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Abstract: The stem and leaves of fresh corn plants can be used as green silage or can be converted to
biofuels, and the stalk sugar content and yield directly determine the application value of fresh corn.
To identify the genetic variations and candidate genes responsible for the related traits in fresh corn,
the genome-wide scan and genome-wide association analysis (GWAS) were performed. A total of
32 selective regions containing 172 genes were detected between sweet and waxy corns. Using the
stalk sugar content and seven other agronomic traits measured in four seasons over two years, the
GWAS identified ninety-two significant single nucleotide polymorphisms (SNPs). Most importantly,
seven SNPs associated with the stalk sugar content were detected across multiple environments,
which could explain 13.68-17.82% of the phenotypic variation. Accessions differing in genotype for
certain significant SNPs showed significant variation in the stalk sugar content and other agronomic
traits, and the expression levels of six important candidate genes were significantly different between
two materials with different stalk sugar content. The genetic variations and candidate genes provide
valuable resources for future studies of the molecular mechanism of the stalk sugar content and
establish the foundation for molecular marker-assisted breeding of fresh corn.

Keywords: fresh corn; stalk sugar content; agronomic traits; genome-wide association analysis;
selective sweep; single nucleotide polymorphisms

1. Introduction

The stem and leaves of fresh corn plants are often applied to green silage and converted
to biofuels. Fresh corn, mainly comprising sweet corn and waxy corn types, is an important
staple food consumed as a vegetable or fruit, and is also used for livestock feed and
fuel [1]. The stems and leaves of fresh corn plants, after harvesting of the ears, are rich in
nutrients and can be used as green silage, thus realizing the utilization of multiple corn
resources [2]. Corn silage is widely used in animal husbandry because of its high energy
value [3]. Therefore, improvement of the quality of silage corn feed is important for the
development of animal husbandry. Fresh corn must go through a suitable fermentation
process to become high-quality silage, which produces a large amount of lactic acid, and
sugar is the crucial component in this process [4,5]. However, an insufficient amount of
lactic acid not only leads to the reduction in silage quality but also might favor silage
mildew development. Therefore, the sugar content of green silage is an important factor
that affects silage quality, and a higher stalk sugar content can improve the feed quality
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and palatability of silage corn [6,7]. In addition, plant height, plant weight, and stalk sugar
content are important factors that affect the utility of fresh corn; increasing the plant weight
and stalk sugar content of fresh corn can promote the application of corn green silage
and promote the development of animal husbandry. Most importantly, the stalk sugar
content is also an important attribute affecting the overall feasibility and profitability of
biofuel production, such as bioethanol. Given the current challenges faced in the world,
identifying biomass resources with superior properties is important to balance food safety
and biofuel production [8]. Increasing the stalk sugar content of fresh corn will facilitate
a more economically viable production of higher-generation biofuels, which are derived
from biomass rather than from edible resources.

Sugar supply is crucial for plant growth and development. Calcium signaling-
mediated transcriptional regulation might play an important role in glucose metabolism.
Calcium-dependent protein kinases can phosphorylate and regulate sucrose synthase and
sucrose phosphate synthase, thus influencing sucrose accumulation [9,10]. Receptor pro-
tein kinases may regulate sucrose metabolism in sugarcane [11], and MYB transcription
factors are involved in the regulation of water-soluble polysaccharide biosynthesis [12,13].
Pyruvate dehydrogenase plays an important role in energy production by controlling the
entry of carbon into the tricarboxylic acid cycle [14,15]. Mutation of Sh2 (shrunken2), which
encodes the large subunit of adenosine diphosphate glucose pyrophosphorylases, directly
affects starch synthesis and leads to an accumulation of abundant sugars in corn [16,17].
Therefore, studies on the regulation of glucose metabolism-related genes provide an impor-
tant foundation for the improvement of the stalk sugar content.

The stalk sugar content of corn is a complex quantitative trait controlled by hereditable
factors despite its complex phenotype [18]. The stalk sugar content is strongly associated
with kernel filling rate [19]. In sweet sorghum, a reduction in sugar storage in the grain
promotes stalk sugar accumulation and increases stem biomass [20]. Elucidation of the
molecular mechanism of stalk sugar accumulation in corn is important for breeding new
cultivars with an enhanced stalk sugar content. In previous studies, using 202 recombinant
inbred lines, the major quantitative trait locus (QTL) qSSC-2.1 (bnlg1909-umc1635) was
identified, which explained 13.8% of the phenotypic variance and exhibited high stability.
The average stem sugar content of lines carrying the main-effect QTL was 12.5%, and as
much as 15% in several lines [3,21]. In addition, QTLs for sugar content has been mapped
in sweet sorghum [22]. Two QTLs for stalk sugar content were identified in sweet sorghum
and were useful to improve the sugar content by marker-assisted selection [23]. Using
a diverse panel of one hundred and twenty-five sorghum accessions, three significant
associations for plant height and stem sugar (Brix) traits were detected through association
mapping in sweet sorghum [24]. A QTL for stem sugar content on chromosome 3 was
identified and explained 25% of the genetic variance [25].

Linkage analysis is limited by parental differences and population size, and the number
of localized QTLs is limited [26]. In recent years, genome-wide association analysis (GWAS)
has proven to be an effective method to study complex traits [27]. Important progress has
been achieved in corn and a series of candidate genes has been detected. To date, GWAS
has been applied to corn in studies of resistance to head smut [28], kernel oil concentration
and fatty acid composition [29], drought tolerance [30], cold tolerance [31], and other
phenotypic traits [32]. However, GWAS of stalk sugar content-related traits in corn has not
been reported previously.

