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Abstract

Strong early growth vigor is an essential target in both direct seeded rice breeding and high-yielding rice breeding
for rice varieties with relatively short growth duration in the double-cropping region. Shoot dry weight (SDW)

is one of the important traits associated with early growth vigor, and breeders have been working to improve

this trait. Finding stable QTLs or functional genes for SDW is crucial for improving the early growth vigor by
implementing molecular breeding in rice. Here, a genome-wide association analysis revealed that the QTL for SDW,
gSDW-5, was stably detected in the three cultivation methods commonly used in production practice. Through
gene-based haplotype analysis of the annotated genes within the putative region of gSDW-5, and validated by
gene expression and knockout transgenic experiments, LOC_0s05g09520, which is identical to the reported GW5/
GSE5 controlling grain width (GW) and thousand grain weight (TGW) was identified as the causal gene for gSDW-
5. Five main haplotypes of LOC_0s05909520 were identified in the diverse international rice collection used in this
study and their effects on SDW, GW and TGW were analyzed. Phenotypic comparisons of the major haplotypes

of LOC_Os05g09520 in the three subpopulations (indica, japonica and aus) revealed the same patterns of wider

GW and higher TGW along with higher SDW. Furtherly, the haplotype analysis of 138 rice varieties/lines widely
used in southern China showed that 97.8% of the cultivars/lines carry Hap2!9%-%%°90%20 These results not only
provide a promising gene source for the molecular breeding of rice varieties with strong early growth vigor,

but also elucidate the effect of the LOC_0s05g09520 haplotypes on SDW, GW, and TGW in rice. Importantly, this
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study provides direct genetic evidence that these three traits are significantly correlated, and suggests a breeding
strategy for developing high-yielding and slender grain-shaped indica cultivars with strong early growth vigor.

Keywords Genome-wide association analysis (GWAS), Quantitative trait loci (QTL), Shoot dry weight, Causal gene,

Rice

Background

Rice is a staple food for more than half the world’s popu-
lation. Direct seeding of rice is a simple, labor-saving,
low-cost and efficient rice cultivation technique, which
is gradually replacing the traditional transplanting, but it
still faces severe problems such as uneven seedling emer-
gence and serious weed infestation (Li et al. 2023). To
deal with these problems, it is necessary for the direct-
seeded rice to have strong early growth vigor. In breed-
ing systems where transplanting is the main cultivation
mode, the evaluation and screening of early growth vigor
traits are usually neglected due to the fact that there is
a relatively suitable environment for seeds and seedlings
growth during the process of seedling cultivation. How-
ever, early growth vigor is crucial in the direct seeding
cultivation mode. Strong early growth vigor makes seed-
ling emerge rapidly and uniformly, and quickly cover the
surface of soil, which is conducive to competing with
weeds for soil water and nutrients, thereby inhibiting
the growth of weeds and laying a good foundation for
the establishment of subsequent rice populations (Zhang
et al. 2005; Rao et al. 2007; Diwan et al. 2013; Gulshan
et al. 2013). Therefore, developing varieties with strong
early growth vigor is an essential target in direct-seeded
rice breeding. In addition, the early growth vigor of rice
is also crucial to develop high-yielding varieties in South
China, the double-cropping rice region due to the rela-
tively short growth duration. Therefore, Huang (1990)
proposed the breeding strategies of “short and early
growth” and “cluster and early growth” for super high-
yielding rice.

Early growth vigor of rice is a complex trait, and the
shoot dry weight (SDW) is one of the important indexes
of early growth vigor. SDW is affected not only by geno-
type, but also by environmental conditions and genotype-
environment interactions. The SDW measurement in the
field is time-consuming and disruptive to the plant, so it
is difficult to effectively improve this trait through con-
ventional breeding methods. Understanding its genetic
basis, identifying the QTLs/functional genes and carry-
ing out molecular breeding are the efficient and effective
way to improve SDW in rice.

With the development of molecular marker technol-
ogy, some progress has been made in dissecting QTLs
associated with SDW in rice. Cui et al. (2002a) firstly
used a RIL population to evaluate morphological and
physiological indicators related to seedling growth vigor.
Combined with the linkage map of RFLP marker, seven

