Euphytica (2021) 217:141
https://doi.org/10.1007/s10681-021-02868-y

)

Check for
updates

Genome-wide association study reveals early seedling
vigour-associated quantitative trait loci in indica rice

Maosheng Zeng - Jing Yang - Kangjing Wu - Hao Wang - Kai Sun -

Zhigiang Chen - Tao Guo - Chun Chen

Received: 10 January 2021/ Accepted: 25 May 2021 /Published online: 11 June 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract Direct seeding is becoming a popular
method of rice production in many rice-growing
areas. Therefore, rice early seedling vigour (ESV)
has also become an important agricultural research
topic. To explore more genetic loci related to ESV, we
used a germplasm resource containing 200 indica
varieties genotyped by sequencing (GBS), and
161,657 high-quality SNPs were obtained. Nine
phenotypes associated with ESV were evaluated. A
genome-wide association study (GWAS) based on a
mixed linear model (MLM) revealed 224 genetic loci
for all traits, among which 70 genetic loci were
repeatedly detected across two seasons and were
reliable. In total, 1609 genes were predicted in the
200-kb genomic region harbouring these 70 loci.
Furthermore, 16,184 differentially expressed genes
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(DEGs) were identified using RNA sequencing (RNA-
seq). With the combination of RNA sequencing
and GWAS, 666 candidate DEGs were obtained.
Based on gene annotation and quantitative real-time
PCR (qRT-PCR), we predicted the 5 most promising
candidate genes (0s09g0278000, 0Os09g0279100,
050980279400, 050980279500 and Os09g0280300)
at locus 167, which had a strong association signal.
These findings provide valuable information for
understanding the genetic control of ESV and for
molecular marker-assisted breeding of indica rice.

Keywords Indica rice - GWAS - Early seedling
vigour - RNA sequencing - Candidate genes

Introduction

Seedling vigour refers to the ability of seeds to
germinate rapidly from soil or water, mainly referring
to the seed germination rate and early seedling growth
and development (Huang et al. 2004). In recent years,
rice direct seeding technology has been widely used in
countries around the world. Compared with traditional
rice cultivation technology, the new direct seeding
cultivation technology has the advantages of labour
savings and low costs, but there are still serious
problems, including seedling death and poor crop
establishment (Wu et al. 2006). As a result, ESV under

@ Springer


https://doi.org/10.1007/s10681-021-02868-y
https://doi.org/10.1007/s10681-021-02868-y
https://doi.org/10.1007/s10681-021-02868-y
https://doi.org/10.1007/s10681-021-02868-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10681-021-02868-y&amp;domain=pdf
https://doi.org/10.1007/s10681-021-02868-y

141 Page 2 of 16

Euphytica (2021) 217:141

different cultivation techniques and related genetic
analyses have attracted increasing attention.

Seedling vigour is an extremely complex agro-
nomic trait that includes multiple indicators, such as
the seed germination rate, germination potential and
germination index (Wang et al. 2010), as well as the
root length, seedling length, and wet and dry weights
at the early seedling stage (Redofia and Mackill 1996;
Regan et al. 1992). In summary, ESV is a quantitative
trait controlled by multiple genes and is affected by
various complex environmental factors. Quantitative
trait locus (QTL) mapping has been proven to be an
effective method to study complex traits (Huang et al.
2009; Song et al. 2007; Wang et al. 2015b). In recent
years, many QTLs associated with seedling vigour
have been detected. Wang et al. (2010) conducted
QTL mapping analysis for the seed germination rate,
final germination rate and germination index using a
recombinant inbred population and obtained 10 QTLs
accounting for 7.5% to 68.5% of the variation in the
population. In the study of Dang et al. (2014), a total of
27 QTLs related to seed vigour were identified, and 15
hybrid combinations of excellent parents were con-
figured to improve the seedling vitality. Xie et al.
(2014) identified 8 QTLs associated with seedling
vigour using an RIL population and further narrowed
the associated QTLs down to two major QTLs,
namely, ¢SV-1 and ¢SV-5¢, from 1.13 Mb and
400 kb, respectively. Abe et al. (2012) identified a
QTL controlling seedling height at the long arm end of
chromosome 3 and predicted that the candidate gene
was OsGA20oxI. Compared with classical linkage
analysis (QTL mapping), the number of SNP markers
analysed by GWAS is huge (up to millions). More-
over, due to the abundant natural variation of the
populations used for GWAS, GWAS can greatly
shorten the time required for gene location, reduce the
labour intensity, and effectively improve the effi-
ciency of gene localization and cloning (Cordell and
Clayton 2005; Zhang et al. 2010).