To uncover the molecular regulation mechanism of the stalk sugar content and yield
in fresh corn, the identification of the genetic variations and candidate genes responsible
for the stalk sugar content and agronomic traits is the key problem. In this study, based
on one hundred and eighty-eight sweet, waxy, and hybrid corn accessions differing in
genetic background, the stalk sugar content and other agronomic traits (e.g., plant height,
whole weight per plant, and ear weight with bract) were investigated in four seasons of
two years during the spring and autumn sowing. A GWAS analysis was performed to
detect the significant single-nucleotide polymorphisms (SNPs) associated with stalk sugar
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content and the agronomic traits, and the candidate genes were screened, which provides
significant insights into the genomic footprints of the stalk sugar content in fresh corn and
facilitates the breeding of corn cultivars with higher stalk sugar content.

2. Results
2.1. Identification of SNPs

In this study, 188 sweet corn, waxy corn, and hybrid accessions were genotyped.
Among them, 41 were sweet corn inbred lines, 74 were waxy corn inbred lines, and 73 were
hybrid accessions (Table S1). After comparison with the reference genome (B73 RefGen_v4)
and filtering, a total of 36,069 high-quality SNP markers (minimum allele frequency > 0.05
and missing data < 30%) were retained. Among these SNPs, 35,824 markers were dis-
tributed on 10 chromosomes (Figure 1). After annotation with ANNOVAR, 5590 (14.99%)
SNPs were determined to be located in coding regions, comprising 2133 (5.72%) nonsyn-
onymous SNPs and 3457 (9.27%) synonymous SNPs (Figure S1). In addition, 5698 (15.28%)
and 4418 (11.85%) SNPs were located in intronic and intergenic regions, respectively. Ex-
amination of the SNP mutation types (Figure S2) revealed that the transition/transversion
ratio was 2.81 (Table S2).
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Figure 1. Density of SNPs on the 10 chromosomes of corn within a 0.1 Mb window size. The spectrum

column indicates the densities by different colors.

2.2. Population Structure, Relative Kinship, and LD Decay

To understand the population structure of the 188 fresh corn accessions, we first
constructed a phylogenetic tree through the maximum likelihood method using 36,069 high-
quality SNPs. The sweet corn and waxy corn accessions were mainly clustered into two
subclasses, and most hybrid accessions were classified together with sweet corn accessions
(Figure 2a), which indicated that sweet corn constituted a higher proportion of the genetic
background of the hybrid accessions. Then, a two-dimensional principal component
analysis (PCA) was performed using the GCTA software (Figures 2b and S3). The first
and second principal components (PC1 and PC2) explained 8.8% and 3.6% of the total
variations, respectively. The PC1 separated the sweet corn (group A) and waxy corn
(group B) accessions, and the hybrid accessions (group C) were placed near the sweet corn
accessions, which was consistent with the relationships represented in the phylogenetic tree.
To further analyze the genetic background of the sweet corn (group A), waxy corn (group
B), and hybrid (group C) accessions, a population structure analysis was conducted through
ADMIXTURE software (Figures 2c and S4, Table S3), which also supported the relationships
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suggested from the phylogenetic analysis and PCA. Thus, fresh corn was indicated to be the
core breeding material among the study population, and the genetic relationships among
the germplasm were complicated likely as a result of long-term crossing and selection. To
further clarify the relationships among the accessions used in this study, we evaluated the
relative kinship of the 188 corn accessions using the TASSEL software (Figure 2d). Most
accessions were weakly related to each other except for a small number of samples, which
did not affect the subsequent association analysis. The estimated linkage disequilibrium
(LD) decay in the three groups was similar and decayed to 2 = 0.2 at about 50 kb (Figure 2e).
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Figure 2. Population structure, principal component analysis, and linkage disequilibrium decay of the
188 fresh corn accessions. (a) Phylogenetic tree inferred from the 36,069 high-quality SNPs. Blue, red,
and green colors represent sweet corn, waxy corn, and hybrid accessions, respectively. (b) Principal
component analysis plot of the 188 fresh corn accessions on the first two principal components (PC1
and PC2). Groups A, B, and C include sweet corn, waxy corn, and hybrid accessions, respectively.
(c) Population structure analysis of the corn accessions performed with ADMIXTURE software.
Different results are displayed when K =2, 3, or 4. (d) Relative kinship heatmap of the corn accessions.
(e) Genome-wide linkage disequilibrium (LD) decay (measured by 12) of the different groups.
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2.3. Selective Sweep Analysis

To determine the possible selective signals during the breeding history of the study
population, we performed a selective sweep analysis with the genetic differentiation
coefficient (Fst) and nucleotide diversity between the sweet corn (group A) and waxy corn
(group B) accessions (714 /7). In total, 18 and 20 significant selective regions were detected
from the Fst and 7tp /7g values, respectively (Figure 3). A total of 85 and 110 genes were
located in these selective regions, respectively (Tables S4 and S5). Among the selective
regions, six were detected both from the Fst and ma /g, and 23 genes were located in
these regions (Table 1), including a cation transport protein (Zm00001d040627), proline-rich
receptor-like protein kinase (Zm00001d033104), and zinc finger protein (Zm00001d052883).
A gene ontology (GO) analysis of all selective genes revealed that 53 GO terms were
enriched (Figures S5 and S7). A Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that “ribosome” and “terpenoid backbone biosynthesis” were
the top two enriched pathways (Figures S6 and S8). These results indicated that specific
genes might have played important roles in the natural and artificial selection of the studied
sweet corn and waxy corn accessions.
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Figure 3. Selective sweeps between sweet corn and waxy corn accessions. (a) Distribution of the
selective sweeps identified by genetic differentiation coefficient (Fst). The threshold is represented
by a dashed line (top 5% of Fgr values). (b) Distribution of the selective sweeps identified by
nucleotide diversity (7rp /7g). The threshold is represented by a dashed line (top 5% of 7ta /7g values).
(c) Selective sweep regions with the top 5% of Fsr and mtp /mg values.