QTLs for SDW were mapped. Subsequently, SSR mark-
ers were used to dissect QTLs for SDW or shoot fresh
weight in diverse populations such as RIL, BL, IL and
DH, and more than 60 QTLs associated with SDW in
rice were mapped by bi-parental QTL analysis (Zhang
et al. 2005, 2017; Xu et al. 2004; Lu et al. 2007; Zhou et
al. 2007; Cairns et al. 2009; Cordero-Lara et al. 2016;
Singh et al. 2017; Yang et al. 2019, 2021; Dimaano et al.
2020). In recent years, genome-wide association analy-
sis (GWAS) has been widely used to dissect the genetic
basis of complex traits in rice. Several cases of QTL map-
ping of SDW in rice were also reported (Dang et al. 2014;
Anandan et al. 2016; Chen et al. 2019; Guo et al. 2019;
Zhao et al. 2019; Xu et al. 2021; Zeng et al. 2021). The
early GWAS analysis mostly used SSR markers, and the
number of markers was limited (commonly less than
1,000), so relatively few loci significantly associated with
traits were identified (Dang et al. 2014; Anandan et al.
2016; Zhao et al. 2019); with the development of genome
sequencing technology, the density of molecular mark-
ers gradually increased (commonly more than 20 K), and
some closely adjacent significant loci appeared in QTL
detection (Chen et al. 2019; Guo et al. 2019; Zeng et al.
2021). Although great progress has been made in the
mapping QTLs for early growth vigor in previous studies,
most of the studies were conducted in a single cultivation
method or environment, so the reliability and stability of
identified QTLs was unclear. So far, only SBMIcontrol-
ling seedling biomass has been cloned in rice (Xu et al.
2021). Therefore, identifying additional stably expressed
QTLs and cloning their causal genes will be crucial for
rice breeding to improve early growth vigor.

In order to find stable QTLs and their causal genes
for SDW, we measured the SDW of a subset of the Rice
Diversity Panel 2 (RDP2) using three cultivation methods
according to the production practice of direct seeding.
A genome-wide association analysis revealed that only
one QTL for SDW, gSDW-5, could be stably detected in
the all three cultivation methods. Through gene-based
haplotype analysis of the annotated genes within the
gSDW-5 region, and validated by gene expression and
knockout transgenic experiments, LOC_0s05g09520,
identical to the reported GW5/GSES that controls grain
width (GW) and thousand grain weight (TGW) (Duan
et al. 2017; Liu et al. 2017), was identified as the causal
gene underlying gSDW-5, and its pleiotropism in con-
trolling SDW, GW and TGW was firstly confirmed using
the diverse international rice collection in this study.
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Moreover, phenotypic comparisons of the major haplo-
types of LOC_Os05g09520 in the three subpopulations
(indica, japonica and aus), and the haplotype analysis
of LOC_0s05¢09520 in 138 cultivars/lines widely used
in South China were performed. These results not only
provide a promising gene source for the molecular breed-
ing of rice with strong seedling vigor but also elucidate
the effect of the LOC_0Os05g09520 haplotypes on SDW,
GW and TGW in rice. Based on the results of this study,
we also propose a breeding strategy for developing high-
yielding and slender grain-shaped indica cultivars with
strong early growth vigor.

Results

Phenotypic Variations of Shoot Dry Weight under Three
Cultivation Methods

According to the production practice, the SDW of the
391 rice accessions were measured using the three culti-
vation methods: seeds were pre-germinated and sown in
plastic trays (GST), seeds were pre-germinated and sown
in the paddy field (GSF), and seeds were directly sown
in plastic trays without pre-germination (DST). Large
variations in SDW were observed (Table S1), ranging
from 22.9 to 71.2 mg, with an average of 45.0 mg and a
variation coefficient of 19.8% under the GST; from 16.0 to
49.0 mg, with an average of 32.2 mg and a variation coef-
ficient of 19.7% under the GSF; from 7.9 to 25.8 mg, with
an average of 17.0 mg and a variation coefficient of 19.0%
under the DST. The SDW in 391 rice accessions displayed
a continuous and normal distribution (Fig. 1A-C), sug-
gesting that SDW was a quantitative trait controlled by
multiple genes.

The phenotype comparisons among different groups
revealed that the SDW of indica and aus group were sig-
nificantly higher than that of japonica group (P<0.05)
under GST and GSE, but no significant difference among
the three groups was detected (P>0.05) under DST
(Fig. 1D-F).

Correlation analysis of SDW among different cultiva-
tion methods exhibited high correlation (P<0.01), with
correlation coefficients of 0.79, 0.74, and 0.81 between
GST and GSE, GST and DST, GSF and DST, respectively,
suggesting there were stably QTLs associated with SDW.