With the development of sequencing technology,
an increasing number of genetic studies have been
conducted on the quantitative traits of different species
using high-density genetic maps (Poland et al. 2012;
Sonah et al. 2013; Wang et al. 2015a; Xie et al. 2010).
For example, Huang et al. (2010) reported that GWAS
was used to study 14 complex agronomic traits related
to rice morphology, yield, quality, seed colour and
physiology using a population of 373 indica rice
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germplasms and approximately 700,000 SNP geno-
types. Cornell University’s Susan R. Mc Couch’s team
used a high-density haploid mapping GWAS method
with a natural population of 413 rice germplasms and
44,000 high-quality SNPs in the rice genome to study
rice composite traits and detected that the rice blast
resistance gene Pifa is closely related to resistance to
American rice blast races (IB-49, IC-17 and IE-1 K)
(Zhao et al. 2011). In recent years, GWAS have also
been successfully applied to rice seeds. Magwa et al.
(2016) and Lu et al. (2017) determined the molecular
mechanisms underlying seed dormancy. Sales et al.
(2017), Schléppi et al. (2017) and Wang et al. (2017)
analysed the regulatory mechanism of rice germina-
tion in a low-temperature environment. Hsu and Tung
(2015) and Zhang et al. (2017) studied the molecular
mechanism of rice germination in an anaerobic
environment.

Seedling vigour is an extremely complex quantita-
tive trait regulated by multiple genes. In order to locate
the associated genetic loci, the population selected for
the genome-wide association study (GWAS) analysis
should have rich genetic diversity in its genetic
background. The cultivated rice in Asia can be divided
into two subspecies, indica and japonica. There are
obvious differences in geographical distribution,
morphology, physiology and biochemistry, and DNA
molecular level between them. However, a large
number of studies on rice genetic diversity found that
the genetic diversity of indica rice was greater than
that of indica rice (Jiang et al. 2000; Zhu et al. 2002; Qi
et al. 2006). Moreover, indica rice in different rice
growing areas had frequent gene exchange, complex
genetic composition and diversified genetic back-
ground. At the same time, our research group is
located in South China’s indica rice region, we are
mainly engaged in indica rice breeding. Therefore, the
phenotypic identification of indica rice can quickly
and directly serve our breeding work. In this study,
phenotypic data from 200 germplasm resources col-
lected worldwide were determined under optimal
conditions (30 °C), and GWAS was performed in
combination with genome-wide SNP marker analysis
to identify reliable genetic loci affecting ESV.
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Materials and methods
Plant materials

In this study, we selected 200 indica rice germplasm
resources (Guo et al. 2019) from China (mainly from
Guangdong Province), the International Rice
Research Institute (IRRI), Vietnam, India, Nepal,
South Korea and other countries and regions. All
materials were planted in an experimental field at
South China Agricultural University (located in
Guangzhou, China, 23.16° N, 113.36° E). Twenty-
five-day-old seedlings were transplanted to the exper-
imental field. The plant spacing was 20 cm, and the
row spacing was 20 cm. We selected plants of the
same heading stage and estimated the heading stage of
different varieties of rice when the main ear emerged
from the leaf sheath (Jing et al. 2018). Considering the
effect of seed ripening, we harvested 6 rice plants in
the middle of each plot independently on the 35th day
of the wet season (WS) after heading and the 40th day
of the dry season (DS) after heading. The harvested
seeds were dried for 5 days in a hot-air dryer at 42 °C
and then stored at — 20 °C.

Phenotypic evaluation of rice ESV

All methods were as described by Yang et al. (2019b).
We collected WS and DS seeds of 200 indica rice
germplasms and put them into an oven at 50 °C for
7 days of drying and heat treatment to break dor-
mancy. The surfaces of all seeds were sterilized with
20% bleach (6—7% NaClO) for 20 min and then rinsed
three times with sterile distilled water. In total, 400
seeds from the 200 WS and DS indica rice varieties
were selected, and 50 seeds were selected from each
group and placed in a petri dish covered with two
layers of 9-cm-diameter circular filter paper. Ten
millilitres of sterile distilled water was added, and the
dishes were placed in incubators under a 12 h light/
12 h dark cycle at a temperature of 30 °C. Approx-
imately 2 days later, 8 seeds (the radicle or germ
length of which reached approximately 1 mm) per
plant were selected, placed in a germination box
(length of 19 cm, width of 13 cm, height of 12 cm)
and covered with two layers of filter paper, after which
20 ml of sterilized distilled water was added. The
culture conditions were the same as those listed above.
After 6 days, a WinRHIZO (Regent Instruments Inc.,

