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Abstract

Key message MADS26 affecting maize seed germination was identified by GWAS and transcriptomics. Gene-based
association analyses revealed three variations within MADS26 regulating seed germination traits. Overexpressed
MADS?26 in Arabidopsis improved seed germination.

Abstract Seed germination ability is extremely important for maize production. Exploring the genetic control of seed ger-
mination ability is useful for improving maize yield. In this study, a genome-wide association study (GWAS) was conducted
to excavate the significant SNPs involved in seed germination ability based on an association panel consisting of 300 lines.
A total of 11 SNPs and 75 candidate genes were significantly associated with the seed germination traits. In addition, we
constructed 24 transcriptome libraries from maize seeds at four germination stages using two inbred lines with contrasting
germination rates. In total, 15,865 differentially expressed genes were induced during seed germination. Integrating the results
of GWAS and transcriptome analysis uncovered four prioritized genes underlying maize seed germination. The variations
located in the promoter of Zm00001d017932, a MADS-transcription factor 26 (MADS26), were verified to affect the seed
germination, and the haplotype TAT was determined as a favorable haplotype for high-germination capability. MADS26 was
induced to express by ethylene during seed germination in maize and overexpressing MADS26 increased the seed germina-
tion ability in Arabidopsis. These findings will contribute to understanding of the genetic and molecular mechanisms on
seed germination and the genetic modification of seed germination ability in maize.

Introduction factors (Han et al. 2014). Seeds with high-germination abil-

ity significantly improve the crop gain relative to those with

As an important agronomic trait, seed germination abil-
ity influences the vegetative growth and yield formation
of crops, which is controlled by genetic and environmental
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low-germination ability (Hu et al. 2016). Maize (Zea mays
L.) is widely grown and hugely demanded for humans and
animals, worldwide (Ma et al. 2018); however, the maize
production is frequently compromised by the low seed ger-
mination ability (Hu et al. 2016). Currently, the molecular
mechanism of seed germination is still obscure in maize.
Therefore, decoding the genetic basis and causal genes
controlling maize seed germination is an urgent need for
improving maize yield.

The process of seed germination is generally divided into
three phases: Phase I is the stage of water absorption by
mature dry seeds; phase II is characterized by several bio-
synthesis and metabolism processes, such as protein synthe-
sis, DNA repair, and mitochondrial activity, with the seed
water content maintaining relatively high constant; during
phase III, the tender radicles emerging at the end of phase II
keep water uptake and process cell division and elongation
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until the seedling formations (Bewley et al. 2012; Guo et al.
2019).

In the past decades, numerous genetic loci controlling
seed germination ability were identified in Arabidopsis, rice,
wheat, and other species using linkage analysis (Landjeva
etal. 2010; Liu et al. 2014; Yuan et al. 2016). A total of three
quantitative trait loci (QTL) involved in seed germination
speed were identified on chromosomes 1, 3, and 4 in Arabi-
dopsis (Yuan et al. 2016). In wheat, ten seed germination-
associated QTL were detected using a D genome introgres-
sion line population (Landjeva et al. 2010). In rice, seven
QTL controlling seed germination rate were mapped by a
recombinant inbred line (RIL) population, and three of them
were defined as major QTL with phenotypic variation > 10%
(Liu et al. 2014). In maize, previous studies mainly focused
on the dissection of genetic control for seed germination
ability under adverse stresses. Only few QTL were shown
to confer seed germination ability under optimum condi-
tions. For example, three QTL gOTGR5-1, gOTGR6-1, and
qOTGR7-1 were found to be associated with germination
rate by using an IBM Syn4 RIL population (Hu et al. 2016).

With the decrease in DNA sequencing cost, the identifi-
cation of high-density molecular markers on a large scale
becomes feasible for researchers. According to the high-
density markers, genome-wide association studies (GWAS)
have developed into an efficient tool in excavating the causal
candidate genes associated with target traits. Using GWAS,
Guo et al. (2019) revealed six significant SNP (single nucle-
otide polymorphism)-trait associations for seed germination
rate based on a rice natural panel and 161,657 high-quality
SNPs. To our knowledge, GWAS has not been applied in
the genetic control dissection of seed germination ability
under optimum conditions in maize. As such, the genetic and
molecular mechanisms underlying seed germination remain
largely unknown in maize. Additionally, GWAS cannot
refine the candidate genes, which requires the combination
with linkage mapping or transcriptome analysis for pinpoint-
ing the trait-associated genes (Yao et al. 2020). By integrat-
ing the GWAS results and differentially expressed genes
(DEGs), Guo et al. (2020) identified seven priority genes for
seminal root length of maize seedlings under drought stress.
Similarly, a total of 21 candidate gene involved in Fusarium
ear rot resistance were co-localized in maize using the above
strategy, five of which were situated in a resistance hotpot
region (Yao et al. 2020).

