version
25.0, IBM). The difference in the phenotypic values of each trait
between salt stress and control conditions was analyzed by a t-test.
SAS 9.3 (Statistical Analysis System, Version 9.3, SAS Institute) was
used to calculate the broad-sense heritability (H2), and the calculation
model was H? = 6%g/6%p, o’ = (IMSG-MSE]/rep), 6%p = o°g + MSE
(Ma et al., 2020; Pace et al., 2015). Here, 6% is the genotypic variance
of the association panel, 6%p is the phenotypic variance, MSG denotes
the mean square of genotype, MSE represents the mean square of

error, and rep denotes the number of independent replicates.

24 | Genome-wide association study

In our previous study, the 305 inbred lines were genotyped using the
Maize SNP50K Bead Chip containing 56,110 SNPs based on the
maize reference genome (B73 RefGen v2; Andorf et al., 2010; Zhang
et al., 2016). The SNPs with missing data >20%, the minor allele fre-
quency <0.05 or the heterozygosity >20% were removed (Ma
et al.,, 2018). The remaining 46,408 high-quality SNP markers were
finally used for GWAS. The average values among the three biological
replicates for each trait were considered as the phenotypic values in
GWAS. The fixed and random model Circulating Probability Unifica-
tion (FarmCPU) model combines the advantages of the mixed linear
model and fixed-effect model; thus, it was used to perform GWAS in
this study. The FarmCPU model was executed by the FarmCPU in R
package (Liu et al., 2016) in the R statistical software v4.0.3. Because
a Bonferroni correction (0.05/46408 = 1.08 x 10~°) was too conser-
vative, a less stringent threshold of —logo (p) >4 was used to detect
significant SNPs in this study (Li, Liu, et al., 2020). Moreover, all the
gene models located within the linkage disequilibrium (LD) regions of
the significant SNPs were extracted as potential candidate genes

underlying the target traits.

2.5 | Weighted coexpression network analysis

In our previous study, two maize inbred lines L2010-3 (a salt-tolerant
line) and BML1234 (a salt-sensitive line) at two-leaf stage were cul-
tured in Hoagland's solutions (control) and Hoagland's solutions sup-
plemented with 150 mM NaCl (salt treatment). At four stages (0, 6,
18, and 36 h), the roots of L2010-3 and BML1234 were separately
collected for transcriptome sequencing (Zhang et al., 2021). The gene
expression data were stored in the National Genomics Data Center
(NGDC) database with the accession number CRA003872. Herein,
the expression values of the candidate genes detected from GWAS

were used to construct gene coexpression networks by using the
WGCNA package in R software (Langfelder & Horvath, 2008). The
parameters of WGCNA were set as follows: power = 5, deepSplit = 2,
minModuleSize = 20, and mergeCutHeight = 0.2. Gene ontology
(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis were implemented using a free online platform
(http://www.omicshare.com/tools) for determining the key modules.
In the key module, the identification of hub genes was based on the
following principles: (1) the eigengene connectivity (KME) value >0.9;
(2) the weight value (TOM) >0.2; (3) the genes obtained from the
above two principles and whose functional annotations associated
with salt tolerance in plant species. The gene regulatory network in
the key module was drawn by the Cytoscape software (Shannon
et al.,, 2003).

2.6 | Candidate gene association study

The hub genes identified in WGCNA were further subjected to candi-
date gene association study. For each gene, the gene region and its
promoter sequence (upstream 2000 bp) were amplified by PCR in the
70 randomly selected lines from the association panel. The amplifica-
tion sequences were assembled by the DNAMAN (version 5.2.2,
Lynnon Bio-soft) and saved in Hapmap format. The variations (SNPs
and InDels) were filtered with the criteria of minor allele frequency
20.05. The retained variations were used to detect the associations
with Ca*-related traits by the GLM model in TASSEL5.0 (Pace
et al., 2015). The significant threshold was set as: P-value <0.05/n
(n denotes the number of variations). Haplotypes were calculated
using the Haploview software (Luo et al., 2019). The phenotypic dif-
ferences between haplotypes were analyzed using a t-test. The B73
genome (RefGen v4; Jiao et al, 2017) was used as the reference

genome for gene functional annotations.