Québec, Canada) root image analysis system was used
to measure the seedling stem diameter (SSD), seedling
height (SH), root length (RL), root surface area (RSA),
and root volume (RV). The shoot fresh weight (SFW),
shoot dry weight (SDW), root fresh weight (RFW) and
root dry weight (RDW) were measured by a sensitive
balance. These nine indicators were used to evaluate
the vigour of the rice seedlings. All data analysis was
conducted using Statistical Analysis System (SAS)
software version 9.4 for Windows (SAS Institute Inc.
2012). The frequency distribution for each trait was
determined in Microsoft Excel 2016.

GWAS mapping

Association mapping was performed according to the
method in our published article (Guo et al. 2019). Tree
Best (see http://treesoft.sourceforge.net/treebest.
shtml) was used to build a p-distance-based neigh-
bour-joined (NJ) tree. MEGA 6.0 (http://www.
megasoftware.net/) software was used to visualize
the phylogenetic trees. Pairwise relative kinship
coefficients were calculated in TASSEL (ver. 4.0)
(Bradbury et al. 2007).

We used the MLM in Genome-Wide Efficient
Mixed Model Association (GEMMA) software to
calculate the correlation value (P-value) of each SNP
locus and trait based on genome-wide SNPs. For
MLM analysis, we used the following formula:

y=Xo+Sf+Ku+e

In this equation, y is the phenotype, X is the
genotype, S is the structure matrix, and K is the
relationship matrix. Xo and Sf3 represent fixed effects,
and Ku and e represent random effects. The top three
principal components (PCs) were used to construct the
S matrix for population structure correction. A matrix
of simple matching coefficients was used to construct
the K matrix.

Verification of RNA-Seq by qRT-PCR

A good seedling vigour variety (GW27, YZX) was
selected from 200 indica populations for RNA-
Seq. All methods were as described by Yang et al.
(2019a). The total RNA of each sample was homog-
enized in liquid nitrogen using a mortar and pestle and
then purified using the Plant Total RNA Purification
Kit (ComWin Biotech Company) according to the
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manufacturer’s instructions. The construction and
sequencing of the RNA-seq library followed a previ-
ous protocol (Chen et al. 2016). Quality control was
performed with Illumina HiSeq software, and all
readings that passed the filter specifications were
mapped to the reference genome IRGSP-1.0. After
calculating the expression level of each transcript and
gene, edgeR was used for differential expression
analysis (Robinson et al. 2010). The FDR was used to
determine the p-value threshold in multiple trials and
to evaluate the significance of gene expression with an
FDR threshold < 0.05 and fold change absolute
value > 2.0. RNA samples were reverse transcribed
to cDNA using a high-capacity ¢cDNA archive kit
(Applied Biosystems, USA). The AceQ qPCR SYBR
Green Master Mix Kit (Vazyme Biotech) was used to
perform gRT-PCR according to the standard protocol,
and the gene expression levels were determined on the
StepOnePlus System (Applied Biosystems, USA).
Three repetitions were used for each treatment. As
an endogenous control, actin was used to normalize
the obtained Ct values, and the relative expression
values were calculated by the AACt method. The
NCBI primer BLAST (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/) was used to design gene-specific
primers. The primers used for qRT-PCR are listed in
Supplementary Table S1.

Kyoto encyclopedia of genes and genomes
(KEGG) and gene ontology (GO) enrichment
analysis of DEGs

For the GO enrichment analysis of DEGs, we used the
Singular Enrichment Analysis tool in AgriGO (Du
et al. 2010) with the default parameters, and a P-
value < 0.05 indicated significant enrichment. The
KEGG enrichment analysis of DEGs was performed
using KOBAS software (Xie et al. 2011) with the
default parameters, and a P-value < 0.05 indicated
significant pathway enrichment.