Several genes controlling seed germination have been
reported in plants, such as Aldehyde Dehydrogenase 7
(OsALDH?7) (Shin et al. 2009) and Lipoxygenases (LOXs)
(Suzuki et al. 1996) in rice, and Lipid-hydrolyzing Phos-
pholipase D (PLDal) (Devaiah et al. 2007), Protein-L-
isoaspartate O-methyltransferase (PIMTI) (Oge et al. 2008),
Flowering Locus C (FLC) (Chiang et al. 2009), and Aga-
mous-Like67 (AGL67) (Bassel et al. 2011) in Arabidopsis.
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Among these genes, FLC and AGL67 encode the MADS-box
transcription factors that contain a highly conserved N-ter-
minal DNA binding domain with 55-60 amino acids (Masi-
ero et al. 2011). According to their evolutionary lineage,
the plant MADS-box transcription factors were classified
into two main types, type I and type II genes (Masiero et al.
2011). Compared to the type I genes, the type II genes have
more complex gene structures with an additional K domain
(Tian et al. 2015). Meanwhile, the type II genes could be
further grouped into the MIKCC- and MIKC*-types, based
upon their corresponding structural features (Henschel et al.
2002). So far, most of the functionally known MADS-box
transcription factors belong to the MIKCC-type genes (Tian
et al. 2015). In plants, the MADS-box genes were reported to
play key roles in regulating the development of inflorescence
and floral meristems, flowering time, root growth, and fruit
ripening (Masiero et al. 2011).

In the present study, a GWAS was conducted in a maize
association panel to identify the genetic loci and initial can-
didate genes involved in seed germination ability. We then
analyzed the transcriptomes of two lines with contrasting
germination ability at different germination stages, detect-
ing the DEGs responsive to seed germination. The candidate
genes for seed germination traits were uncovered by a com-
bination of GWAS results and DEGs. The genes were each
PCR-amplified in 68 inbred lines to perform gene-based
association studies, identifying the germination-associated
variations in the potential causal gene (Zm00001d017932).
Finally, Zm00001d017932 that encodes a MADS-transcrip-
tion factor 26 (MADS26) was overexpressed in Arabidopsis
for functional validation. Our goals were to (1) improve the
understanding of the genetic control of seed germination
ability in maize, (2) identify the causal gene and its favorable
haplotype affecting seed germination ability, and (3) accel-
erate the application of marker-assisted breeding for seed
germination ability.

Materials and methods
Plant materials and seed germination trials

An association panel consisting of 300 inbred lines was sub-
jected to evaluation of the seed germination ability. The 300
inbred lines were collected from Southwest China breeding
program, which included tropical, non-stiff stalk (NSS), stiff
stalk (SS), and other germplasms (Zhang et al. 2016). This
maize panel was planted in Chongzhou (E103° 67', N30°
63") of Sichuan Province, and the seeds from each line were
harvested at the stage of physiological maturity and oven-
dried at 37 C.

The germination trials were performed in a cultivation
box using a randomized complete block design with three
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biological repetitions. The parameters of cultivation box
were set as: light/darkness =16/8 h; temperature under
light/temperature under darkness =28/24 °C; relative humid-
ity =65%. For each repetition, after removing the shriveled
or unfilled seeds, 30 healthy and uniform-sized seeds were
treated with 10% H,O, for 30 min and then rinsed three
times using distilled water (Zhang et al. 2021). The steri-
lized kernels were soaked with saturated CaSO, 2H,0 for
6 h and then washed three times by distilled water (Zhang
et al. 2021). The seeds were placed in a Petri dish (size:
13 cmx 13 cm) with single-layered filter paper on the bot-
tom for germination (Zhang et al. 2021).

Phenotypic data collection and statistical analysis

Herein, the seed germination ability was decomposed into
five traits, namely seed germination rate on 3 d (SGT), seed
germination rate on 7 d (SGS), root length on 7 d (RLS),
shoot length on 7 d (SLS), and root—shoot ratio on 7 d
(RSRS). The seed germination rate was equal to germinated
seed number divided by total seed number. Root—shoot ratio
was calculated as root length divided by shoot length. The
shoot length and root length were measured by a ruler.

The SPSS (Statistical Product and Service Solutions, ver-
sion 21.0, IBM, Armonk, NY) tool was utilized to calculate
the mean, minimum (Min), maximum (Max), and standard
deviation (SD) values. Distributions and correlations of trait
phenotypes were analyzed by using a “PerformanceAnalyt-
ics” package in the RStudio software. For each trait, the
broad-sense heritability (Hy?) was estimated by the formula:
Hy'= GGZ/GPZ, where UGZ and o,” represent genotype vari-
ance and phenotype variance, respectively; 662 and o, were
calculated as follows: ch2 =(MSG-MSE)/rep, 0P2 =((MSG-
MSE)/rep) + MSE, where MSG, MSE, and rep represent the
mean square of genotype, mean square of error, and bio-
logical repetition numbers, respectively (Pace et al. 2015).
The indicators MSG and MSE were calculated using a SAS
9.3 (Statistical Analysis System, version 9.3, SAS Institute,
Cary, NC, USA) software.

Genome-wide association study

In our previous study, 56,110 SNPs were generated in this
association panel by the [llumina MaizeSNP50 BeadChip
(Zhang et al. 2016). According to the filtering principles of
missing rate >20%, heterozygosity >20%, or minor allele
frequency (MAF) <0.05, a total of 43,675 high-quality
SNPs were retained for GWAS in this study. Previous results
revealed that the 300 germplasms of this association panel
can be divided into three subpopulations and the linkage
disequilibrium (LD) decay was approximately 220 kb at the
?=02 (Zhang et al. 2016, 2021; Ma et al. 2018). Thus,
as a covariate, the value of principal component analysis

(PCA) calculated by GAPIT software (Lipka et al. 2012)
was added to the fixed and random model circulating prob-
ability unification (FarmCPU) model for GWAS (Liu et al.
2016). The simpleM program in R (Cao et al. 2010; Johnson
et al. 2010) was adopted to calculate the effective number
of the 43,675 SNPs. In total, 24,390 independently effec-
tive SNPs were ultimately obtained and the threshold of
significant SNP-trait association was set as: P=0.05/N (N
is the effective SNP number) =2.05 x 107°. The gene models
situated within the LD region of each significant SNP were
considered as the initial candidate genes responsible for the
corresponding trait.