2.4. Phenotyping Results

Stalk sugar content and related agronomic traits from four seasons in two years were
investigated (Table S56). The eight traits (summarized in Tables S7-510) each exhibited broad
continuous variation in all environments (Figures S9-516). Significant differences in sugar
content traits were observed among the inbred lines (Table S10), including the sugar content
of the stalk (SCS), sugar content in the lower ear parts (SCLEP), three-node sugar content in
the ear (TNSCE), and sugar content in the upper ear parts (SCUEP). The mean SCS in the
spring and autumn of 2020 was 9.14% and 8.15%, with ranges between 3.6-18.1% and 2.7—
17.6%, respectively. The mean SCS in the spring and autumn of 2021 was 8.73% and 7.48%,
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with ranges between 1.9-16.1% and 2.7-17.6%, respectively (Table S11). Thus, considerable
genetic variation in SCS was indicated among the accessions. This genetic variation
provided a genetic basis for the improvement of SCS in corn. In addition, all agronomic
traits showed continuous and approximately normal distributions (Figures $9-516) and
thus were suitable for GWAS.

Table 1. Summary of the genes located in the selective sweep regions both with the top 5% of Fst
and 7ty /g between sweet and waxy corn accessions.

Gene ID Chromosome Start End Gene Function
Zm000014033104 1 250291343 250304767 Proline-rich receptor-like protein
kinase PERK
Zm00001d4033105 1 250320688 250322547 Ribosomal protein
Zm00001d033106 1 250323656 250324358 Unknown
Zm000014033107 1 250328690 250338437 Sulfated surface glycoprotein
Zm00001d4033108 1 250339356 250347246 Lysine—tRNA ligase
P-loop containing nucleoside
Zm00001d4033109 1 250346963 250360412 triphosphate hydrolase superfamily
protein
Zm00001d4040502 3 47172433 47173432 Early nodulin-like protein
Zm00001d4040503 3 47223813 47241740 Retrovirus-related Pol polyprotein
Zm00001d040504 3 47292181 47293995 Lamin-like protein
Zm00001d040627 3 54948300 54950704 Cation transport protein
Zm000014040628 3 55023821 55026070 Unknown
Zm00001d052883 4 203324761 203327583 Zinc finger protein
Zm00001d052885 4 203405706 203407600 40S ribosomal protein
Zm00001d4052886 4 203407872 203412281 Sulfotransferase
Zm00001d4052888 4 203494690 203511433 Polyadenylate-binding protein
Zm00001d045596 9 28028596 28031674 BAG family molecular chaperone
regulator
Zm00001d045597 9 28031820 28047755 Rho GTPase-activating protein
Zm00001d045598 9 28060153 28063330 Unknown
Zm00001d045599 9 28082328 28086696 Monocopper oxidase-like protein
Zm00001d045600 9 28126449 28127152 NAC domain-containing protein
Zm00001d046109 9 63900291 63900708 60S ribosomal protein
Zm00001d046111 9 63970902 63971348 Unknown
Zm00001d046112 9 63973033 63977492 Spermidine synthase

Based on the phenotypic data measured in the four environments, the effects of
genotype on SCS and the other traits were strongly significant, but also were affected by
seeding year and location (Table S12). The broad-sense heritability was greater than 90% for
the whole weight per plant (WWP), SCS, SCLEP, TNSCE, and SCUEP (Table 512). These
results indicated that the stalk sugar content of fresh corn was mainly controlled by genetic
factors and thus was suitable for further association analysis.

2.5. Genome-Wide Association Analysis

In this study, the generalized linear model (GLM) and mixed linear model (MLM)
models were constructed for the association analysis, but the GLM model showed poor
correlations for most traits except the ear node (EN). Therefore, the more reliable MLM
model was adopted for most traits and the GLM model was used only for EN (Table S13).
Significant signals consistently detected in the different environments were considered to
represent high-confidence associations (Table 2). For the agronomic traits, eight significant
SNPs associated with plant height (PH) were identified (Figure 517). Among them, three
and two significant SNPs were detected in the spring and autumn of 2020, respectively, and
the association analysis of the traits from the spring and autumn of 2021 identified two and
two significant SNPs, respectively (Table 513). Among these SNPs, one (AX-86251807) was
detected in two environments and explained 15.4% and 14.3% of the phenotypic variance.
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The relevant candidate gene (Zm00001d020297) encoded a calcium-dependent protein
kinase (CDPK). Fifteen significant SNPs associated with WWP were identified (Figure 4).
Among them, five and one significant SNPs were detected in the spring and autumn of
2020, respectively, and the association analysis of the traits from the spring and autumn of
2021 identified ten and six significant SNPs, respectively (Table 513). Importantly, six SNPs
were detected in at least two environments. The candidate genes encoded ATP-binding
cassette (ABC) transporter, leghemoglobin reductase, and plant homeobox domain (PHD)
finger protein, among others. Most importantly, SNP AX-86252871 was identified in three
environments and explained 15.0-15.4% of the phenotypic variance. This SNP was located
within the exon of the candidate gene Zm000014009167, which encoded a polygalacturonase
belonging to the glycosyl hydrolase family. The accessions carrying AX-86252871-AA had
higher WWP than the accessions carrying AX-86252871-GG, and the genotypes carrying
the other five significant SNPs (AX-91358539, AX-86263111, AX-90573879, AX-86252872,
and AX-86296303) differed in WWP (Figure 4E). Twenty-four significant SNPs associated
with EWB were detected (Figure 518, Table S13). The relevant candidate genes encoded
lipid phosphate phosphatase, premnaspirodiene oxygenase, E3 ubiquitin-protein ligase,
acyl transferase, and zinc finger protein, among others. With regard to EN, 11 significant
SNPs were detected with the GLM model (Figure 519, Table 513). The relevant candidate
genes encoded serine/threonine protein kinase, glycoprotein 3-alpha-L-fucosyltransferase,
and a MADS-box transcription factor, among others.
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Figure 4. Genome-wide association analysis of whole weight per plant (WWP) using the mixed linear
model. The dashed line indicates the significance threshold. (a) Local Manhattan plot of WWP from
spring 2020 (2020a) on chromosome 8. (b) Local Manhattan plot of WWP from autumn 2020 (2020b)
on chromosome 8. (c¢) Local Manhattan plot of WWP from autumn 2021 (2021b) on chromosome 8.
(d) Local Manhattan plot of WWP from spring 2021 (2021a). (e) Box plots for WWP based on the
different genotypes of important significant SNPs detected in multiple environments.
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Table 2. Significant SNPs and candidate genes simultaneously identified in different environments.