3 | RESULTS
3.1 | Evaluation of Ca?* concentration in diverse
maize germplasms

Under control and salt stress conditions, six Ca?*-related traits were
collected in this study. These were shoot and root Ca®* concentration
under control conditions (SCaC and RCaC, respectively), shoot and
root Ca?t concentration under salt treatment (SCaS and RCaS,
respectively), and Ca?t transport coefficient under control (CTC,
SCaC/RCaC) or salt stress (STC, SCaS/RCaS). Among the association
panel, considerable variations of the six traits were observed, with the
coefficient of variation (CV) ranging from 0.78 to 1.22 (Table S1). Sig-
nificant differences (P <0.001) in Ca®" concentration in both roots
and shoots were observed between control and salt stress conditions
(Figure 1), indicating that the salt treatment was effective in the asso-
ciation panel. Under salt treatment, Ca?* concentration in shoots

decreased by 24.4%, whereas Ca®" concentration in roots increased
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by 103.5%. Phenotype frequency distributions of all the six traits 3.3 | Distribution of superior alleles in maize elite
approximately displayed normal distributions. The heritability esti- lines

mates of the six traits ranged from 0.40 to 0.83 (Table S1). Under con-
trol conditions, SCaC and CTC showed a significantly (P <0.001)
positive correlation. Under salt stress, the highest positive correlation
was observed between SCaS and RCaS (Table S2).

3.2 | Genome-wide association study

We performed GWAS with the FarmCPU model using 46,408 high-
quality SNP markers. In control, 7, 23, and 4 SNPs were significantly
associated with SCaC, RCaC, and CTC at the P-value threshold of
1 x 10™*, respectively (Figure S1; Table S3). A total of 53 significant
associations distributed on all 10 chromosomes were detected under
salt stress, with 28 for SCaS, 13 for RCaS, and 12 for STC (Figure 2;
Table S3). Among the 53 significant SNPs, 17 were located within the
salt tolerance-associated QTL previously reported (Table 1). No over-
laps of the significant SNPs were identified between control and salt
conditions, suggesting these SNPs identified in salt treatment were
specifically responsive to salt stress. Our previous study indicated that
the mean LD decay was 300 kb across all chromosomes (r2 = 0.1;
Zhang et al., 2016). Thus, the gene models situated within 300 kb
flanking regions of the significant SNPs were considered as candidate
genes for target traits. Finally, we detected 401 and 544 candidate
genes (B73 RefGen_v4) in the control and salt stress conditions, respec-
tively (Tables 5S4 and S5). In control, 92, 264, and 45 genes were respec-
tively found to be associated with SCaC, RCaC, and CTC (Table S4).
Under salt stress, 233, 188, and 158 genes involved in SCaS, RCaS, and
STC were uncovered (Table S5). Among the genes detected under salt
stress, many were associated with abiotic/salt stress based on the func-
tional annotations, such as AC198937.4_FG0O05, GRMZM2G451792,
GRMZM2G310144, GRMZM2G172053, and GRMZM2G340084. Collec-
tively, these findings demonstrate the reliability of the traits-associated
SNPs detected by GWAS in the present study.

As the parents of commercialized hybrid varieties, 30 elite inbred lines
with excellent agronomic traits were included in our association panel.
Therefore, we evaluated the utilization of the superior alleles in maize
breeding. Herein, the allele associated with a higher phenotype value was
considered as the superior allele for SCaS, RCaS, and STC. The percent-
ages of superior alleles at each significant SNP ranged from 0% to 100%
among the 30 elite inbred lines (Figure 3). In the 53 associated loci, the
superior allele proportions at nine SNP loci (PZE-108038765, SYN8213,
SYN19207, PZE-101161747, PZE-103088143, PZE-101161871, PZE-
104077648, PZE-103026263, and SYN26458) were greater than 50%
(Figure 3). Strikingly, PZE-108038765, SYN8213, SYN19207, and PZE-
101161747 had the superior allele ratio 290%. The remaining 44 SNPs
contained <30% superior alleles in the elite lines, of which five (PZE-
109110551, PZE-107026578, SYN16403, PZE-105127202,
SYN14434) had no superior allele in any elite lines (Figure 3). In addition,

and

the utilization rate of superior alleles was insufficient in the 30 elite lines
with ratios ranging from 15.1% to 35.9% (Figure 3). Consequently, for
breeders, more superior alleles can be integrated into these elite lines to

promote the cultivation of maize salt-tolerant varieties in the future.