RNA-seq and data analysis

Two inbred lines SCL326 (high seed germination rate) and
SCL127 (low seed germination rate) were selected from
the association panel for transcriptomic analysis. Briefly,
the seeds of SCL326 and SCL127 were germinated under
optimum conditions, as described in the germination experi-
ments of the association panel. For each line, six seeds were
collected at 0, 12, 24, and 48 h of germination, respectively,
with three biological repetitions. Total RNA was extracted
from the mixed samples of the six seeds at each stage. In
total, 24 RNA samples from the two lines were sequenced by
[lumina HiSeq TM 2000 platform (San Diego, CA). Clean
reads were obtained from the filtration and quality control
of original sequencing data using fastp software (Chen et al.
2018b). The clean reads were then aligned to maize genome
(ZmB73 RefGen_V4) via Hisat2. The FPKM (Fragments
Per Kilobase Million) was utilized to normalize and esti-
mate gene expression values. DEGs between two pairwise
samples were revealed by DESeq (Anders and Huber 2010),
with the criteria as follows: llog, fold-change (FC)I >2 and
adjusted P <0.05. Gene Ontology (GO) enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) anal-
ysis were performed using a OmicShare platform (https://
www.omicshare.com).

Candidate gene association study

Four genes (Zm00001d017932, Zm00001d003657,
Zm00001d029793, and Zm00001d017906) obtained from
the combination of GWAS and transcriptome analysis were
separately subjected to a gene-based association study.
For each gene, the gene body and promoter (upstream
2000 bp) regions were PCR-amplified among 68 inbred
lines randomly selected from the association panel. DNA-
MAN program (Version5.2.2, Lynnon Bio-soft, Canada)
was used to uncover the nucleotide polymorphisms in each
gene among the 68 inbred lines based on B73 RefGen_v4
genome (Jiao et al. 2017; Li et al. 2020). The phenotypic
data and genetic variations with MAF > 0.05 were combined
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to conduct association analysis using the general linear
model (GLM) in TASSEL 5.0 software. The variation loci
with a P value <0.05 were considered significantly associ-
ated with the target traits (Ma et al. 2021). For each gene,
the significant variations were used for haplotype division,
and the phenotypic difference between haplotypes was ana-
lyzed via a ¢ test. HaploView software package was used
to calculate the LD decay between the pairwise nucleotide
polymorphisms in each gene (http://www.broad.mit.edu/
mpg/haploview/).

Zm00001d017932 expression analysis

Candidate gene association studies indicated that only the
significant markers within Zm00001d017932 affected seed
germination traits. As such, Zm00001d017932 was regarded
as a high-priority candidate gene underlying seed germina-
tion ability in maize.

To identify the expression patterns of Zm00001d017932,
we selected three haplotype II-lines (SCLO16, SCLO066,
and SCL231) with high SGS and three haplotype III-lines
(SCL023, SCL091, and SCL142) with low SGS for quanti-
tative real-time PCR (qQRT-PCR). For each material, RNA
samples were isolated from the seeds at 0, 12, 24, and 48 h
of germination using TRIZOL reagent (Invitrogen) and
cDNAs were synthesized using PrimeScript RT Reagent Kit
With gDNA Eraser (TaKaRa). Primer 5.0 software was used
to design the primer pair of Zm00001d017932 (Table S1).
Gene relative expression was calculated by using 2724AC
method, with ACTIN 1 (Zm00001d010159) as the internal
control (Table S1). The qRT-PCR amplifications for each
sample were conducted with three biological repetitions.

The promoter sequences of Zm00001d017932 were
cloned from a haplotype II-line (SCL231) and a haplotype
III-line (SCL142) and inserted the upstream of GUS on the
vector pCAMBIA3301, respectively. The two constructs
both contained a GFP in the T-DNA region under the con-
trol of 35S promoter, which was used to normalize the GUS
expression levels. Subsequently, the two recombinant vectors
were each transformed into Nicotiana tabacum leaves via
Agrobacterium injection. The relative GUS transcript level
(the ratio between GUS and GFP transcript abundances) was
determined in the two haplotypes using qRT-PCR with the
primers listed in Table S2 (Yoo et al. 2007). NtActin acted
as the internal reference gene in the qRT-PCR.

Zm00001d01793 encodes a MADS transcription factor,
MADS?26. Previous studies demonstrated that the MADS
transcription factors participated in plant growth and devel-
opment via ethylene biosynthesis, ethylene perception, and
downstream ethylene response (Martel et al. 2011; Fujisawa
et al. 2013). To confirm the response of Zm00001d01793
to ethylene, we treated the seeds of three haplotype III-
lines (SCL023, SCL091, and SCL142) and three haplotype
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II-lines (SCLO16, SCL0O66, and SCL231) with 400 mg/L
ethylene and distilled water (control), respectively. On the 4,
5, 6, and 7 d of germination, the shoot and root parts of each
line were individually collected for qRT-PCR. Meanwhile,
we also investigated the SGS of the three haplotype II-lines
under the ethylene treatment.