Trait Chromosome SNP Position —log10 (P) Marker R? Location Gene ID Gene Function Locus Tag Literature
PH 7 AX-86251807 104761239 471 15.4% intronic  Zm00001d020297 Cagig@fifﬁ;‘iem LOC100194392 None
WWP 8 AX-86296303 65780194 4.80 15.3% intergenic Zm00001d009466  PHD finger protein None None
WWP 8 AX-91358539 39945148 5.72 17.2% intronic Zm000014009156 ﬁigfsl;oﬁt‘zrc LOC103635101 None
WWP 8 AX-86263111 40371639 5.73 16.9% exonic Zm00001d009163 Legrzgﬁ‘coéls‘;bm LOC100501719 None
WWP 8 AX-90573879 40619812 5.85 17.5% intergenic Zm000014009165 Unknown None None
WWP 8 AX-86252871 40632157 4.96 15.0% exonic Zm00001d009167 Polygalacturopase LOC103635108 None
WWP 8 AX-86252872 40752630 4.92 15.0% exonic  Zm00001doog1y1  Mitochondrial 5000574776 None
carrier protein
Acyl-CoA-binding
SCS 1 AX-116875096 301500710 472 15.2% 5'UTR Zm00001d034759  domain-containing ~ LOC100384139 [33]
protein
SCS 4 AX-86312905 71985807 4.90 15.7% intergenic  Zm00001d050190 Vege“g;‘(’)feciiﬂ wall 1 5100191378 None
SCS 4 AX-86312908 71985862 4.84 15.6% intergenic  Zm000014050190 Vegetaﬁr‘é?eciﬁ“ wall 1 5100191378 None
DEAD-box
SCS 4 AX-86246392 75672064 5.44 17.8% 3'UTR Zm00001d050244 ~ ATP-dependent  LOC100279228 None
RNA helicase
SCS 4 AX-95657025 186090916 5.49 15.3% exonic Zm000014052289 Pyruvate LOC732791 [34]
dehydrogenase 1
SCS 8 AX-86279495 109191809 5.02 15.0% 3'UTR Zm000014010314 Unknown LOC100272847 None
SCS 10 AX-86257654 149652762 5.12 15.9% 3'UTR Zm00001d026668 ~ RECEPOr protein -y 5144195365 None
kinase TMK1
Acyl-CoA-binding
SCLEP 1 AX-116875096 301500710 4.65 15.2% 5'UTR Zm00001d034759  domain-containing ~ LOC100384139 [33]
protein
o . Pyruvate
SCLEP 4 AX-95657025 186090916 4.87 13.4% exonic Zm000014052289 LOC732791 [34]
dehydrogenase 1
SCLEP 8 AX-86279495 109191809 5.63 17.1% 3'UTR Zm000014010314 Unknown LOC100272847 None
SCLEP 10 AX-86257654 149652762 5.04 15.7% 3'UTR Zm00001d026668 Riﬁig;‘é}%ﬁgm LOC100192365 None
DEAD-box
SCUEP 4 AX-86246392 75672064 5.03 16.3% 3'UTR Zm00001d050244 ~ ATP-dependent  LOC100279228 None

RNA helicase
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Trait Chromosome SNP Position —log10 (P) Marker R? Location Gene ID Gene Function Locus Tag Literature
SCUEP 8 AX-86319101 5579363 5.08 16.9% intronic  Zm000014008334 Pe;?ergfrfgise LOC100191701 [35]
SCUEP 4 AX-86300656 181467257 5.69 18.6% exonic Zm00001d052157 Unknown LOC100280272 None
SCUEP 4 AX-86283479 181472159 4.95 16.0% 3'UTR Zm00001d052157 Unknown LOC100280272 None
SCUEP 4 AX-95657025 186090916 5.27 14.6% exonic Zm000014052289 Pyruvate LOC732791 [34]