3.4 | Weighted coexpression network analysis

To understand the regulatory network of Ca?* under salt stress, we
performed a WGCNA using the expression data of the 544 genes
from the transcriptome data identified in salt stress. A total of four
modules (blue, brown, yellow, and turquoise) were identified, with the
number of genes ranging from 22 to 163 (Figure 4). To clarify the bio-
logical meaning of gene coexpression networks, GO enrichment and
KEGG pathway analyses were performed for the genes in each mod-
ule. GO enrichment analysis revealed that most genes were enriched

in cellular process, response to stimulus, metabolic process, catalytic
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activity, membrane, and cell part (Figure 5). KEGG pathway analysis
suggested that the genes in the blue, brown, yellow, and turquoise
modules were significantly (P <0.05) enriched in seven (pentose phos-
phate pathway, amino acids biosynthesis, monobactam biosynthesis,
vitamin metabolism, carbon metabolism, lysine biosynthesis, and O-
glycan biosynthesis), three (ribosome, carotenoid biosynthesis, and ribo-
some biogenesis), two (sphingolipid metabolism and glycosphingolipid
biosynthesis), and eight (fatty acid metabolism, biosynthesis of unsatu-
rated fatty acids, fatty acid biosynthesis, cysteine and methionine
metabolism, taurine metabolism, peroxisome, cutin, suberine and wax
biosynthesis, and chlorophyll metabolism) pathways, respectively

(Figure S2). Notably, several pathways enriched in the turquoise module

were previously reported to participate in the salt stress response. For
example, the CYSTM3 (a cysteine-rich transmembrane module member),
BvM14-SAMS2 (a S-adenosylmethionine synthetase from sugar beet),
OsMSRA4.1 (a methionine sulfoxide reductase), and OsPEX11 (PEROXI-
SOMAL BIOGENESIS FACTOR 11) were all confirmed to regulate the
growth and metabolism in Arabidopsis, Oryza sativa, and other species
under salt stress (Cui et al., 2016; Guo et al., 2009; Ma et al., 2017; Xu
et al., 2019). Therefore, the turquoise module was considered as the
key module in this study. Combined with their functional annotations,
four genes (GRMZM2G421669, KME = 0.976, TOM = 0.502;
GRMZM2G051032, KME = 0.936, TOM = 0.503; GRMZM2G004314,
KME = 0.910, TOM = 0.504; and GRMZM2G123314, KME = 0.904,
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TABLE 1 Significant SNPs overlapping with QTL for salt tolerance identified in previous studies
Distance between
SNPs Chr Traits Associated QTL SNP and QTL (Mb) References
PZE-101161747 1 RCaS aSFW1s - (Hoque, 2013)
qRFW1s — (Hoque, 2013)
qPFW1s — (Hoque, 2013)
qSDW1s — (Hoque, 2013)
gRDW 1s — (Hoque, 2013)
PZE-101161871 1 STC qSFW1s = (Hoque, 2013)
qgRFW1s — (Hoque, 2013)
qPFW1s — (Hoque, 2013)
qSDW1s — (Hoque, 2013)
gRDW 1s — (Hoque, 2013)
PZE-101116930 1 STC qSPH1 - (Luo et al., 2017)
qPHI1 — (Luo et al., 2017)
SYN14434 2 SCaS aRL2s - (Hoque, 2013)
SYN2578 2 SCaS qRL2s — (Hoque, 2013)
PZE-103055519 3 SCaS QSnc3 - (Cui et al,, 2014)
PZE-103055520 3 SCaS QSnc3 — (Cui et al,, 2014)
PZE-103088143 3 STC QTwc3 - (Cui et al,, 2014)
PZE-104052767 4 SCaS qPHI4 — (Luo et al., 2017)
PZE-104052775 4 SCaS QSkn4.1 1.02 Mb (Cui et al,, 2014)
PZE-105127202 5 RCaS qSPH5-1 = (Luo et al., 2017)
PZE-105087886 5 RCaS aSPH5-2 - (Luo et al., 2017)
5 qRFW5s — (Hoque, 2013)
5 qPFW5s — (Hoque, 2013)
PZE-107026578 7 RCaS qPFW7s = (Hoque, 2013)
SYN8213 7 STC aPFW7s - (Hoque, 2013)
PUT-163a-110541282-116 9 SCaS qPHI9 0.08 Mb (Luo et al., 2017)
PZE-110090701 10 RCaS qPHI10 4.41 Mb (Luo et al., 2017)
SYN19207 10 STC qPHI10 0.56 Mb (Luo et al., 2017)
Note: Chr, chromosome; “—" represents SNP located within the QTL; SCa$, shoot Ca?* concentration under salt treatment; RCa$, root Ca?* concentration

under salt treatment; STC, Ca?* transport coefficients under salt treatment.