Subcellular localization of MADS26

The coding sequence (CDS) of MADS26 was amplified from
B73 and inserted into the pPCAMBIA2300-35S-eGFP vec-
tor to generate the MADS26-eGFP fusion construct, p35S:
MADS26-eGFP. The recombinant plasmid was introduced
into tobacco leaves via Agrobacterium injection. The laser
confocal microscope was used to observe the eGFP fluo-
rescence at 48 h of Agrobacterium injection. In addition,
we also transformed the recombinant plasmid into maize
mesophyll protoplasts via a PEG4000-mediated method.
After 48 h incubation, the eGFP fluorescence was exam-
ined under a laser confocal microscope (Yoo et al. 2007;
Ren et al. 2017).

Investigation of the seed germination ability
in MADS26-overexpressed Arabidopsis

The MADS26 CDS was amplified from the high-SGS line
(SCL231) and inserted into the expression vector pRI101-
AN under the control of 35S promoter for constitutive
expression. The recombinant vector p35S: MADS265-23!
was transformed into Agrobacterium tumefaciens strain
GV3101. The transformed Agrobacterium was then used
to infect the Arabidopsis thaliana ecotype Columbia (Col)
based on the floral dip method (Clough and Bent 1998). Pos-
itive homozygotes of the T; transgenic events were obtained
by kanamycin-resistant selection and MADS26-based PCR.

Three MADS26-overexpressed transgenic events and the
wide-type Col were subjected to investigation of the seed
germination traits. The seeds were sterilized and planted in
1/2 MS culture mediums. The germination rate was recorded
at 24 h and 48 h of seed germination. The root lengths were
measured on the 5th day.

Results
Seed germination ability in the association panel

In this study, five traits RLS, RSRS, SLS, SGS, and SGT
were utilized to assess the seed germination ability of each
maize line. All the traits presented abundant variations,
with the SDs and CVs ranging from 0.29 to 3.66 and 0.36
to 0.52, respectively (Table S3). The H’ estimates for the
five traits were in the range of 82.83-93.38%, suggesting
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that the seed germination ability was mainly controlled by
genetic factors (Table S3). Significantly (P <0.001) positive
correlations were observed between each pair of the four
traits (RLS, SLS, SGS, and SGT), with the correlation coef-
ficients ranging from 0.27 (SGS and SLS) to 0.91 (SGS and
SGT) (Table S4). Furthermore, RSRS and SLS displayed
a significantly negative correlation (r=— 0.50, P<0.001).
In contrast, RSRS and RLS showed a significantly positive
correlation (r=0.56, P <0.001) (Table S4). These findings
indicated that the five traits probably exert a synergistic
effect on maize seed germination. In addition, the phenotype
frequency distributions of the three traits RLS, RSRS, and
SLS followed normal distributions (Fig. S1), suggesting that
they were genetically controlled by multiple genes.

Significant loci and candidate genes affecting seed
germination ability revealed by GWAS

In GWAS, the GLM and mixed linear model (MLM) sepa-
rately result in many false positive and negative associa-
tions (Hu et al. 2017; Ma et al. 2020). The FarmCPU model
addresses the confounding problem of testing SNPs by
iterative algorithms (Hu et al. 2017; Ma et al. 2020). As
such, we used the FarmCPU model to perform GWAS in
the present study. A total of two, two, three, two, and two
significant SNPs associated with SGS, RLS, SGT, SLS, and
RSRS were identified at a P value threshold of 2.05x 107,
respectively (Fig. 1). The most significant SNP, SYN1938
(P=1.07x107®), was found to be involved in the trait SGT
(Fig. 1). According to the LD decay (220 kb) of this asso-
ciation panel, we identified 17, 11, 30, 14, and 3 unique
candidate genes influencing SGS, RLS, SGT, SLS, and
RSRS, respectively (Table S5). Referring to their func-
tional annotations, the homologues of seven candidate genes
Zm00001d003657, Zm00001d007234, Zm00001d017913,
Zm00001d017932, Zm00001d018984, Zm00001d019035,
and Zm00001d042376 were known to mediate the processes
of seed germination and development (Table S5).

Differentially expressed genes responding to seed
germination

Via transcriptome sequencing for the two lines with contrast-
ing germination abilities, a total of 1.42 billion clean reads
were obtained from 24 libraries of the lines. Among them,
1.28 billion clean reads were uniquely mapped to the B73
RefGen_v4 reference genome, with the mapping rate ranged
from 87.65 to 93.07% (the average rate: 90.27%) (Fig.S2).
The correlation analysis revealed high-quality biological rep-
licates for each sample (Fig. S3a). In the 24 samples, approx-
imately 64.3, 33.3 and 2.4% of the genes were expressed at
low (0 <FPKM < 1), moderate (1 <FPKM < 60), and high
(FPKM > 60) levels, respectively (Fig. S3b).