dehydrogenase 1
SCUEP 5 AX-86293407 203302677 5.42 17.9% downstream  Zm00001d017656 . Pigment 1 50100082483 None
iosynthesis protein
SCUEP 8 AX-86279495 109191809 5.09 16.7% 3'UTR Zm00001d010314 Unknown LOC100272847 None
SCUEP 1 AX-86328029 300979520 463 14.3% JUTR  Zm00001d034736 C{fgfgf&%;m LOC103644288 None
SCUEP 10 AX-86257654 149652762 4.75 15.3% 3'UTR Zm00001d026668 ~ RECCPOr protein -y 5144199365 None
kinase TMK1
Glycerol-3-
SCUEP 1 AX-86308222 278512731 522 15.8% upstream  Zm000014033915 phosphate LOC103643973 [36]
2-O-acyltransferase
SCUEP 4 AX-86313840 185513108 5.54 16.6% 3'UTR Zm00001d052271  Protease Do-like 9 LOC103655753 None
CBS
TNSCE 4 AX-91346570 68058771 5.00 16.9% downstream  Zm00001d050130 ~ domain-containing ~ LOC100282782 None
prote'in CBSX1
TNSCE 4 AX-86312905 71985807 5.20 16.9% intergenic  Zm000014050190 Vegetapt;‘é?eciflﬂ wall 15100191378 None
TNSCE 4 AX-86312908 71985862 5.11 16.7% intergenic  Zm00001d050190 Vegetatir‘(’)feciflﬂ wall 1 5100191378 None
DEAD-box
TNSCE 4 AX-86246392 75672064 5.22 17.0% 3'UTR Zm00001d050244 ~ ATP-dependent  LOC100279228 None
RNA helicase
Acyl-CoA-binding
TNSCE 1 AX-116875096 301500710 521 17.1% 5'UTR Zm00001d034759  domain-containing ~ LOC100279228 [33]
protein
TNSCE 3 AX-86263525 159083718 5.02 16.6% exonic Zmoooo1dod22s7  MYB t;;‘?tsgrnphon LOC541962 None
TNSCE 4 AX-95657025 186090916 5.20 14.4% exonic Zm00001d052289 deh;)grrggvg‘;se . LOC732791 [34]
TNSCE 10 AX-86258646 135575124 5.02 16.4% exonic Zm00001d025992 Unknown LOC100276746 [37]
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To explore the candidate genes associated with stalk sugar content, we conducted
a GWAS on the sugar content of the different stalk parts. For SCS, 18 significant SNPs
were identified, which were distributed on chromosomes 1, 3, 4, 6, 7, 8, and 10 (Figure 5).
Additionally, six and twelve significant SNPs were detected in the spring and autumn of
2020, respectively, and the association analyses of the SCS from the spring and autumn of
2021 identified five and three significant SNPs, respectively (Table 513). Among these SNPs,
seven were detected in multiple environments and eleven were detected in a single environ-
ment. The seven significant SNPs explained 13.68% to 17.82% of the phenotypic variation
and could be regarded to be stable genetic markers. Most importantly, the significant SNP
AX-116875096 on chromosome 1 was detected in three environments in both years and
explained 13.68-15.15% of the phenotypic variance. The significant SNP AX-116875096 was
located in the 5’ untranslated region (UTR) of the candidate gene Zm000014034759, which
encoded an acyl-CoA-binding domain-containing protein. Through phenotypic analysis of
the accessions with different genotypes, the accessions carrying AX-116875096-CC were
shown to have higher stalk sugar content than the accessions carrying AX-116875096-GG
(Figure 5g). In addition, the association analysis of SCLEP, TNSCE, and SCUEP also de-
tected the significant SNP AX-116875096 (Figure 5e, Table S13), which demonstrated that the
significant SNP AX-116875096 and candidate gene Zm00001d034759 were associated with
high credibility. An additional important significant SNP, AX-86257654, was also detected
in the association analysis of SCLEP, TNSCE, and SCUEP (Figure 5f, Table S13). The sugar
content of the accessions carrying AX-86257654-AA was higher than that of the accessions
harboring AX-86257654-GG (Figure 5f,g). The relevant candidate gene (Zm00001d026668)
encoded the receptor protein kinase TMK1. In addition, the sugar content of the accessions
with different genotypes of the significant SNPs AX-86246392, AX-86279495, AX-86312905,
and AX-86312908 also be analyzed, which shows that the accessions carrying AX-86246392-
CC, AX-86279495-GG, AX-86312905-GG, and AX-86312908-CC had higher stalk sugar
content (Figure 5g).

In the association analysis for SCLEP, three, twelve, four, and three significant SNPs
were detected in the four environments, respectively (Table S13). Among these SNPs, four
significant SNPs were detected in two environments. AX-116875096 and AX-95657025
were associated with SCLEP in 2020, whereas AX-86279495 and AX-86257654 were associ-
ated with SCLEP in 2021 (Figure S20, Table S13). The top four significant SNPs were also
detected in the GWAS of SCS and SCUEP (Table S13). The significant SNP AX-95657025
was located in the exon of the candidate gene Zm000014052289, which encoded pyru-
vate dehydrogenase, and AX-86279495 was located in the 3’ UTR of the candidate gene
Zm00001d010314, which encoded an unknown protein. For SCUEP, twenty-five significant
SNPs were identified (Figure S21, Table 513), of which eleven SNPs were detected in at least
two environments, including AX-86308222 and AX-86319101, which were detected in three
environments. AX-86308222 was located upstream of the candidate gene Zm00001d033915,
which encoded a glycerol-3-phosphate 2-O-acyltransferase, and AX-86319101 was located in
the intron of the candidate gene Zm000014008334, which encoded a pectinesterase precursor.
The accessions carrying AX-86308222-TT and AX-86319101-CC had a higher sugar content
in the upper ear parts than the accessions carrying AX-86308222-GG and AX-86319101-TT
(Figure S21). The GWAS analysis of TNSCE identified 15 significant SNPs (Table S13).
Among these SNPs, eight significant SNPs were detected in two environments, of which
five SNPs were also identified in the GWAS of SCS, and AX-86263525, AX-91346570, and
AX-86258646 were the other three significant SNPs (Figure S22, Table S13). The SNP AX-
86263525 was located in the exon of the candidate gene Zm00001d042287, which encoded an
MYB transcription factor, and AX-86258646 was located in the exon of the candidate gene
Zm00001d025992, which encoded an unknown protein. Analysis of the sugar content of the
accessions with different genotypes revealed that the accessions carrying AX-86263525-TT
and AX-86258646-CC had a higher sugar content in the upper ear parts than the accessions
carrying AX-86263525-CC and AX-86258646-TT (Figure S522). In this study, the Q-Q plots
were shown in the Figures S17-520 and 523-526.
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Figure 5. Identification of significant SNPs associated with sugar content of the stalk (SCS) by genome-
wide association analysis. (a—d) Manhattan plots of SCS from spring 2020, autumn 2020, spring 2021,
and autumn 2021, respectively. (e) Important significant SNP AX-116875096 detected by association
analysis of sugar content in the lower ear parts (SCLEP), three-node sugar content in the ear (TNSCE),
and sugar content in the upper ear parts (SCUEP). Box plots of the traits are based on the different
genotypes of AX-116875096. (f) Important significant SNP AX-86257654 detected by association
analysis of SCLEP, TNSCE, and SCUEP. Box plots of the traits are based on the different genotypes
of AX-86257654. (g) Box plots for sugar content of the stalk based on the different genotypes of
important significant SNPs detected in multiple environments.