TOM = 0.464) of the turquoise module were identified as the hub
genes for further study (Table 2). These gene models encode respec-
tively for a putative leucine-rich repeat receptor-like protein, sodium/
hydrogen exchanger 2, a V-type proton ATPase subunit, and a putative
pentatricopeptide repeat (PPR) protein, which have been verified to
play crucial roles in the response to salt stress in plants (Baisakh
et al, 2012; El Mahi et al,, 2019; Jiang et al., 2015; Lin et al., 2020).
According to the TOM values calculated by WGCNA, we constructed a

gene coexpression network for the turquoise module (Figure 6).
3.5 | Candidate gene association analysis revealed
the potentially functional genes

To further explore the potentially functional genes that influence salt
tolerance, four hub genes (GRMZM2G051032, GRMZM2G123314,

GRMZM2G421669, and GRMZM2G004314) detected in WGCNA were
separately subjected to association analysis in 70 inbred lines randomly
selected from the association panel. The results revealed that five sig-
nificant variations were detected in the genes GRMZM2G051032,
GRMZM2G123314, and GRMZM2G421669 at a threshold of P <0.05/n,
and no significant variation was detected in GRMZM2G004314
(Table Sé). According to the significant variations, we genotyped the
haplotypes for each gene. For GRMZM2G051032, the STC-associated
marker S9_156709966 (C—T) formed two haplotypes (C and T) in the
70 lines; however, no significant difference in STC was observed
between the two haplotypes (Table S6). For GRMZM2G123314, four
significant variations S8_15285558 (T — TGACTGA), S8_15285609
(C — CGCTG), S8_15285965 (C « T), and S8_15285991 (T—C) con-
trolling SCaS and STC grouped the 70 inbred lines into three haplotypes
(Hap 1, Hap 2, and Hap 3; Figure 7AD; Table Sé). A t-test indicated
that the STC of Hap 2 was significantly higher than that of Hap
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1 (P <0.05) (Figure 7C; Table Sé). Therefore, the Hap 2 (G-CT) in
GRMZM2G123314 were defined as the favorable haplotype affecting
STC. In addition, the two significant insertions S8_15285558
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within GRMZM2G421669, which divided the 70 lines into three sub-
groups. However, no significant difference was detected between these
subgroups in both RCaS and STC (Table Sé).
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4 | DISCUSSION

41 | Ca®*-related traits were involved in the

response to salt stress

904

PZE-108038765
SYN8213
SYN19207
PZE-101161747
PZE-103088143
PZE-101161871
PZE-104077648
PZE-103026263
SYN26458
PZE-105129024
SYN14776
PZE-108002634
PZE-101116930
SYN15956

PUT-163a-110541282-116

PZE-108082637
PZE-102099223
PZE-103055520
PZE-103055519
SYN10502
PZE-102117173
PZE-106031841
SYNGENTA0848
SYN5884
PZE-108110374
PZE-108096610
PZE-102094252
PZE-104052775
PZE-104052767
PZE-104052824
PZE-108015274
PZE-104122090
PZE-104117905
PZE-105087886
PZE-103125327
PZE-103125343
SYN2578
PZE-103079765
PZE-102099997
PZE-102099919

PUT-163a-60353742-2721
PUT-163a-60353742-2720

PZE-102099877
PZE-102099846
PZE-102099804
PZE-106004067
PZE-110090701
PZE-104049103
PZE-109110551
PZE-107026578
SYN16403

PZE-105127202
SYN14434

Several indexes (including root length, root fresh weight, tissue water

content, plant survival rate, and etc.) were usually used to explore salt
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TABLE 2 Hub genes identified from WGCNA
Associated SNPs Chromosome Position (bp) Candidate genes Functional annotation
PUT-163a-110,541282-116 9 153,606,814 GRMZM2G051032 Sodium/hydrogen exchanger 2
SYN15956 9 153,592,168
PZE-103125327 3 182,714,296 GRMZM2G004314 V-type proton ATPase subunit al
PZE-108015274 8 14,838,055 GRMZM2G421669 Putative leucine-rich repeat receptor-like protein
PZE-108015274 8 14,838,055 GRMZM2G123314 Putative pentatricopeptide repeat-containing protein
GRMZ{2ED29141 GRMZBED 38354