To pick out the genes involved in seed germination abil-
ity, we identified the DEGs between different samples (12 h
vs. 0 h, 24 hvs. 0 h, and 48 h vs. 0 h) for each line. Relative
to the gene expression levels at 0 h, 1219 (19 upregulated
and 1200 downregulated), 3997 (999 upregulated and 2998
downregulated), and 5386 (2431 upregulated and 2955
downregulated) DEGs were detected in the low-germina-
tion line SCL127 at 12, 24, and 48 h of seed germination,
respectively (Fig. 2a, b). However, 4353 (713 upregulated
and 3,640 downregulated), 7106 (3013 upregulated and
4093 downregulated), and 8139 (2865 upregulated and 5274
downregulated) genes were differentially expressed at 12,
24, and 48 h of seed germination in the high-germination
line SCL326, respectively (Fig. 2¢, d). In addition, we sepa-
rately obtained 4545, 4379, 5455, and 5127 DEGs between
SCL127 and SCL326 at 0, 12, 24, and 48 h during seed ger-
mination (Fig. 2e, ). Of these, 2946, 2478, 3898, and 2640
DEGs, respectively, were upregulated in SCL326 when com-
pared to those in SCL127 (Fig. 2e). Combining the above
findings, we excavated 15,865 DEGs for seed germination
response in total.

To know the functional information of the 15,865 DEGs,
we performed the GO enrichment and KEGG analyses.
The 15,865 DEGs were significantly enriched in the seed
development or seed germination-related GO terms, such
as nucleic acid binding activity (GO: 0001071), trans-
ferase activity (GO: 0016758), and hydrolase activity (GO:
0,004,553) (Hartweck et al. 2002; Kim et al. 2007; Katsuya-
Gaviria et al. 2020; Latha et al. 2021) (Fig. S4). KEGG anal-
ysis showed that the top four pathways were metabolism,
biosynthesis of secondary metabolite, starch and sucrose
metabolism, and plant hormone signal transduction (Fig.
S5). Previous studies revealed that these pathways were
correlated with seed development or seed germination in
plants (Rochat and Boutin 1992; Weber et al. 1997; Kucera
et al. 2005).

Priority candidate genes identified by integrating
the GWAS and transcriptome data

Among the 75 genes detected by GWAS, 34 were among the
15,865 DEGs identified from transcriptome data (Fig. 3a).
Herein, we further focused these candidates in the 34 DEGs,
which were specifically differentially expressed in all the
pairwise comparisons (12 h vs. 0 h, 24 h vs. 0 h, and 48 h
vs. 0 h) of the high-germination line, SCL326. Finally, the
four candidate genes, Zm00001d017932, Zm00001d003657,
Zm00001d029793, and Zm00001d017906, were considered
specifically responsive to the whole seed germination pro-
cess in SCL326 (Fig. 3a). These genes separately encode
an agamous-like MADS-box protein, a scarecrow protein,
a glutathione S-transferase F9, and an O-fucosyltransferase
family protein (Table S5). Among them, the three genes
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Fig. 1 Significant SNPs
detected in this study. a, c, e,

g and i Manhattan plots of the
significant SNPs associated
with RLS, RSRS, SGS, SGT,
and SLS, respectively. b, d, f, h
and j Q-Q (Quantile—Quantile)
plots of the significant SNPs
associated with RLS, RSRS,
SGS, SGT, and SLS, respec-
tively. SNPs, single nucleotide
polymorphisms. SGT, seed ger-
mination rate on 3 d; SGS, seed
germination rate on 7 d; RLS,
root length on 7 d; SLS, shoot
length on 7 d; RSRS, root—shoot
ratioon 7 d
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Fig.2 Venn diagrams of DEGs
among different samples. a, ¢
and e Upregulated DEGs among
different samples. b, d and f
Downregulated DEGs among
different samples. DEGs, dif-
ferentially expressed genes.
SCL127-0 h, SCL127-12 h,
SCL127-24 h, and SCL127-48 h
represent the gene expression
levels in the low-germination
line (SCL127) at 0, 12, 24,

and 48 h of seed germination,
respectively. SCL326-0 h,
SCL326-12 h, SCL326-24 h,
and SCL326-48 h represent the
gene expression levels in the
high-germination line (SCL326)
at 0, 12, 24, and 48 h of seed
germination, respectively

Zm00001d003657, Zm00001d029793, and Zm00001d017906
were downregulated with the process of seed germination,

SCL127-12 h VS SCL127-0h
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whereas Zm00001d017932 was upregulated in SCL326

(Fig. 3a). The four genes were considered as the priority can-
didate genes responsible for the seed germination ability in

this study.

SCL127-48 h VS SCL326-48 h

SCL127-0 h VS SCL326-0 h

b Downregulated

SCL127-12h VS SCL127-0h  SCL127-24h VS SCL127-0h

818

SCL127-48h VS SCL127-0h

d

SCL326-12 h VS SCL326-0 h  SCL326-24 h VS SCL326-0 h

1425

SCL326-48 h VS SCL326-0 h

f

SCL127-12 h VS SCL326-12 h

168

SCL127-24 h VS SCL326-24 h

SCL127-48 h VS SCL326-48 h

Intragenic variations affecting the seed germination
ability

To reveal the intragenic variations affecting the seed ger-
mination ability and identify the favorable haplotypes, we

carried out a gene-based association analysis for each of
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Fig.3 Combined transcriptome analysis and association study reveal-
ing the potential causal gene (Zm00001d017932) for seed germina-
tion ability in maize. a Expression levels of 34 DEGs at different
germination stages in SCL326. DEGs, differentially expressed genes.
The numbers represent the log,fold-change of gene expression value
between each germination stage and O h. Positive and negative num-
bers represent gene expression was upregulated and downregulated,
respectively, in the germination stage relative to 0 h. b Significant