2.6. gRT-PCR Analysis of Candidate Genes

To better understand the function of candidate genes and genetic variants, the expres-
sion levels of sixteen important candidate genes were verified by a quantitative real-time
PCR (qRT-PCR) in two fresh corn materials with significantly different stalk sugar con-
tent. The average stalk sugar content in multiple environments of the high-sugar content
material was 15.5%, while the average stalk sugar content of the low-sugar content ma-
terial was 3.7%. Based on the qRT-PCR results, we found that the expression levels of
Zm00001d009466, Zm00001d026668, Zm00001d034759, Zm00001d050190, Zm00001d050244,
Zm00001d052271, Zm000014052289 in the high-sugar content material were significantly
higher than the low-sugar content material, especially Zm00001d026668, Zm00001d050190
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and Zm000014050244 (Figure 6). Furthermore, the significant SNP AX-86257654 was as-
sociated with Zm00001d026668. We found that the high-sugar content material carried
AX-86257654-AA and the low-sugar content material carried AX-86257654-GG. Addition-
ally, the expression levels of Zm00001d050244 showed an obvious change between the
high-sugar content material and the low-sugar content material. The high-sugar content
material carried AX-86246392-CC and the low-sugar content material carried AX-86246392-
AA. Moreover, the expression level of Zm000014050190 in the high-sugar content material
carrying AX-86312905-GG was higher than the low-sugar content material carrying AX-
86312905-TT. Additionally, Zm00001d009163 had a significantly higher expression level in
low-sugar content materials, and Zm000014009167 did not express in the two materials
(Figure 6).

B Low-sugar-content materials
W High-sugar-content materials

[SS]
N
J

ook
e

204

Relative expression level

Figure 6. The expression levels of important candidate genes in two fresh corn materials with
significantly different stalk sugar content by quantitative RT-PCR. Error bars were used to express
the standard deviation of three biological replications. * Represents p < 0.05, ** represents p < 0.01,
*** represents p < 0.001.

3. Discussion

Sugars are the primary products of photosynthesis and accumulate in sinks, including
the stalk. Studying the sugar content and yield-related traits in corn is helpful to improve
the yield and quality of fresh corn, which is beneficial to the breeding of crosses with higher
stalk sugar content and yield. The stalk sugar content also directly affects the application
value of fresh corn as a biofuel feedstock. Research on the stalk sugar content of fresh
corn may improve the efficiency of corn utilization and expand its application for green
silage and biofuel production. The stalk sugar content may also influence the sustainabil-
ity features of the processes of green silage and biofuels, using advanced sustainability
assessment tools is beneficial to evaluate the application value of fresh corn as biofuel
production [38]. In recent years, GWAS has become an important method for the discovery
of crucial candidate genes associated with complex traits [39]. Previously, QTL mapping
was used to locate genes associated with stalk sugar content [3,21]. In the present study, to
detect candidate genes associated with stalk sugar content and related agronomic traits
in fresh corn, we performed GWAS based on GLM and MLM models. The GLM model
led to many false positives, whereas the MLM model effectively reduced the number of
false positives, as reported in previous studies [40,41]. Numerous significant SNPs were
detected in more than one environment, and thus these genetic variations and candidate
genes are of substantial research and practical value.

The QTLs that contribute to the stalk sugar content also affect the leaf area of corn [21].
In addition, yield is critical for the use of fresh corn in silage. In the association analysis
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of PH and WWP, reliable significant SNPs were simultaneously detected in multiple en-
vironments. Calcium-dependent protein kinase (CDPK) plays an important role in plant
growth, development, and stress response [42]. Previous studies in sugarcane have shown
that CDPK may phosphorylate and regulate sucrose synthase and sucrose phosphate syn-
thase, and therefore is important for sucrose accumulation [9,10]. In the current study,
the candidate gene Zm000014020297 encodes a CDPK, which was identified in two envi-
ronments and might be a crucial candidate gene regulating plant height. Moreover, the
alleles of AX-86252871 had differential effects on WWP, the accessions carrying the allele
AX-86252871-AA had a higher WWP (Figure 4e). AX-86252871 is located in the exon region
of candidate gene Zm000014009167, which encoded a polygalacturonase and belonged to
the glycosyl hydrolase family. Polygalacturonases are ubiquitous in higher plant cells and
are strongly associated with plant growth and development owing to their functions in cell
wall degradation, promotion of cell division, and fruit ripening [43]. Ethylene can promote
the expression of polygalacturonase (PG) and plays a crucial role in sucrose metabolism in
blueberries [44]. A previous study reported that the PHD finger protein MePHD1 nega-
tively regulates the transcript level of the MeAGPS1a gene, which encods an ADP-glucose
pyrophosphorylase (AGPase) [45]. Our study found that the accessions carrying AX-
86296303-TT had a higher WWP than the accessions carrying AX-86296303-GG (Figure 4e),
which was significantly associated with candidate gene Zm00001d009466 encoding a PHD
finger protein. Additionally, we also identified a candidate gene (Zm000014009156) en-
coding an ATP-binding cassette (ABC) transporter through significant SNP AX-91358539.
The study in Arabidopsis has shown that ABC transporters are involved in the transport of
lipids, glycosides, hormones, and so on [46]. The results showed that the whole weight per
plant (WWP) of the accessions carrying AX-91358539-GG was higher than the accessions
carrying AX-91358539-AA (Figure 4e), which might directly influence the function of the
ABC transporter and ultimately affect the whole weight per plant.