Identification of QTLs for Shoot Dry Weight through GWAS
under Three Cultivation Methods

Based on the criteria of having less than 30% missing
data and minor allele frequency (MAF) more than 5%
in the whole population, 446,536 SNPs were selected for
GWAS from the 700 K SNPs dataset in the Open Rice
GWAS Platform (McCouch et al. 2016; Yang et al. 2023a).
Population structure estimated by admixture software,
principal component analysis and kinship analysis sug-
gested that there were three subpopulations in this panel,
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i.e. indica, japonica and aus subpopulation (Yang et al.
2020). Therefore, GWAS of SDW was conducted in the
whole population, indica, japonica and aus subpopula-
tion, respectively, using phenotypes generated under the
three cultivation methods. Based on about 100 kb of the
linkage disequilibrium (LD) decay in tested rice acces-
sions (Yang et al. 2020), a QTL was delimited to a 200-
kb region centered on the peak SNP, in which contained
three or more than three significant SNPs (P<0.0001)
(Yang et al. 2020, 2023a). Accordingly, a total of eigh-
teen QTLs for SDW were identified in the present study
(Fig. 2; Table 1).

In the whole population, eleven QTLs located on chro-
mosome 1, 2, 3, 4, 5, 6, 9 and 11 were identified under
three cultivation methods (Fig. 2; Table 1), among which
gSDW-5 on chromosome 5 could be identified under all
three cultivation methods of GST, GSF and DST, gSDW-
3b on chromosome 3, gSDW-4a on chromosome 4 and
gSDW-9 on chromosome 9 could be identified under GSF
and DST, while the other seven QTLs could only be iden-
tified under one cultivation method.

In indica, aus and japonica subpopulations, seven,
three and one QTLs were identified on chromosomes 1,
2, 3,7 and 9, chromosomes 3 and 8, and chromosomes 5,
respectively. Among them, gSDW_IND-3b could be iden-
tified under GST and DST, gSDW_AUS-3a could be iden-
tified under GSF and DST, while the others could only be
identified under one cultivation method (Fig. 2; Table 1).

Comparisons of the QTLs identified in different pop-
ulations indicated that gSDW_IND-9 from the indica
subpopulation and ¢gSDW_JAP-5 from the japonica
subpopulation overlapped with gSDW-9 and gSDW-5
identified in the whole population, respectively, while
qSDW_AUS-3a and gSDW_AUS-3b from the aus sub-
population overlapped with gSDW-3b and ¢gSDW-3c
identified in the whole population, respectively.

Among the eighteen QTLs identified in the pres-
ent study, the ten QTLs (¢gSDW-1, q SDW-3c/
qSDW_AUS-3b, gSDW-4a, qSDW-4b, ¢SDW-6, qSDW._
IND-2, gSDW._IND-3b, gSDW_IND-7a, qgSDW_IND-7b
and gSDW_AUS-8) are firstly reported in the present
study, and the other eight co-localized with the previ-
ously identified QTLs for SDW (Table 1). It is notewor-
thy that the gSDW-5 could be stably detected using the
three cultivation methods, and had larger contribution to
SDW variation in 391 rice accessions. More importantly,
qgSDW-5 co-localized with the SDW QTLs previously
identified using different rice germplasm under differ-
ent cultivation environments (Zhang et al. 2005; Lu et al.
2007; Zhou et al. 2007; Zhao et al. 2019), but the func-
tional genes underlying these QTLs remain unclear.
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Fig. 1 Distribution and variations of shoot dry weight in the 391 rice accessions under three cultivation methods. A-C, Distribution of shoot dry weight
in the 391 rice accessions under the cultivation method of GST (A), GSF (B) and DST (C). D-F, Boxplots of the shoot dry weight variation in the three sub-
populations under the cultivation method of GST (D), GSF (E) and DST (F). The black horizontal lines represent the median value; the upper side and lower
side of the box represent the upper quartile and lower quartile, respectively; the whiskers represent the range of data, and small circles represent outliers.
The same letter upon the boxplot means no significant difference in shoot dry weight at P=0.05, based on Duncan’s multiple range test

Haplotype Analysis of gSDW-5

Being detectable in different genetic background and
cultivation environments, it is believed that gSDW-5 is
a stably expressed QTL for SDW and has great potential
value in rice breeding for improving early growth vigor.
To search for the favorable haplotype, haplotype analy-
sis was performed based on the three significant SNPs
within the gSDW-5 interval, and three main haplotypes
were identified (Fig. 3A).

Analysis of the SDW in the three main haplotypes
showed significant differences between Hap17?" =% and
Hap295PW=5 as well as Hap3?PY~° (P<0.05), but no
significant difference in SDW between Hap2?5°¥~5 and
Hap3%PY=5 (P>0.05) (Fig. 3B, C and D) under the all
three cultivation methods. The average SDWs of the lines
carrying Hap1%P%=5 were 50.8, 36.8 and 18.8 mg, which

were significantly higher than that of the lines carrying
Hap2%PY=5 and Hap3%PY =5, with the average SDW's of
43.6 and 43.4, 30.7 and 31.1, 16.8 and 16.3 mg under the
cultivation method of GST, GSF and DST, respectively.