the priority candidate genes. Among the 68 lines randomly
selected from the association panel, a total of 16 (15 SNPs
ana 1 InDel), 22 (22 SNPs), 64 (49 SNPs and 15 InDels), 8
(8 SNPs) genetic variations were, respectively, detected in
Zm00001d003657, Zm00001d017906, Zm00001d017932,
and Zm00001d029793. For Zm00001d017932, three
significant SNPs, S5_210273464 (in the promoter),
S5_210272907 (in the promoter), and S5_210274066 (in
the first exon), were separately associated with RLS and
SGT, RSRS, and RLS, respectively (Fig. 3b). In addi-
tion, the eight SNPs, S5_210274066, S5_210279475,
S5.210279485, S5_210281955, S5_210283966,
S5_210284226, S5_210284342, and S5_210284988, were
located within a block, suggesting these markers were
closely linked (Fig. 3c). However, no significant varia-
tion was detected in the gene body and promoter for the
other three genes, Zm00001d003657, Zm00001d017906,
and Zm00001d029793. Therefore, we inferred the
Zm00001d017932 as a seed germination ability-associated
hub gene in maize.

Based on the three significant SNPs within
Zm00001d017932, the 68 lines were classed into three major
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haplotype III
(TCG)

A haplotype I
(CCG)

haplotype II
(TAT)

markers associated with SGT (seed germination rate on 3 d), RLS
(root length on 7 d), and RSRS (root—shoot ratio on 7 d). ¢ Pairwise
LDs (linkage disequilibriums) between the markers. d Comparison of
SGT (seed germination rate on 3 d) among haplotype I (CCG), hap-
lotype II (TAT), and haplotype III (TCG). *Significant at P <0.05. e
Comparison of RLS (root length on 7 d) among haplotype I (CCG),
haplotype II (TAT), and haplotype III (TCG). **Significant at
P<0.01

haplotypes. Among these, haplotype II (TAT) had the high-
est phenotypic values of SGT (0.97) and RLS (14.43 cm),
whereas haplotype III (TCG) presented the lowest SGT
(0.63) and RLS (9.16 cm) values (Fig. 3d, e). A ¢ test showed
that significant differences in SGT (P <0.05) and RLS
(P<0.01) existed between haplotype II and haplotype III
(Fig. 3d, e). Herein, the haplotype with a higher RLS or SGT
was designated as a favorable haplotype, and thus, haplotype
II (TAT) and haplotype III (TCG) were confirmed as the
favorable and unfavorable haplotypes for Zm00001d017932,
respectively.

Expression patterns of Zm00001d017932 in different
haplotypes

To examine the expression patterns of the Zm00001d017932
among different haplotypes, we performed the qRT-PCR tri-
als at different seed germination stages (0, 12, 24, and 48 h).
The expression abundances of Zm00001d017932 in the three
haplotype II-lines all showed considerable variations at dif-
ferent germination stages relative to O h, with the highest
expression level at the 12 h of seed germination (Fig. 4a).
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Fig.4 Expression patterns of Zm00001d017932. a Expression lev-
els of Zm00001d017932 among different haplotype lines at different
seed germination stages. b Expression levels of Zm00001d017932 in
haplotype III (SCL142) and haplotype II (SCL231) at different seed
germination stages. ¢ Expression levels of Zm00001d017932 in the
roots of contrasting haplotypes at different seed germination stages
under control conditions. d Expression levels of Zm00001d017932
in the roots of contrasting haplotypes at different seed germi-
nation stages under ethylene treatments. e Expression levels of

Whereas Zm00001d017932 in the three haplotype III-lines
all displayed slight expression variations at each germination
stage, compared with 0 h (Fig. 4a).

To verify whether the Zm00001d017932 expression
was affected by the variations within its promoter, we indi-
vidually inserted the promoter sequences of haplotype II
and haplotype III into the upstream of GUS on the vector
PCAMBIA3301 and separately transformed them into the
tobacco leaves. The relative expression value of GUS under
the control of haplotype II-promoter was significantly higher
(P value <0.05; approximately 4.13-fold) than that of haplo-
type IlI-promoter (Fig. 4b), suggesting these polymorphisms
in the promoter of Zm00001d017932 caused the difference
in its expression level between the haplotype II and haplo-
type III lines.

Zm00001d017932 was annotated as MADS-transcription
factor 26 (MADS26), whose homologues were previously
reported to influence plant growth and development via eth-
ylene metabolism (Martel et al. 2011; Fujisawa et al. 2013).
Thus, we analyzed the expression levels of MADS26 in dif-
ferent haplotype lines under ethylene treatment. In the roots,
the relative expression levels of MADS26 in haplotype II-
lines showed a continuous increase across different germi-
nation stages under control conditions (Fig. 4c). However,
in the roots of haplotype III-lines, its expression abundance