Sugar is an important photosynthate and is the main product of photosynthesis trans-
ported in the plant body [47]. In this study, a suite of significant SNPs and candidate
genes associated with SCS (sugar content of the stalk) was detected with high confidence.
Among these SNPs, the significant SNP AX-95657025 was located in the first exon of
the candidate gene Zm00001d052289, which encodes a pyruvate dehydrogenase involved
in energy production and conversion. Pyruvate dehydrogenase is a crucial enzyme re-
quired for glucose metabolism, which converts pyruvate to acetyl CoA to complete the
tricarboxylic acid cycle [15]. Mutation of genes encoding components of the pyruvate
dehydrogenase complex affects enzymatic activity and plant growth [48]. We found
that the expression level of Zm00001d052289 in the high-sugar content material was sig-
nificantly higher than in the low-sugar content material (Figure 6), and future research
should be focused on whether the variation of the SNP AX-95657025 affects the function
of the candidate gene Zm00001d4052289. Additionally, previous studies have reported that
Acyl-CoA-binding domain-containing protein (ACBD) is required for the transferal of
glucosylceramide [49], and plays an important role in plant growth, development, and
stress response [50,51]. In the current study, four traits related to the stalk sugar content
(SCS, SCLEP, TNSCE, and SCUEP) were associated with the significant SNP AX-116875096,
which was also detected in multiple environments. The SNP AX-116875096 was located in
the 5 UTR of Zm000014034759, which encodes an ACBD protein. The accessions carrying
AX-116875096-CC had higher sugar content in the stalk (Figure 5e), and the expression
level of Zm00001d034759 was higher in the high-sugar content material (Figure 6), which
reflected that the genetic variation might influence the expression of the candidate gene
Zm00001d034759.

Analysis of the expression profile of signal transduction components in sugarcane
has shown that the receptor protein kinase may regulate sucrose metabolism [11]. In the
present study, the candidate gene Zm00001d026668 encoding a receptor protein kinase
TMK was identified through the significant SNP AX-86257654. AX-86257654 was detected
in four traits (SCS, SCLEP, TNSCE, and SCUEP) and multiple environments, which had



Int. J. Mol. Sci. 2022, 23, 13490

14 of 19

higher credibility. We found that the accessions carrying AX-86257654-AA had higher
talk sugar content than the accessions carrying AX-86257654-GG (Figure 5g). The expres-
sion level of Zm00001d026668 in the high-sugar content material was significantly higher
than the low-sugar content material (Figure 6), while the high-sugar content material
carrying AX-86257654-AA and the low-sugar content material carrying AX-86257654-GG.
Moreover, a candidate gene (Zm00001d042287) encoding an MYB transcription factor was
identified in multiple environments, and the SNP AX-86263525 was located in the exon of
Zm00001d042287. The alleles of AX-86263525 had different effects on stalk sugar content
and explained 15.16%-16.57% of the phenotypic variance. The accessions carrying AX-
86263525-TT had higher stalk sugar content than the accessions carrying AX-86263525-CC
(Figure S22), and the expression level of Zm00001d042287 was significantly higher in the
high-sugar content material, reflecting that the mutation of AX-86263525 might affect the
function of Zm00001d042287. The studies have reported that MYB transcription factors
are involved in the biosynthesis of the water-soluble polysaccharide and MYB46 directly
regulates the three CESA genes, which are essential for cellulose production [12,13]. We also
found that Zm00001d050244 had a significantly higher expression level in the high-sugar
content material (Figure 6), which encoded a DEAD-box ATP-dependent RNA helicase,
while the high-sugar content material carried AX-86246392-CC and the high-sugar content
material carried AX-86246392-AA (Figure 5g). The DEAD-box ATP-dependent RNA heli-
case plays an important role in regulating translation initiation and growth in plants [52].
Thus, we inferred that Zm00001d050244 might take part in sugar metabolism by regulating
the translation of other genes. In addition, candidate genes encoding the pectinesterase
precursor and cell wall protein were also detected in this study.

Differing from the QTL mapping in previous studies, our study detected the candidate
gene responsible for the stalk sugar content of fresh corn through the genome-wide associa-
tion analysis. Despite many significant genetic variations and candidate genes detected
in the present study, which have a potential value for the future breeding of fresh corn,
there is still room to further validate the true phenotypic effects of the corresponding two
haplotypes through transgenic experiments. Hence, further investigation of the molecular
mechanism of the genetic variations and candidate genes associated with the stalk sugar
content in fresh corn is required.

4. Materials and Methods
4.1. Plant Materials

The plant seed materials included 188 sweet corn, waxy corn, and hybrid accessions.
Among them, 41 were sweet corn inbred lines, 74 were waxy corn inbred lines, and 73 were
hybrid accessions. Seeds were obtained from southeastern China, northern China, and the
Huang-Huai-Hai region of eastern China.

4.2. Trait Measurements and Analysis

Seeds of the experimental materials were sown in an experimental field at Dongyang,
Zhejiang, China (29°16' N, 120°19" E) in the spring and autumn of 2020 and 2021. A
completely randomized design with three replications was used in this study. Each repli-
cate comprised two rows of each accession of 3 m in length, and the plant density was
0.75m x 0.3 m. Field management (e.g., watering, fertilization, and weed management)
was applied uniformly throughout the growing period.

Before tasseling, 10 plants of each accession exhibiting normal growth and develop-
ment were selected for measurement of stalk sugar content and agronomic traits. Artificial
pollination was performed to prevent pollen mixing. In the harvest season for fresh corn,
eight plants per growth period were selected for measurement of plant height (PH), whole
weight per plant (WWP), ear weight with bract (EWB), ear node (EN), sugar content of the
stalk (SCS), sugar content in the lower ear parts (SCLEP), three-node sugar content in the
ear (TNSCE), and sugar content in the upper ear parts (SCUEP). For estimation of the sugar
content, we extracted the whole stem juice from each plant, and after thorough mixing, the
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sugar content was determined with a hand-held sugar meter (PAL-1, Atago, Tokyo, Japan).
To minimize measurement error, the stem juice of each plant was measured three times,
and the average was taken as the sugar content of each individual. Frequency distribution
analysis, correlation analysis, and variance analysis of the data were performed with SPSS
software (version 22.0).