Results
Phenotypic variation of rice ESV
We calculated the mean value, maximum value,

minimum value, standard deviation, kurtosis and
skewness of the data for nine traits of 200 indica rice
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varieties (Fig. 1, Table S7) in the WS and DS. The
results showed that the nine traits showed significant
variation within this population (Table 1, Table S2).
The coefficient of variation (CV) of seedling height in
the WS was the smallest, at 11.12%. The CV of the
root length in the DS was 21.21%. Except for the
kurtosis and skewness of SSD in the WS and SFW in
the WS and DS, which were slightly higher than 1.00,
the absolute values of kurtosis and skewness of all
traits were less than 1.00, indicating that all traits
showed an approximately normal distribution. These
observations showed that the traits related to ESV in
this study were in line with the genetic law of
quantitative traits.

Correlation analysis of rice ESV traits.

To examine the relationships of the nine traits
associated with ESV, we performed correlation anal-
ysis (Table 2). In the WS, the correlation coefficient
between RV and RSA was the highest, at 0.859. In the
DS, the correlation coefficient between RV and RSA
was also the highest, at 0.828. Overall, the correlations
among underground traits were higher than those
among aboveground traits. We further observed the
correlation coefficients among the four aboveground
traits and five underground traits. The results showed
that among the aboveground traits, consistent with our
expectations, the correlation coefficient between SDW
and SFW was the highest (WS, 0.770; DS, 0.687), and
the correlation coefficient between SSD and SH was
the lowest (WS, -0.196; DS, 0.002). Among under-
ground traits, the correlation coefficient between RSA
and RV was the highest (WS, 0.859; DS, 0.828). The
correlation coefficient between RL and RV was the
lowest in the WS, at 0.497, and the correlation
coefficient between RL and RDW was the lowest in
the DS, at 0.440.

Population structure

In our previous study (unpublished), we sequenced the
genomes of samples from 200 rice varieties collected
around the world using GBS. The sequenced data were
mapped to the Nipponbare reference genome (IRGSP
1.0) by BWA software. The average sequencing depth
of the genome was 14.16X, and the coverage of at least
one base was 11.24%. After filtering the data for a
coverage depth > 2, minor allele frequency > 0.01,
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Fig. 1 Histogram of the frequency distribution of SSD, SH, SFW, SDW, RL, RSA, RV, RFW and RDW in early rice seedlings

and missing rate < 0.9, we obtained a total of 161,657
high-quality SNPs.

First, the phylogenetic relationships of the 200
varieties were determined using the genetic distances
calculated by SNPs. The resulting NJ tree (Fig. 2a)
showed two branches (black and red) representing two
subpopulations. GW102, GW178, GW189, GW143,
GW169, and GW 193 belonged to one subgroup, and the
other subgroups contained 194 other varieties. Overall,

there was no significant group stratification among the
200 varieties. Furthermore, according to our calcula-
tions, most varieties had no meaningful relationship, and
up to 99.91% of varieties possessed kinship values
smaller than 0.10 (Fig. 2b), which indicated that the
relative kinship of our population may not have had a
strong influence on the GWAS. The analysis of the
genetic structure and relative kinship made it clear that
our indica population qualified for GWAS.
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Tab.le'l Mea.ln'(standard Trait" Environment®  Mean Range Skewness  Kurtosis  CV° (%)
deviation), minimum,
maximum, skewness and SSD (mm) WS 0.77 £ 0.11  0.60-1.19 1.08 1.09 1461
kurtosis of rice seedling
SSD. SH, SEW. SDW. RL, DS 0.72 + 0.08  0.55-1.00 0.94 0.89 1133
RSA, RV, REW, RDW SH (cm) WS 577 £0.66 4.11-7.43 0.02 0.01 1138
DS 5.84 + 0.65 3.98-7.71 0.10 024 1112
SFW (mg) WS 1828 +£2.73 11.62-27.74 0.54 070  14.92
DS 18.41 +£2.56  11.9-25.96  0.40 0.17  13.92
SDW (mg) WS 276 £05  1.13-4.65 0.33 1.19  18.11
o DS 279 £0.5  1.43-4.67 0.38 1.13  18.06
Trait: SSD shoot stem RL (cm) WS 2516 £ 49  16.11-40.42  0.69 0.18  19.50
diameter, SH shoot height,
SFW shoot fresh weight, DS 2546 + 54  9.88-41.18  0.65 045 2121
SDW shoot dry weight, RL RSA (cm?) WS 261 £ 045 1.73-3.90 0.51 - 017 17.15
roo; length, RSA root DS 2.64 +0.48 1.73-4.08 0.60 —-001 1797
surface area, RV root 3
volume, RFW root fresh RV (mm®) WS 21.62 + 4.14  13.37-33.27 0.41 - 037 19.15
weight, RDW root dry DS 2172 £42  10.75-33.75  0.34 —0.14 1935
weight RFW (mg) WS 22.15 £ 3.65 14.13-33.33  0.56 0.17 1648
Environment: WS is the DS 222 +367 11.18-33.56  0.38 021  16.54
wet season in 2017; DS is RDW (mg) WS 258 + 046 147-419  0.68 081  18.03
the dry season in 2017
- o DS 256 + 0.49  1.30-4.02 0.37 034 1894
°CV coefficient of variation
Table 2 Correlation analysis of rice seedling SSD, SH, SFW, SDW, RL, RSA, RV, RFW and RDW
Trait SSD (mm) SH SFW SDW (mg) RL RSA RV RFW (mg) RDW
(cm)  (cm) (cm)  (cm®)  (mm’) (mg)
WS SSD (mm) 0.002 0.582"  0.345™ 0.360™ 0496 0432 0519 0.376"™ DS
SH —0.196"" 0.574"  0.464™ 0.253"  0.338" 02927  0.173" 0.215™
(cm)
SFW (mg)  0.339" 0.595™" 0.687"" 0392 059  0.552"  0.586™ 0.468""
SDW 0.205"" 04877 0.770" 0266 0462 04707 0.440™ 0.387"
(mg)
RL 0.218™ 0202 0.354™  0.283" 0.827""  0.528"  0.545™ 0.440™
(cm)
RSA (cm?) 0.316™ 0297 0.582"  0.495™ 0.838" 0.828™  0.700™ 0.581"
RV 0.295" 0.282"  0.635  0.550"™" 04977 0.859™ 0.608"" 0.554™"
(mm®)
RFW (mg) 0.398" 0.205™  0.6107" 0.467" 0.582"  0.7677  0.719" 0.718"
RDW (mg) 0.283" 0.1977  0.486™ 0.467" 0.489™  0.654™ 0.604™ 0.694"