Candidate Genes Analysis of gSDW-5
The LD decay analysis in the QTL region indicated that
an approximately 236.2 kb region at the associated locus
was the putative region for gSDW-5 (Fig. 4). Based on
release seven of the MSU Rice Genome Annotation Proj-
ect on rice IRGSP-1.0 genome (http://rice.plantbiology.
msu.edu/) (Kawahara et al. 2013), there are 33 annotated
genes within the putative region.

Using the genome re-sequencing information (50x) of
256 rice accessions used in this study (Wang et al. 2023;
Yang et al. 2023a), the haplotypes of all annotated genes
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Fig.2 Genome-wide association study of shoot dry weight in the whole population and three sub-populations using the three cultivation methods. A-C,
Manhattan plots of GWAS for shoot dry weight in 12 chromosomes under GST (A), GSF (B) and DST (C)

within the putative region were analyzed according to the
variation of each gene, and the significance of differences
in SDW among the main haplotypes (containing more
than ten lines) were tested.

Throughout the putative region, haplotype analy-
sis revealed that four genes (LOC_0s05¢09510, LOC_
0s05g09520, LOC_0s05g09660, LOC_0Os05g09700)
showed significant differences in SDW corresponding
to their haplotypes under the three cultivation methods.
Among the various haplotypes of the four genes, how-
ever, the non-Nipponbare haplotype (Hap5-0¢-0s05¢09520)
of LOC_0Os05g09520 had the highest SDW, while the
Nipponbare haplotype of the other three genes had
the highest SDW (Fig. 5, Table S3, S4). For LOC_
0s05g09520, there were three major PAVs variations in
the promoter region, and four Indel or SNP variations
in the CDS region that cause amino acid variation. Five
main haplotypes were identified based on these varia-
tions, in which Hap3l0&-0s050920 s corresponding to
Nipponbare (Fig. 5A). SDW analysis of the five haplo-
types showed consistently and highly significant differ-
ences between Hap5-0C-005809520 g Hap]L0C-0s05209520
(P<0.01), but there was no significant difference
(P>0.05) or inconsistently significant difference (P<0.05)
in SDW among Hap2tOC-0505209520 1, 310C 0505009520
and Hap4l 0050509520 ynder the three cultivation meth-
ods. The lines carrying Hap5-0C-050%¢0920 exhibited the
consistently highest SDW, while the lines carrying Hap-
1L0C-0s05¢09520 exhibited the consistently lowest SDW
under the three cultivation methods (Fig. 5B).

To find additional evidence to support the possible
function of the candidates, gene differential expres-
sion analysis was conducted using two sets of contrast-
ing lines. Firstly, according to the haplotype analysis

of gSDW-5 (Fig. 3), three lines (accession 463, 521 and
1008) carrying Hap3%PY~> with low SDW and three
lines (accession 684, 941 and 1245) carrying Hap145°W =5
with high SDW were selected from the low and high
SDW haplotype panel for RNA-seq. The results indicated
that LOC_0s05g09510 and LOC_0s05g09700 exhibited
no expression (Data not shown), while LOC_0s05g09660
was rarely expressed in shoots (Fig. 6B). These finding
imply that these genes may not play a role in the regu-
lation of seedling growth. In contrast, LOC_0s05g09520
exhibited higher expression levels in shoots (Fig. 6A).
Furtherly, we verified the expression levels of LOC_
050509520 and LOC_Os05g09660 by qRT-PCR assays
using additional nine lines (accession 1089,1166,1216,12
35,1302,1321,1329,1377 and 1420) carrying Hap3%5°V =%
with low SDW and nine lines (accession 885, 893, 897,
905, 953, 989, 1006, 1281 and 1320) carrying Hap17PV~=*
with high SDW (Fig. 6C, D). The results showed that the
expression of LOC_0Os05g09660 in the two groups was
hard to be detected at the three time points (Fig. 6D);
while the expression level of LOC_0s05g09520 in the
high SDW group was significantly lower than that in the
low SDW group at the 3rd d and 9th d (Fig. 6C), implying
that LOC_Os05g09520 may negatively regulate SDW.

Combining the results of haplotype analysis and
expression levels of genes, LOC_0Os05g09520 was con-
sidered as the most possible candidate gene underlying
qSDW-5.