Zm00001d017932 in the shoots of contrasting haplotypes at different
seed germination stages under control conditions. f Expression levels
of Zm00001d017932 in the shoots of contrasting haplotypes at differ-
ent seed germination stages under ethylene treatments. *, **, ***_ and
ns represent the significance test results between the expression levels
of haplotype II and haplotype III at each stage. *, **, and ***Signifi-
cant at P<0.05, P<0.01, and P<0.001, respectively; ns represents
not significant

reached a peak on the 5 d and then returned to a lower level
following the germination process in the control (Fig. 4c).
Under the ethylene treatment, however, MADS26 presented
a continuously upregulated expression in the roots of both
haplotypes (Fig. 4d). Generally, the expression patterns of
MADS?26 in the shoots of both haplotypes were consistent
between the control and ethylene conditions across differ-
ent germination stages (Fig. 4e, f). Specifically, the expres-
sion values of MADS26 in the shoots of both haplotypes
reached the peak on the 5 d in both the control and ethylene
conditions, whereas the lowest expression was presented on
the 4 d (Fig. 4e, f). Nevertheless, the MADS26 expression
value under the ethylene treatment was higher than that in
the control at each of the seed germination stages (Fig. 4e,
f). Remarkably, across different germination stages, tissues,
and conditions, the MADS26 expression presented a gener-
ally higher level in haplotype II-lines than in haplotype III-
lines. This verified these variations in the MADS26 promoter
controlling its expression variations. All these findings also
indicated that the MADS26 expression was induced by ethyl-
ene during seed germination. To further verify the ethylene
effect on seed germination, we investigated the germination
ratio of the haplotype Ill-lines on the 7 d of ethylene treat-
ment. As a result, the SGS of the haplotype III-lines was
significantly (P <0.01) improved to 35.15% under ethylene
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treatment in comparison to that of 19.53% under the control
(Fig. S6), suggesting that ethylene promoted the germination
of maize seeds with low-germination ability.

MADS26 overexpression confers enhanced seed
germination ability in Arabidopsis

In Arabidopsis, the two genes, FLC and AGL67, controlling
seed germination encode MADS-transcription factors. We
aligned the protein sequences between FLC and MADS26,
and between AGL67 and MADS26. The results showed that
the protein homologies of the two pairs both exceed 50.0%,
suggesting the MADS26 gene had the potential to regulate
the seed germination in Arabidopsis. To verify the role of
MADS26 in seed germination, we performed transgenic
assays by overexpressing the MADS26 CDS of haplotype 11
(the favorable haplotype) in Arabidopsis. Three independ-
ent lines (OE1, OES5, and OE6) were selected to investi-
gate the seed germination ability (Fig. 5a). At 48 h of seed
germination, the germination rates of three transgenic lines
and wide-type Col were all approximately 100% (Fig. S7).
However, at 24 h, these transgenic lines displayed signifi-
cantly enhanced seed germination rates in comparison with
the wide-type Col (Fig. 5b, c), with increases of 78.21%
(OEl), 89.74% (OES), and 96.15% (OEG6). On the 5 d of

MADS26

ACTIN

WT OEl OES OE6

e ko
1.8 - o
16 Hokok
(=9}
=14 =
E
S12 <
€ 1
on
508 o
506 5
& 0.4 &
0.2 2
0 2
WT OEl OE5 OE6 s

Fig.5 Subcellular localization of MADS26 protein and overex-
pression of MADS26 in Arabidopsis. a mRNA expression level
of MADS26 in the three transgenic lines of Arabidopsis. b and ¢
Seed germination rate of three transgenic lines at 24 h of germina-
tion. ***Significant at P <0.001. d and e Root length of three trans-
genic lines on the 5 d of germination. ***Significant at P<0.001.
f Subcellular localization of MADS26 in tobacco leaf. UV repre-
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seed germination, the root lengths were increased by 0.44-,
0.40-, and 0.48-fold in OE1, OES, and OE®6, respectively,
compared with that in the wide-type Col (Fig. 5d, e). These
findings demonstrated that MADS26 improves the seed ger-
mination speed and seedling growth in transgenic Arabidop-
sis. Moreover, subcellular localization analyses in tobacco
leaf and maize protoplast both showed that the MADS26
protein was targeted to the nucleus (Fig. 5f, g), supporting
that MAD?26 acts as a transcription factor.

Discussion

Importance of dissecting the genetic control
of maize seed germination ability under optimum
conditions

Seed germination ability is a key factor affecting maize
production. Previous studies decoded the genetic basis of
seed germination ability and identified many QTL under
various abiotic stresses (Han et al. 2014; Hu et al. 2016; Li
et al. 2018; Zhang et al. 2021). However, only few studies
focused on seed germination ability of maize under optimum
conditions, and the corresponding genetic foundation is still
poorly understood. In this study, we decomposed the seed

WT OE1

PTVAERY PRYRE L U R LRIE &

Py foien  (UVEIIF L

GFP

MADS26+GFP

sents ultraviolet. Upper row showed the subcellular localization of
GFP, and the bottom row showed the subcellular localization of the
MADS26 + GFP fusion protein. g Subcellular localization of MAD26
in maize protoplasts. UV represents ultraviolet. Upper row showed
the subcellular localization of GFP, and the bottom row showed the
subcellular localization of the MADS26 + GFP fusion protein
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germination ability of maize into five traits, SGT, SGS, RLS,
SLS, and RSRS, under optimum conditions. In the associa-
tion panel, the phenotypic values of the five traits all showed
high variations, with the CVs ranging from 0.36-0.52
(Table S3). This finding suggested that the individuals of
the association panel were collected from the germplasms
with abundant genetic backgrounds on seed germination
ability and suitable for dissecting the genetic architecture
of seed germination ability under optimum conditions by
using GWAS.