GRMZI28D00489 GRMZEBBRO34E5 py
GRM2(28879529 | GRMZHBBD65893 GRMABEH50107

GRM2({B8»04179 GRMZB8D83154 | GRMZIBE25749

94879

AC2056I8) F G001
GRMZB@589579 | CRMZUBERT6762  GRMZEEN64375 GRMZ(IBE» 78826

GRMAGP23028 GRVZI2E»23365  GRMZMEBR03139 GRVZ(BEA75948
GRMZABE»20119
GRM 72034
GRMZB8»25650 GRAEBY 79200 GRMZBER95672  GRMZMBEY75505 ZM2GO

GRM 51932
GRVZEEIG9600 GRMZGEEY 15344 GRMZIBBY62158 = GRMZIBED18336 6GRMZ.72021

GRM2iBB)78847  GRM2IBED44460 GRM'63283GRM£|\§791-5 e GRMZ{{iB897015
GRM228955232 GRMZIB8#62056 GRM2(B8»20708

GRMZI2E 47491 GRMZI.)51 032  GRMzBBD96086 GRMZBEBD75630
GRMgp51009 GRMZ26903342 GRMZHBE» 28074
GRM2(BB»64413
GRM2BBD55054
GRMZ({iB8D34389 GRMZi28057910 GRMZ- 23314 GRMZ({l6E829778
GRM2B8»49979 GRM2IBE863385 GRM 19345
GRM2({BB»69363 GRM2(BBD19515 G RMZI’421 669 GRMZ{IB8»07279
GRM 53378 GRMZABE) 14186 GRMZBE) 71994
GRMZ26312419 GRM 70446
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FIGURE 6 Gene coexpression network of the turquoise module. The four hub genes with higher connectivity are shown in red

tolerance in plants (Cui et al., 2014; Luo et al., 2019; Luo et al., 2021). shoot Na™ in maize by using GWAS (Cao et al., 2020; Zhang et al., 2019).

However, all these traits are indirect manifestations of salt tolerance. As a Our previous study also decoded the genetic architecture of Na™ and K*
direct assessment of plant salt tolerance, ion accumulation was also used content in maize seedlings and found seven SNPs controlling Na™/K™ in
as a related phenotype for association analysis. For example, ZmNC2 shoot, root K* content, and K" transport coefficient (Ma et al., 2021).

(Nat CONTENT 2) and ZmNSA1 (Na® CONTENT UNDER SALINE- However, few studies have attempted to demonstrate the variations of
ALKALINE CONDITION) were identified to confer the natural variation of Ca®* concentration in response to salt stress.
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High Na™ concentrations will interfere with the normal growth
and development of many plant species by disturbing the homeosta-
sis of Ca®" and K (Cramer et al., 1987). We then explored the
correlations between the six Ca?*-related traits and 16 Na*- and
K*-associated traits reported in our previous study (Ma et al., 2021).
The results showed that K* and Ca®* contents in roots under both
control and salt treatment were significantly positively correlated
(P <0.001; Figure S3). Similarly, the transport coefficients of K™ and
Ca?" also displayed a positive correlation under the two conditions
(Figure S3). Consistently, a negative correlation was found between
Na*/K* ratio and Ca®?" content in roots under both conditions
(Figure S3). In the previous study, an elevated Ca?* concentration
has been reported to ameliorate the intracellular K" loss in
Arabidopsis by regulating K efflux channels under salt stress
(Shabala et al., 2006). Ca2* also reversed the delayed germination of
Sorghum bicolor induced by salt stress, accompanied by a decreased
Na*/K™ ratio. This indicates that Ca®" regulates the homeostasis of
Na® and K" to protect plants from salt toxicity (Mulaudzi
et al.,, 2020). Moreover, the uptake and retention of K by roots
were considered important to maintain the K* homeostasis of salt
tolerance in maize (Gao et al., 2016). These universal correlations
between Ca®* and K* contents observed in our study suggested
that Ca?* and K* participate in the response to salt stress in a syner-
gistic way. In addition, the phenotypes of six Ca?*-related traits dis-
played abundant variations, with CVs ranging from 0.78 to 1.22
(Table S1), and the H? estimates were in the range of 0.40-0.83
(Table S1). Collectively, the above findings demonstrated that the six
Ca?"-related traits were suitable to dissect the genetic control of

maize salt tolerance by GWAS.