* **Significant at the 0.05 and 0.01 levels, respectively

WS wet season, DS dry season

Genome-wide association analysis of ESV
To determine the genetic loci associated with rice

ESV, we used an MLM for GWAS of SSD, SH, SFW,
SDW, RL, RSA, RV, RFW and RDW to obtain a

@ Springer

Manhattan diagram and quantile—quantile diagram
(Fig. 3 and Fig. 4).

We obtained a total of 345 significant SNPs located
across all 12 chromosomes, indicating that the vigour
of rice seedlings is a very complex quantitative trait.
Among them, the number of SNPs detected by SSD
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m0.00<K< 0.10

m0.10=K <0.40

Fig.2 Population structure of 200 rice cultivars. a NJ tree based on the p-distance. b Distribution of relative kinship among 200 indica

accessions, where K represents the relative kinship coefficients

was the highest, at 76, and the number of SNPs
detected by RV was the lowest, at only 16 (Fig. 5a).
We analysed the traits associated with the detected
SNPs and found that these SNPs were mainly asso-
ciated with RL, SDW, RSA, SSD and SH. We mapped
these SNPs onto each chromosome and found that the
SNPs of these five traits accounted for a large
proportion of each chromosome (Fig. 5b). We
grouped SNPs with the same physical location into
the same genetic loci and finally detected 224 genetic
loci (Supplementary Table S3). The distribution of
these genetic loci on chromosomes was further
analysed. We found that loci were detected on all
chromosomes, of which chromosome 4 had the most
detections, with a total of 31, and chromosome 7 had
the least, with a total of 10. (Fig. 5¢). Remarkably, 70
genetic loci were repeated over the two seasons
(Fig. 5d, Table 3).

Comparison of GWAS results with previously
reported loci

To verify the accuracy of our results, we compared the
significant SNP sites in this study with those from
previous studies. In our study (Supplementary
Table S3 and Fig. 6), in total, 23 SNPs were located
in the same areas as those highlighted in previous
studies, among which 14 genetic loci were identified.