Combined GWAS and transcriptome analysis
revealed causal genes involving seed germination
ability of maize under optimum conditions

Currently, as an efficient approach, GWAS has been widely
used in dissecting the genetic loci controlling complex
agronomic traits in crops. Herein, using GWAS, we totally
detected 11 significant SNPs associated with seed germi-
nation traits of maize under optimum conditions (Fig. 1).
Among these SNPs, PZE-102071519, PZE-103101309, and
PZE-107033245 were separately situated in the seed ger-
mination-associated QTL gGPI-2, gpIGT3-1, and gGP2-7
identified in previous studies (Li et al. 2018; Shi et al. 2016).
Furthermore, a total of 75 genes were finally found within
the LD regions of these significant SNPs (Table S5). The
gene model Zm00001d003657, involved in the trait SGT,
was annotated as a scarecrow protein (Table S5). In Arabi-
dopsis, scarecrow-like 15 interacted with histone deacetylase
19 and then repressed the seed maturation (Gao et al. 2014).
Moreover, as a key factor, the scarecrow protein was proved
to control the root growth in Arabidopsis (Koizumi and Gal-
lagher 2013). An SLS-associated gene, Zm00001d007234,
was annotated as ascorbate peroxidase 2 (Table S5). Over-
expressing the ascorbate peroxidase enhanced tobacco seed
longevity and germination rates under stress conditions
(Lee et al. 2010). The SGT-related gene Zm00001d017913
encodes a putative leucine-rich repeat receptor-like protein
kinase family protein (Table S5), whose homologous gene,
RLK7, is required for proper germination speed and toler-
ance to oxidative stress in Arabidopsis thaliana (Pitorre
et al. 2010). Zm00001d017932 that was associated with
SGT encodes MADS-transcription factor 26 (Table S5).
Several studies revealed that the MADS-box participates in
the fruit ripening in tomato (Martel et al. 2011; Fujisawa
et al. 2013; Shima et al. 2013). The SGS-associated gene,
Zm00001d018984, was annotated as YImG homolog protein
1-2 chloroplastic (Table S5). Chen et al. (2018a) reported
that a plastid-targeted YImG protein, EMB1990, was
required for chloroplast biogenesis and embryo development
in Arabidopsis. Zm00001d019035 encoded a thioredoxin
(Table S5), which was implicated in the seed germination
in Medicago truncatula, wheat, and pea (Lozano et al. 1996;

Montrichard et al. 2003; Alkhalfioui et al. 2007). The SGT-
associated gene, Zm00001d042376, belongs to DUF506
family proteins (Table S5). As a member of DUF506 fam-
ily, AT3G25240 was demonstrated to negatively regulate the
root hair growth in Arabidopsis (Ying et al. 2021).

Transcriptome analysis is also an effective method in
excavating the DEGs responding to the target traits. How-
ever, the single use of GWAS or transcriptome analysis
would increase the false positive rate of trait-associated
candidate genes (Yao et al. 2020). Thus, a combination of
GWAS and transcriptome analysis was considered as a more
accurate strategy in detecting the genes controlling agro-
nomic traits. For example, 21 and 7 promising candidate
genes involved in Fusarium ear rot resistance and seminal
root length were, respectively, identified in maize by using
this strategy (Guo et al. 2020; Yao et al. 2020). In our study,
we totally detected four candidate genes associated with seed
germination ability of maize using GWAS and transcrip-
tome analysis. Among the four genes, Zm00001d017932 that
encodes MADS26 was functionally validated to regulate the
seed germination. Since the homologues of MADS26 were
reported to influence plant growth and development via eth-
ylene metabolism (Martel et al. 2011; Fujisawa et al. 2013),
we also evaluated the effect of ethylene on seed germination.
The results revealed that the ethylene significantly promoted
the germination of the seeds with low-germination ratio
(Fig. S6). Numerous studies showed that ethylene synergis-
tically or additively acts with GA or CTK to promote seed
germination, whereas it antagonizes ABA during the seed
germination process (Esashi 2018). Whether the MADS26
promotes seed germination via above mechanism needs to
be confirmed in future studies.

Variations in the MADS26 promoter affect the seed
germination ability

Gene-based association analyses are favorable methods for
studying the phenotypic effect caused by variation loci situ-
ated within the gene body and promoter region. In this study,
the MADS26-based association study revealed that three
SNPs were significantly correlated with RLS, SGT, and
RSRS. According to these significant SNPs, we identified
the favorable haplotype (haplotype II: TAT) of MADS26.
Among them, SNP_210273464 and SNP_210272907 were
situated in the promoter of MADS26. As well known, the
genetic loci variations in promoters probably cause the
changes of gene expression abundances. We further vali-
dated the effect of the promoter variations on its expression
levels by performing qRT-PCR of MADS26 and transcrip-
tion activity analysis of its promoter in the contrasting hap-
lotypes. These results both indicated that the promoter of
haplotype II had a significantly higher transcription activity
than that in haplotype III (Fig. 4b). In addition, previous
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studies have demonstrated that favorable haplotypes of genes
were closely related to the phenotypic performances of traits
(Yu et al. 2019; Li et al. 2020; Zhang et al. 2020). Herein,
we transformed the favorable haplotype of CDS (MAD-
S26Haploneelly into Arabidopsis and investigated the seed
germination-related traits. The seed germination rate and
root length of seedlings in transgenic Arabidopsis were sig-
nificantly higher than those in the wide-type Col, suggesting
MADS26 is a causal factor in regulating seed germination
in transgenic Arabidopsis. To verify whether the MADS26
controls the maize seed germination, the favorable haplotype
TAT should be given priority for overexpression or knock-
out in maize. In future, the favorable haplotype TAT can
be used for developing functional markers and cultivating
high-germination varieties in maize.
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