Functional Confirmation of LOC_0s05g09520

To validate the effect of the candidate gene on SDW,
CRISPR/Cas9 was applied to knock out LOC_
0Os05g09520 in Nipponbare. Two homozygous lines of
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Fig. 5 Gene structure and haplotype analysis of LOC_0s05g09520. A, The haplotypes of LOC_0s05g09520; * A pangenome was used as the reference
genome; / represents no base information. B, The shoot dry weight, grain width and thousand grain weight of various haplotypes for LOC_0s05g09520.
The values were presented in mean + SD. The values with the same lower letter indicate no significant difference at P=0.05 based on Duncan's multiple
range test; Numbers in parenthesis indicate the number of rice accessions; * indicates the number of rice accessions used to measure shoot dry weight

(GST), shoot dry weight (GSF), shoot dry weight (DST), grain width and thousand grain weight, respectively

transgenic plants were selected for SDW measurement
using two cultivation methods (Fig. 7A-F).

Since differences in shoot length (SL) may be an essen-
tial factor contributing to differences in SDW, the SL
were also measured along with SDW. After 14 days of
growth in the nutrient solution, there was no significant
difference in SL between the KO lines and Nipponbare,
with 22.84 cm, 22.51 cm and 22.94 cm for Nipponbare
and the two KO lines, respectively (Fig. 7E); while the
SDW of the KO lines were significantly higher than that
of Nipponbare, with SDW of 15.24 mg for Nipponbare,
and 19.57 mg and 16.67 mg for the two KO lines, respec-
tively (Fig. 7C); and also, the growth rate of SDW of the
KO lines were significantly higher than that of Nippon-
bare, with growth rate of SDW of 1.09 mg/day for Nip-
ponbare, and 1.40 mg/day and 1.19 mg/day for the two
KO lines, respectively (Fig. 7D).

To investigate the phenotypic stability of the gene, the
SL and SDW were also measured after 14 days of growth
in soil. The results showed that the SL of KO lines were
significantly shorter than that of Nipponbare, with
37.15 cm for Nipponbare, 34.72 cm and 34.57 cm for the
two KO lines, respectively (Fig. 7I), but the SDW of the
KO lines were still significantly higher than that of Nip-
ponbare, with Nipponbare having a SDW of 33.69 mg
and the KO lines having a SDW of 37.53 mg and
38.37 mg, respectively (Fig. 7G); and also, the growth rate
of SDW of the KO lines were significantly higher than

that of Nipponbare, with growth rate of SDW of 2.41 mg/
day for Nipponbare, and 2.68 mg/day and 2.74 mg/day
for the two KO lines, respectively (Fig. 7H).

Conclusively, although there was no significant dif-
ference in SL between the KO lines and Nipponbare
in nutrient solution (Fig. 7E), or the SL of the KO lines
were significantly shorter than that of Nipponbare in soil
culture (Fig. 7I), the SDW and the growth rate of SDW
of the KO lines were significantly increased under both
cultivation methods, compared with that of their wild-
type Nipponbare (Fig. 7C, D, G, H), indicating that LOC_
0s05g09520 is the causal gene for SDW in rice.

LOC_0Os05g09520 is the reported GWS5/GSES control-
ling GW and TGW (Duan et al. 2017; Liu et al. 2017),
so GW and TGW of the KO lines were measured, and it
was found that the KO lines had wider grains and higher
TGW compared with that of their wild-type Nipponbare
(Fig. S1).

Various Haplotypes of LOC_0s059g09520 Cause Significant
Differences in the Shoot Dry Weight, Grain Width and
Thousand Grain Weight

Since the upstream sequence of about 5 kb has a regu-
latory effect on the expression of LOC_0s05g09520
(Duan et al. 2017; Liu et al. 2017), and the CDS region
of LOC_0s05g09520 also has sequence variation that
leads to amino acid variation, we analyzed the haplotype
of LOC_Os05g09520 based on these variations (Fig. 5A),
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and compared the SDW, GW and TGW in the five main
haplotypes (Fig. 5B).

For SDW, the Hap5-0¢-0505%¢0920 exhibited the consis-
tently highest SDW under the three cultivation meth-
ods, among which indica, aus and japonica accounted
for 79.7%, 15.6% and 4.7%, respectively, while the Hap-
1L0C-0s05¢09520 exhibited the consistently lowest SDW
under the three cultivation methods, among which
indica and japonica accounted for 5.2% and 94.8%,
respectively. For GW and TGW;, the Hap3l0C-0s0509520
containing only japonica exhibited the widest GW and
the highest TGW, while both Hap2:0¢-9505¢09520 3 Hap-
4LOC_0s05¢09520 exhibited the narrowest GW and the low-
est TGW, among which the Hap2L0¢-0505¢0%520 contained
94.2% indica and 5.8% japonica, Hap4OC-005¢09520 cop-
tained 95.0% aus and 5.0% indica. It is worth noting that
in the subpopulations, two major haplotypes were iden-
tified in aus (Hap4LOC_OSOSg09520 and Hap5LOC—OSOSg09520),
indica (HaszOC_OSOSg09520 and HaPSLOC_OSOSgOQSZO) and