4.3. Genotypic Data

The 188 sweet corn, waxy corn, and hybrid accessions were genotyped with the
Axiom® Maize56K SNP Array, which includes 56,000 SNPs in total. After comparison with
the corn genome (B73 RefGen_v4), SNP markers with minimum allele frequency >0.05 and
missing data <30% were filtered using TASSEL software [53]. Annotation of the SNPs was
performed with ANNOVAR [54]. A total of 36,069 SNPs were used for subsequent analysis.

4.4. Population Structure Analysis, Linkage Disequilibrium, and Relative Kinship Estimation

A phylogenetic tree was constructed from a data set of 36,069 SNPs using the maximum
likelihood method in FastTree 2.1.9 [55]. The tree was colored using iTQL (https:/ /itol.embl.
de/ (accessed on 27 October 2022)). Principal component analysis (PCA) was conducted
using GCTA software (version 1.92.0) [56]. The first two eigenvectors were selected to
generate a scatterplot of the principal component scores to visualize similarities among
the accessions in two dimensions. The ADMIXTURE software was used to investigate the
population structure [57]. The relative kinship matrix (K) was calculated using TASSEL
software [53]. Linkage disequilibrium (LD) was calculated using PopLDdecay software [58].

4.5. Detection of Selective Sweeps

The selective sweeps between sweet corn (group A) and waxy corn (group B) were
detected using VCFtools [59]. First, the nucleotide diversity of the sweet corn and waxy
corn accessions (ma and 7, respectively) was calculated using a 100 kb window and a
step size of 10 kb. Then, s /mg was calculated and the windows, with the top 5% largest
mia /g values were identified as selective sweeps. In addition, the genetic differentiation
(FsT) among sweet corn (group A) and waxy corn (group B) was determined using a 100 kb
window and a step size of 10 kb, and the windows with the top 5% largest Fgt values
were identified as selective sweeps. To explore the function of selected genes located in the
selective regions, the AgriGO analysis toolkit [60] and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database were used to perform gene ontology (GO) and KEGG
pathway analyses.

4.6. Genome-Wide Association Analysis

Plant height (PH), whole weight per plant (WWP), ear weight with bract (EWB), ear
node (EN), sugar content of the stalk (SCS), sugar content in the lower ear parts (SCLEP),
three-node sugar content in the ear (TNSCE), and sugar content in the upper ear parts
(SCUEP) recorded in four environments were used for GWAS analysis. For the association
analysis, a generalized linear model (GLM) and mixed linear model (MLM) were generated
with TASSEL [53]. Manhattan plots and quantile-quantile plots were generated with R
software based on the p-values from the association analysis [61]. The significant association
threshold was defined as 0.05/n and 1/n, where n is the number of SNPs [62].

4.7. RNA Extraction and Quantitative RT-PCR Analysis

To verify the expression levels of important candidate genes, total RNA was extracted
from two fresh corn materials with significantly different stalk sugar content using the
RNAprep Pure Plant Kit (TTANGEN, Beijing, China): the high-sugar content material LQ5
from a domestic hybrid second cycle line and the high-sugar content material SH23 from
a domestic inbred line. A total of 1 ug RNA was used to synthesize cDNA according to
the instructions of a PrimeScript RT Reagent Kit (TaKaRa, China). The qRT-PCR reactions
were performed through the SYBR-Green PrimeScript RT-PCR Kit (Takara) following the
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manufacturer’s instructions. GAPDH was used as the reference gene for the gRT-PCR. The
original data were processed by the 2-AACt method, where Ct is the threshold cycle [63],
and the primers for candidate genes were shown in Table S514.

5. Conclusions

In this study, genome-wide association analysis was used to detect significant SNPs
and candidate genes associated with stalk sugar content and agronomic traits. A total
of 92 significant associated SNPs were identified. Among them, 24 significant SNPs and
22 candidate genes were identified in multiple environments, including CDPK, MYB
transcription factor, pyruvate dehydrogenase, and so on. Most importantly, accessions
differing in genotype for several significant SNPs showed significant phenotypic differences,
indicating that the genetic variations in candidate genes might be closely related to the
phenotypic traits. The expression levels of six important candidate genes were significantly
different between the high-sugar content material and the low-sugar content material. In
general, the significant genetic variations might be useful in molecular marker-assisted
breeding, and the investigation of candidate genes may provide important insights into the
mechanism of stalk sugar content in fresh corn, which establishes the foundation for fresh
corn breeding. Future research should focus on illustrating how the genetic variations and
candidate genes regulate the stalk sugar content in fresh corn, and concentrate on breeding
new varieties with higher stalk sugar content.
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Abbreviations

GWAS Genome-wide association analysis

SNPs Single nucleotide polymorphisms

QTL Quantitative trait locus

MYB V-myb avian myeloblastosis viral oncogene homolog

LD Linkage disequilibrium

PCA Principal components analysis

Fsr Genetic differentiation coefficient

UINLL: Nucleotide diversity between sweet corns (group A) and waxy corns (group B)

KEGG Kyoto encyclopedia of genes and genomes
GO Gene ontology
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SCS Sugar content of the stalk

SCLEP Sugar content in the lower ear parts
TNSCE Three-node sugar content in the ear
SCUEP Sugar content in the upper ear parts
WWP Whole weight per plant

EN Ear node

PH Plant height

EWB Ear weight with bract

GLM Generalized linear model

MLM Mixed linear model

UTR Untranslated region

gRT-PCR  Quantitative real-time PCR

CDPK Calcium-dependent protein kinase
ABC ATP-binding cassette

PHD Plant homeobox domain

ACBD Acyl-CoA-binding domain-containing protein
CESA Cellulose synthase
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