4 FIGURE 7 Association

ns analysis of GRMZM2G123314.

ns (A) The significant variations are

shown in red, since -logyg (P) is
greater than 3.21 (P <0.05/n, n
denotes the number of
variations). Triangles denote
InDels and dots represent SNPs.
The distribution of variation loci
in the gene is shown in the
11 middle. (B) The pairwise linkage
! disequilibrium (LD) analysis

between the markers.

(C) Comparison of the STC
between three haplotypes.
Statistical significance was
determined by two-sided t-test:
*P <0.05. (D) Haplotypes of
GRMZM2G123314 among

70 lines. Hap, haplotype; STC,
transport coefficient under salt
treatment

Hap1 Hap2 Hap3

4.2 | Joint GWAS and WGCNA to decode genetic
architecture of maize salt tolerance

GWAS has been widely used to dissect the genetic basis of complex
agronomic traits, and many candidate genes controlling target traits
were excavated in previous studies. Using GWAS, 18 novel candidate
genes were found to correlate with head smut resistance in maize,
and several of which overlapped with previous studies (Wang
et al,, 2012). Ma et al. (2018) identified a total of 40 candidate genes
by GWAS, which were associated with the embryogenic callus regen-
eration ability of maize, including the previously reported gene WOX2.
Moreover, 35 ZmCPA genes were identified in the recent genome-
wide identification of maize cation-proton antiporter under salt stress
(Kong et al., 2021). Similarly, several genes associated with salt toler-
ance were also detected by GWAS in maize, including ZmHKT1,
ZmCLCg, and ZmPMP3 (Luo et al., 2021; Zhang et al., 2018). In this
study, we totally detected 53 significant SNPs using GWAS, 17 of
which were located in the previously detected QTL for maize salt tol-
erance (Table 1). Based on the significant SNPs, we extracted
544 genes for further study (Table S5).

In the present study, the significant SNPs identified by GWAS
were closely linked to the genes involved in transport and catabolism,
signal transduction, and stimulus response. Among the candidate
genes, AC198937.4_FG0O05 and GRMZM2G172053 were annotated
as NAC domain proteins. NAC is a plant-specific gene family, and the
N-terminal of most NAC proteins contains highly conserved DNA
binding domains (Hu et al., 2006). Numerous studies showed that salt
tolerance was enhanced by overexpressing NAC transcription factors
in rice (Hu et al., 2006), Arabidopsis (Huang et al., 2015), soybean (Li,
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Chen, et al., 2020), and tobacco (Liu et al., 2011). Ca®>* signals are dec-
oded by SOS3-like calcium-binding proteins/calcineurin B-like pro-
teins (SCaBPs/CBLs), which have been proved to play pivotal roles in
regulating salt tolerance (Ji et al., 2013; Yang et al., 2019). Previous
studies identified several Ca?* sensors in higher plants, such as cal-
modulin (CaM), CaM-like proteins (CMLs), Ca?*-dependent protein
kinases (CDPKSs), and calcineurin B-like proteins (CBLs) (Harper
et al, 2004; McCormack et al, 2005; Reddy et al., 2011; Tang
et al., 2020). Herein, we also detected several Ca®* sensors, including
one CaM (GRMZM2G391364), two CBL-interacting protein kinases
(CIPKs) (GRMZM2G052067 and GRMZM2G051103), and three CMLs
(GRMZM2G104523, GRMZM2G050553, and GRMZM5G827398)
(Table S5). The interactions between CBLs and CIPKs constitute a sig-
naling network of functional diversity in response to various
extracellular signals, including nutrient deprivation and abiotic stresses
(Tang et al., 2020). Chen et al. identified a zmcipk42 mutant, with a
G-A variation in the coding region, leading to impaired salt tolerance
in maize. However, overexpression of ZmCIPK42 increased the toler-
ance to high salt stress in maize and Arabidopsis thaliana (Chen
etal., 2021).