japonica (Hap120C-0505209520 41 Hap3LOC-0505209520) o
the SDW, GW and TGW of the one haplotype were con-
sistently higher than those of the other haplotype in all
three subpopulations, which showed the same patterns
of wider GW and higher TGW along with higher SDW
in all three subpopulations. Further correlation analysis
among the three traits in the GWAS population showed
that SDW was significantly positive correlated with GW
and TGW (P<0.01), with correlation coefficients of 0.42
and 0.34, 0.4 and 0.37, 0.49 and 0.53 under cultivation
method of GST, GSF and DST, respectively.

Haplotype Analysis of LOC_0s05g09520 in Cultivars of
South China Rice Region

Numerous indica cultivars bred in the South China rice
region are characterized by early and fast growth, espe-
cially the Super Rice Wuyou 308 and Tianyou 998. In
order to clarify how LOC_0Os05g09520 is selectively
utilized by breeders in the South China rice region, we
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analyzed the haplotypes of LOC_0s05¢09520 in 138
cultivars/lines widely used in South China. The results
revealed that 97.8% of the cultivars/lines carried Hap-
2LOC_0s05g09520, including the maintainer lines(Wufeng B
and Tianfeng B) and restorer lines (Guanghui 308 and
Guanghui 998) of Wuyou 308 and Tianyou 998 (Table
S2). The Hap2tOC-0505%09520 was characterized by nar-
rower GW, lower TGW and SDW between the two major
haplotypes of indica (Fig. 5B).

Discussion

The gSDW-5 has a Great Potential Value in Rice Breeding
The trait with sufficiently large phenotypic variation is an
ideal breeding target in rice breeding. In this study, large
variations in SDW were found in 391 diverse germplasms
(Table S1), with the lowest SDW of 22.9 mg (GST),
16.0 mg (GSF), and 7.9 mg (DST) and the highest SDW
of 71.2 mg (GST), 49.0 mg (GSF), and 25.8 mg (DST),

which makes it possible to select different SDW accord-
ing to different breeding goals.

In the practice of rice production, the cultivation meth-
ods and environment of direct seeding are changeable,
searching the early growth vigor QTL that can be stably
expressed under different cultivation methods may be
an economical and effective way to address this issue. In
this study, a total of eighteen QTLs for SDW were identi-
fied using the three cultivation methods (Fig. 2; Table 1),
but thirteen of them could only be identified under one
cultivation method, indicating that QTLs for SDW were
significantly affected by environments. However, it was
found the QTL, gSDW-5 could be detected in all three
cultivation methods and four QTLs, gSDW-3b, gSDW-
4a, gSDW-9 and gSDW_IND-3b could be detected in
two cultivation methods, which could be the important
QTLs for SDW in rice. Notably, gSDW-5 identified in
this study overlaps with the SDW QTLs identified in the
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previous studies (Zhang et al. 2005; Lu et al. 2007; Zhou
et al. 2007; Zhao et al. 2019). Using the RIL population
derived from Lemont/Teqing, three overlapping QTLs
associated with SDW at the different seedling ages were
identified under different cultivation methods and envi-
ronments (Zhang et al. 2005; Lu et al. 2007; Zhou et al.
2007), among which gSV-5 controlling dry matter weight
of 15-day-old seedlings was identified by the paper-
roll tests (Zhang et al. 2005), gSEV-5-1 controlling dry
weight of 34-day-old seedlings was identified using pot
culture with soil (Lu et al. 2007), and gFV-5-1b control-
ling seedling dry weight of 7-day-old seedlings was iden-
tified under field conditions (Zhou et al. 2007). Through
GWAS of a mini core collection consisting of 273 cul-
tivated rice accessions in hydroponic culture, gSW5-1
associated with shoot weight of 21-day-old seedlings was
also identified (Zhao et al. 2019). Although these studies
were conducted using different rice germplasm at differ-
ent seedling growth periods, and under different culti-
vation methods or environments, the QTL intervals on
chromosome 5 that overlapped with gSDW-5 could be
detected. It can be seen that the expression of gSDW-5 is
stable across different genetic backgrounds and environ-
ments. Larger effect on SDW and stable expression make
qSDW-5 have a great potential value in molecular breed-
ing for early growth vigor in rice.