Locus 13, which is associated with SDW and SFW,
was identified in the genomic interval of
S1-13,783,629 (Guo et al. 2019), and the physical
distance was very close, at only 19 bp. Locus 16,
which is associated with RL, was identified in the
genomic interval of gGR-1, which is related to the GR
at 3 days (Wang et al. 2010). Locus 39, which is
associated with SSD, was identified in the genomic
interval S2-8,475,224 (Guo et al. 2019), and the
physical distance between the two sites was 118 kb.
Locus 49, which is associated with SSD, was identified
in the genomic interval of gSDW2 (Han et al. 2007)
and Locus 4 (Yang et al. 2019b). Locus 109, which is
associated with SFW and RSA, was identified in the
genomic interval of S5-3,878,312, which was related
to VI (Guo et al. 2019). Locus 125, which was
associated with the RL, was identified in the genomic
interval of seq-rs2683, which was related to the FTI,
and the physical distance between the two sites was
26 kb (Zhang et al. 2017). Locus 126, which was
associated with RL and RDW, was identified in the
genomic interval S6-5,542,656 (Guo et al. 2019), and
the physical distance between the two sites was 77 kb.
Locus 139, which was associated with SSD, was
identified in the genomic interval of seq-rs3121
(Zhang et al. 2017). Locus 150, which was associated
with SSD, was identified in the genomic interval of
gAG-7-2 (Angaji et al. 2010) and id7005515 (Hsu and

@ Springer
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Fig. 3 Genome-wide association mapping of SSD, SH, SFW,
SDW, RL, RSA, RV, RFW, and RDW of wet-season rice seedlings
was performed by the MLM method. The horizontal dashed line

Tung, 2015). Locus 159, which was associated with
SSD, SDW, and SFW, was identified in the genomic
interval of Locus 14 (Yang et al. 2019b). Locus 160,
which was associated with SDW, was identified in the
genomic interval of gAG-8—1 (Angaji et al. 2010), and
the physical distance between the two sites was 55 kb.
Locus 175, which was associated with SSD, was
identified in the genomic interval of Locus 19 which
was related to RL (Yang et al. 2019b). Locus 193,
which was associated with RFW, was identified in the
genomic interval of seq-rs4859, which was related to
the FTI, and the physical distance between the two
sites was 35 kb (Zhang et al. 2017). Locus 198, which
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represents the significance threshold — log;o(P) = 4.00. The black
text indicates the published QTLs and SNPs, and the red arrow
represents locus 167, which had a strong association signal

was associated with RDW, was identified in the
genomic interval of gAG-11 (Jiang et al. 2006), and the
physical distance between the two sites was 53 kb.
The above results further prove the reliability of our
research.

Identification of candidate genes

To further narrow down the candidate gene screening
range, we further divided SNPs with the same physical
location into the same genetic locus and finally
obtained 224 genetic loci (Table S3). Of these 224
genetic loci, 70 were located in both the WS and DS,
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Fig. 4 Genome-wide association mapping of SSD, SH, SFW,
SDW, RL, RSA, RV, RFW, and RDW of dry-season rice seedlings
was performed by the MLM method. The horizontal dashed line

making them reliable genetic loci. From these 70 loci,
we screened the candidate genes that affect the vigour
of rice seedlings. Rice is a self-intersecting plant, so it
has a certain decay rate. The LD value of rice is limited
to ~ 200 kb for mapping resolution (Huang et al.
2012). We targeted the regions 200 kb upstream and
downstream of each SNP. The interval of these 70 loci
contained a total of 1,609 genes. Moreover, we used
the variety GW27 with a better ESV in this population
and conducted RNA-seq analysis on seeds germinat-
ing on day 0 and day 4 at room temperature (30 °C)
(Guo et al. 2019). By analysing the differential
expression of the transcription spectra of GW27 at 0

8 9 10 11 12

0 1 2 3 4 5
Expected —log,, (P)

represents the significance threshold — log;o(P) = 4.00. The black
text indicates the published QTLs and SNPs, and the red arrow
represents locus 167, which had a strong association signal

and 4 d (absolute value of a fold-change > 2,
FDR < 0.05), a total of 16,184 DEGs was obtained,
among which 12,194 were upregulated, accounting for
75.35% of the total DEGs, and 3,990 were downreg-
ulated, accounting for 24.65% of the total DEGs
(Fig. 7a). Combined with GWAS and RNA-seq anal-
ysis, in total, 666 overlapping DEGs were screened
(Fig. 7b and Supplementary Table S4).
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KEGG and GO enrichment analysis of the 666
DEGs

We applied GO to classify the functions of the 666
DEGs. For the identification of metabolic pathways in
which the 666 DEGs were involved and enriched, the
KEGG database was used.