Although GWAS has a powerful efficiency in detecting significant
SNP-trait associations, it cannot achieve an accurate identification of
candidate genes. Therefore, a strategy combining GWAS and WGCNA
has been used to decode the genetic basis of complex traits and
explore candidate genes related to target traits at present. Using this
efficient approach, Hwang et al. (2018) identified two hub genes
(GRMZM2G477685 and GRMZM2G135536) involved in primary root
growth in maize. Similarly, in maize, a total of 168 candidate genes
controlling root development and plasticity were identified under
salinity, of which two hub genes, ZmIAA1 and ZmGRAS43, were then
validated by resequencing (Li et al., 2021). In this study, we identified
four hub genes associated with salt tolerance in maize seedlings by a
combination of GWAS and WGCNA. GRMZM2G051032 was anno-
tated as sodium/hydrogen exchanger 2. Previous studies revealed that
the salt tolerance was significantly enhanced by overexpressing a
sodium/proton antiporter in Arabidopsis thaliana and tobacco
(Pehlivan et al., 2016; Wang et al., 2018; Zhang et al., 2012). More-
over, GRMZM2G051032 was also identified by a genome-wide identi-
fication in a previous study (Kong et al., 2021). The SCaS-correlated
hub gene GRMZM2G004314 encodes a V-type proton ATPase (also
known as vacuolar-type H™-ATPase, VHA) subunit, which is an
extremely conserved multi-subunit endomembrane proton pump
involved in ion homeostasis and environmental stresses (Kluge
et al., 2003; Ratajczak, 2000). The overexpression of an exogenous
VHA enhanced the salt tolerance in transgenic rice (Baisakh
et al., 2012) and tobacco (Wang et al., 2016). In recent years, several
studies also suggested that leucine-rich repeat receptor-like kinases
(LRR-RLKs) were widely associated with plant abiotic stress responses
(Kang et al., 2017; Lin et al., 2020; Ouyang et al., 2010). In the present
study, the hub gene GRMZM2G421669 encodes a putative leucine-
rich repeat receptor-like protein, which modulates salt tolerance in
rice and Medicago truncatula (de Lorenzo et al., 2009). The gene model
GRMZM2G123314 linked by a significant marker (PZE-108015274)

was annotated as a putative PPR protein. The PPR proteins are mostly
targeted to mitochondria or chloroplasts, where they play diverse and
crucial roles in plant developmental processes under abiotic stresses
(Jiang et al., 2015). Zhu et al. (2014) reported that SLO2, an Ara-
bidopsis PPR protein acting as mitochondrial RNA editing factor,
affects the mitochondrial electron transport chain. The adult slo2
mutants have an increased salt tolerance (Zhu et al., 2014). Mei
et al. (2014) revealed that the Arabidopsis PPR protein SOAR1 was a
negative regulator in ABA signaling. In the signal transduction
responding to plant stress, ABA integrates with Ca®* signal into tight
signaling networks rather than independent signaling pathways
(Edel & Kudla, 2016). Therefore, PPR protein may be involved in the
regulation of Ca?*-mediated salt stress response. The candidate gene
association analysis revealed that the variations on GRMZM2G123314
led to the difference in STC among different lines (Figure 7C). Taken
together, these findings suggest that the four hub genes, especially
GRMZM2G123314, should be considered as a priority gene for further
study.

4.3 | Application of superior alleles in MAS
breeding for maize salt tolerance

Our study provided the SNP markers for maize salt-tolerance breed-
ing. By examining the utilization of superior alleles at these genetic
loci across the 30 elite inbred lines, we found that nine of these SNPs
contained >50% superior alleles, and four of them even exceeded
90% (PZE-108038765, 100.0%; SYN8213, 90.0%; SYN19207, 93.3%;
PZE-101161747, 96.7%). This suggested that the four alleles were
well maintained in the process of artificial selection. This may be due
to the close linkage between these superior alleles and some crucial
agronomic traits, such as yield-related traits, plant type-related traits,
and other resistance-related traits. However, among the elite lines,
the superior alleles in the remaining 44 SNPs were less than 30%
(with an average of 10.30%). In particular, the five SNPs (PZE-
109110551, PZE-107026578, SYN16403, PZE-105127202, and
SYN14434) did not contain superior allele in any of the elite lines. This
indicated that breeders probably have paid little attention to Ca®"
concentration in maize seedings under salt stress, resulting in the inef-
ficient selection of these superior alleles in the breeding process.
Additionally, for each elite line, the superior allele proportion of the
53 SNPs ranged from 15.09% to 35.85%. Therefore, future studies
should focus on increasing the superior allele ratio in each line for the

marker-assisted selection breeding of salt-tolerance maize varieties.
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