LOC_0s05g09520 is a Promising Target for Improvement of
Shoot Dry Weight in Rice

SDW is one of the important traits associated with early
growth vigor in rice, but its measurement in the field is
destructive and time-consuming and labor-intensive. It
is difficult to improve this trait efficiently by traditional
breeding methods. Identifying stable QTL for SDW
and conducting molecular breeding is the best way to
break through early growth vigor breeding. Although
qgSDW-5 overlaps with the SDW QTLs identified in the
previous studies using different rice germplasm under
different cultivation methods and environments (Zhang
et al. 2005; Lu et al. 2007; Zhou et al. 2007; Zhao et al.
2019), none of functional gene is obtained. In this study,
LOC_0s05g09520 was identified as the functional gene
for SDW and its favorable haplotype was also obtained,
which is beneficial to haplotype-based breeding for early
growth vigor.

LOC_0s05g09520 is identical to GW5/GSES5, a known
gene controlling GW and TGW, and encodes a putative
protein containing IQ domains (IQD) (Duan et al. 2017;
Liu et al. 2017). IQD proteins are an ancient calmodulin-
binding proteins family, which can regulate plant stress
response and plant development (Abel et al. 2005; Xiao
et al. 2008). Previous study demonstrated that LOC_
0s05g09520 is a positive regulator of brassinosteroid
(BR) signaling. LOC_0Os05g09520 protein is localized to
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the plasma membrane, and can physically interact with
GSK2 (glycogen synthase kinase 2) and repress its kinase
activity in rice, resulting in accumulation of unphos-
phorylated OsBZR1 (Oryza sativa BRASSINAZOLE
RESISTANT1) and DLT (DWARF AND LOW-TILLER-
ING) proteins in the nucleus to mediate brassinosteroid
(BR)-responsive gene expression and growth responses
(including grain width and weight) (Liu et al. 2017). Since
BR mainly regulates the normal growth, development and
morphogenesis of plants by promoting processes such as
cell extension, division and differentiation, including seed
germination, root extension, stem elongation, leaf exten-
sion, and xylem differentiation, etc. (Steven et al. 1998),
it could be inferred that the protein encoded by LOC_
050509520 ultimately affects the BR response, result-
ing in differences in SDW. It is the first time to report the
biological function of LOC_0s05g09520/GWS5 on SDW
in the present study.

In order to obtain some information on the molecu-
lar mechanism of GWS5 in regulating SDW, a bioin-
formatic analysis based on the RNA-seq data were
performed (Fig.S2). The results suggest that the gene
LOC_0Os05g09520 may enhance SDW and resilience
through hormone regulation and environmental stress
adaptation, and high SDW accessions carrying the rel-
evant haplotype of gSDW-5 demonstrate higher expres-
sion levels in genes that orchestrate a fine-tuned balance
of hormone-mediated growth processes and adaptive
stress responses across different developmental stages.
Initially, hormone regulation is prioritized to kickstart
growth (Fig.S2C). As seedlings develop, the focus shifts
towards enhancing resilience against environmental
stresses while sustaining growth-promoting pathways
(Fig.S2E and @G). Conversely, low SDW accessions down-
regulate crucial growth and stress response mechanisms,
potentially leading to impaired growth and reduced seed-
ling vigor (Fig.S2D, F and H). The dynamic regulation
observed here underscores the multifaceted role of genes
in controlling growth and adaptation processes, provid-
ing valuable insights for crop improvement strategies.

The utilization of natural variation greatly contributes
to improvement of important agronomic traits in crops.
Using the re-sequencing information of 256 accession
in the GWAS population, five main haplotypes in LOC_
0Os05g09520 were identified based on the variations.
Among them, Hap5l0C-0s0509520 exhibited the highest
SDW, and Hap1L0C-0s0%€09520 exhibited the lowest SDW
under the three cultivation methods (Fig. 5B). There
were three major PAV variations in the promoter region,
and four Indel or SNP variations in the CDS region that
cause amino acid variations between Hap1t0¢-0505¢09520
and Hap5L0C-0505¢0920 (Fig  5B). The expression level
of LOC_Os05g09520 in the high SDW group exhib-
ited significantly lower than that in the low SDW group
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(Fig. 6C), which is similar to the effects of GW5 on regu-
lation of GW and TGW (Duan et al. 2017), the relatively
lower expression levels of GW5 may be one of the rea-
sons for the relatively higher SDW (Fig. 6A, C).Whether
the amino acid variations in CDS of LOC_0Os05g09520
also contribute to SDW diversity remains to be further
studied.