GO enrichment analysis of DEGs was conducted
with an FDR < 0.05 as the threshold. These DEGs
were mainly concentrated in the molecular function,
biological process and cellular component categories
(Table 3). In the biological processes (BP) category, 2
pathways were significantly enriched, and the DEGs
were mainly involved in processes such as the cellular
response to chemical stimulus (GO:0,070,887) and
intracellular signalling cascade (GO:0,007,242). In the
molecular function (MF) category, 6 pathways were
significantly enriched, and the DEGs were mainly
related to receptor activity (GO:0,004,872), molecular
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chromosomes. d In total, 70 overlapping DEGs were identified
by both RNA sequencing and GWAS

transducer activity (G0O:0,060,089), and signal trans-
ducer activity (GO:0,004,871). In the cellular component
(CC) category, 12 pathways were significantly enriched,
and the DEGs were mainly in the cytoplasmic part
(GO:0,044,444), cytoplasm (G0O:0,005,737), intracellu-
lar membrane-bound organelle (GO:0,043,231), and
membrane-bound organelle (GO:0,043,227) categories.

We set an FDR < 0.05 as the threshold for
screening DEGs, but this did not yield any signifi-
cantly enriched pathways. Therefore, we used a P-
value < 0.05 as the threshold for screening DEGs in
the analysis and obtained the following results (Sup-
plementary Fig. S1). We found that these DEGs were
annotated into 9 signalling pathways, which mainly
included cyanoamino acid metabolism, diterpenoid
biosynthesis, starch and sucrose metabolism, circadian
rhythm—plant, phenylpropanoid biosynthesis, and
DNA replication.
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Table 3 GO enrichment analysis of the 666 differentially expressed genes (DEGs)

Ontology GO term Description P-value FDR

BP GO:0070887 Cellular response to chemical stimulus 1.30E-06 7.80E-04
GO0:0007242 Intracellular signalling cascade 1.50E-04 4.40E-02

MF GO:0004872 Receptor activity 5.80E-11 2.20E-08
GO:0060089 Molecular transducer activity 1.80E-09 2.30E-07
GO0:0004871 Signal transducer activity 1.80E-09 2.30E-07
GO0:0004713 Protein tyrosine kinase activity 1.60E-06 1.50E-04
GO0:0016859 Cis—trans isomerase activity 5.40E-04 3.50E-02
GO:0003755 Peptidyl-prolyl cis—trans isomerase activity 5.40E-04 3.50E-02

CC GO0:0044444 Cytoplasmic part 1.30E-260 1.40E-258
GO:0005737 Cytoplasm 1.60E-236 8.60E-235
GO0:0043231 Intracellular membrane—bounded organelle 1.30E-202 4.70E-201
G0:0043227 Membrane-bounded organelle 2.40E-201 6.50E-200
G0:0043229 Intracellular organelle 2.60E-178 4.80E-177
GO0:0043226 Organelle 2.60E-178 4.80E-177
GO0:0044424 Intracellular part 3.60E-161 5.70E-160
GO:0005622 Intracellular 2.00E-150 2.70E-149
GO0:0044464 Cell part 3.50E-142 3.90E-141
GO:0005623 Cell 3.50E-142 3.90E-141
GO:0005739 Mitochondrion 1.10E-72 1.10E-71
GO0:0016020 Membrane 1.90E-05 1.70E-04

BP biological processes, MF molecular function, CC cellular component

We further focused on locus 167 on chromosome 9,
which was associated with SH, appeared steadily in
both the WS and DS and had a strong association
signal (— logP > 5). There were only 16 genes in this
region, as further based on the transcriptome expres-
sion profile, and 5 differentially expressed genes. We
think that these 5 DEGs are the most promising
candidates, including the seed maturation protein LEA
4 (0s09g0278000), AP2-associated protein kinase 1
(0s09g0279100), rhodanese-like (0s09g0279400),
RNA recognition motif containing protein
(0s0920279500), and oxidation domain protein
(0s09g0280300). Using the differences in the qRT-
PCR results from YZX (Yuzhenxiang) germinated
seeds from the fourth day of the experiment, we
further verified the expression levels of these five
genes (Fig. 8 and Supplementary Table S5). The qRT-
PCR results were similar to the RNA-seq analysis
results, indicating that our RNA-seq results were
reliable. In summary, our results showed that through
the combination of RNA-seq analysis, GWAS, GO

enrichment analysis, and KEGG enrichment analysis,
we identified the five most likely candidate genes
related to the vigour of rice seedlings.

Discussion

With the development of society, the economy, and
technology, labour and production costs are increasing
constantly. Direct rice seeding is becoming increas-
ingly popular around the world as a light and
simplified cultivation mode. For a long time, breeders
have been breeding for the characteristics of trans-
planted rice, so many varieties have difficulty adapting
to the requirements of direct-seeding rice cultivation.
In particular, problems such as difficult germination of
seeds in the field, serious weeds, and lodging have
severely restricted the promotion of direct-seeding
rice (Zhu and Yan 1997). Therefore, it is of great
significance to identify new genetic loci related to
seedling vigour for direct-seeding rice breeding.
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Fig. 6 Loci colocated with those in previous studies

Six-day-old rice seedlings are in a critical period
during which rice with strong ESV can successfully
compete with weeds for nutrition and lay a solid
foundation for high and stable yields in the later stage.
Here, we measured a total of nine traits, SSD, SH, RL,
RSA, RV, SFW, SDW, RFW, and RDW, after
seedlings grew for 6 days. These 9 indexes can
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effectively and comprehensively evaluate the ESV.
In addition, we used a total of 200 materials for the
GWAS. According to the phenotypic statistics of the
nine rice seedling traits examined in this study, the
phenotypes of various traits were abundant, and the
differences between the materials were large, indicat-
ing that these are typical quantitative traits (Table 1),
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Fig. 7 Candidate gene identification by integrating GWAS and
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with RNA-seq analysis was used to screen candidate genes. A
total of 666 overlapping DEGs were identified by RNA-seq
analysis and GWAS

Fig. 8 Expression profiles of the five most likely candidate genes detected by qRT-PCR. 0 d, imbibition starting point. 4 d, the 4th day

of germination

and the materials within the population may contain
superior alleles.

Compared with linkage analysis, association anal-
ysis uses the natural population, which is simple to
construct, rich in genetic diversity, and high in
detection efficiency. Generally, more genetic loci
can be obtained than linkage analysis. In this study,
using GBS to sequence 200 rice varieties, a total of

161,657 high-quality SNPs were obtained. GWAS
was performed based on an MLM, and 224 genetic loci
were obtained (Supplementary Table S3). The accu-
racy of GWAS is also high. For example, in the region
of locus 167, there are only 16 genes, which is
conducive to the next step of fine mapping.

The transcriptome refers to the sum of the RNA
transcribed by cells or tissues of an organism under
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specific space—time conditions (Zhang et al. 2012). As
far as the genome is concerned, the transcriptome,
which can be used to study the functional genes and
their metabolic pathways more effectively, is only
concerned with the genes being transcribed (Zhou
et al. 2012). With the development of high-throughput
sequencing technology in recent years, the sequencing
time and cost have been greatly reduced (Shendure
and Ji 2008). In this study, 12,194 DEGs with
upregulated expression and 3990 DEGs with down-
regulated expression were obtained through transcrip-
tome sequencing. We detected 666 differentially
expressed genes in the 70 locus repeats at WS and
DS, with an average of less than 10 genes at each
locus. In particular, locus 167, upon which we
focused, had only 5 DEGs among 16 genes in this
region. This greatly reduces the range of candidate
genes, and we can use reverse genetics to knock out
these genes and obtain the corresponding mutants to
identify the target genes.

Based on quantitative qRT-PCR, we predicted 5
candidate genes (0s09g0278000, 0Os09g0279100,
050980279400, Os09g0279500 and Os09g0280300)
at locus 167. The seed maturation protein LEA 4,
which is encoded by the late embryogenesis abundant
protein gene (Os09g0278000), is expressed during
seed maturation and development (Lu et al. 2013). It is
responsible for regulating the expression of related
proteins during seed maturation. Os09g0279400 (rho-
danese-like) and 0s09g0280300 (oxidoreductase
domain protein) showed similar expression patterns
to previously reported expression profiles obtained
from seeds with aerobic germination treatment (How-
ell et al. 2008), i.e., the expression levels were
upregulated rapidly during germination. Based on
these results taken together, these five DEGs are the
candidates most responsible for ESV.

Conclusions

In this study, we used a natural population containing
200 indica rice materials. In total, 161,657 high-
quality SNPs were obtained by the GBS method, and
GWAS was conducted for nine traits related to ESV.
In total, 224 genetic loci were obtained in the two
seasons, of which 70 appeared repeatedly in the two
seasons and were relatively stable. According to the
gene expression profile, 666 differentially expressed
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candidate genes were identified in the 70 stable inter-
vals. Five candidate genes in locus 167 were obtained
using qRT-PCR. These findings have laid the founda-
tion for our molecular breeding of direct-seeding rice.
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