The Suitable Haplotypes of LOC_0s05g09520 is Beneficial
to Achieve the Desired Shoot Dry Weight and/or Grain Size
in Rice Breeding
Phenotypic correlation analysis showed that seed size/
weight was positively correlated with traits related to
early growth vigor in rice (Roy et al. 1996; Fauzi et al.
2021), and the genetic basis analysis of these traits also
indicated that seed size/weight was closely associated
with seedling vigor (Lu et al. 2007; Cui et al. 2002b).
However, there is few direct genetic evidence to eluci-
date their correlation. In this study, LOC_0s05g09520,
a known gene controlling GW and TGW (Duan et al
2017; Liu et al. 2017), was firstly identified as a causal
gene for SDW in rice. By investigating the phenotypes of
LOC_0s05g09520 knockout transgenic plants, it was also
confirmed that LOC_Os05g09520 controls SDW, GW
and TGW in rice (Fig. 7, Fig. S1), which provides a direct
genetic evidence for the correlation between these traits.
By analyzing the effect of LOC_0s05¢09520 haplotype
variations on SDW, GW and TGW in the GWAS popu-
lation, the same pattern of wider GW and higher TGW
along with higher SDW was found between the two or
two major haplotypes in aus, indica or japonica subpop-
ulation (Fig. 5B). Given this pattern, Hap3-0C-0s0%€09520
and Hap5L0¢-0505¢0%20 are the favorable haplotypes for
japonica and indica/aus, respectively, if we consider the
optimal haplotype for breeding in terms of yield (GW
and TGW) and seedling vigor (SDW). However, through
the haplotype analysis of LOC_0s05¢g09520 in 138 culti-
vars/lines (indica) from the South China rice region, it
was found that 97.8% of the cultivars/lines carried Hap-
QLOC_0s05¢09520 (Table S2). Among the two major haplo-
types of indica, Hap2L0C-0505809520 4 { Hap5LOC- 0505809520
Hap2l0¢-0505¢09520 had narrower GW, lower TGWs and
SDW (Fig. 5B). This may be mainly due to the fact that
cultivars are the product of a comprehensive trait selec-
tion, achieving a high balance of yield, quality and resil-
ience, taking into account the satisfaction of market
consumption needs. In the indica rice growing region,
the rice consumption market needs cultivars with slen-
der grains, and the trait of grain slenderness is easy to be
recognized and selected by breeders in breeding, so Hap-
QLOC_0s05¢09520 ig glways selected based on the breeding
orientation of slender grain, because GW5/GSES5 is a core
gene controlling grain slenderness (Yang et al. 2023b). In
the previous study, we found that GS3, GW5, and GW7/
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GL7 were the key genes regulating grain size in Guang-
dong simiao rice (slender grains), and these three genes
significantly contributed to grain length, grain width,
and length/width ratio. Based on the criteria of length/
width ratio more than 3.5, 75% of Guangdong simiao
rice carried the gene combination of Hap3%S*+Hap-
QLOC 0s05¢09520/GW5 Hap2GL7 which has the distinctive
characteristics of slender and long grains (Yang et al
2023b). However, Hap5-0¢-050509520/GWS ith wider GW,
higher TGW and SDW in indica should be emphasized
and applied in the current demand for yield improvement
and the increasing emphasis on early growth and fast
development traits. Fortunately, some of the early high-
yielding varieties/lines in Guangdong Province (including
Guangluaidhao, Teqing and Guanghui3550, etc.) carry
Hap5-0¢-0505¢09520  \which can used as excellent donors
for developing high-yielding varieties with strong early
growth vigor. Therefore, using GS3 and GL7 to satisfy
the consumption habit of long-grain size, and combin-
ing with GWS5 to develop varieties with slender and larger
grain and improved early growth and fast development
characteristics, the three genes with the haplotype com-
bination of Hap3953+Hap26L7+ Hap56W>/L0C 0505409520
would be beneficial to achieve the desired traits for
indica rice production in South China, as well as and the
popularization of rice direct seeding.

Although 97.8% of these 138 cultivars/lines carried the
Hap2L0¢- 050509520 byt Wuyou 308 and Tianyou 998, the
Super Hybrid Rice derived from parents carried the Hap-
QLOC. 0s05¢09520 (Table S2) had better early growth and fast
development characteristics. Therefore, it can be hypoth-
esized that in addition to LOC_0s05g09520, there are
other QTLs for SDW that have a greater effect on early
growth and fast growth in indica, such as gSDW-3b/
qSDW_AUS-3a, gSDW_IND-3b, gSDW-4a and gSDW-
9 identified in this study. Further cloning of the causal
genes underlying these QTLs and analysis of their hap-
lotypes would help to comprehensively elucidate the
genetic basis of the early growth and fast development
trait in rice. In addition, heterosis may also be responsi-
ble for their early growth and fast development charac-
teristics, which is worthy to further study.

Conclusions

In this study, gSDW-5 was identified as a stable QTL
for SDW in rice. LOC_0Os05g09520, identical to GWS,
was the causal gene underlying gSDW-5 and its main
haplotypes were also identified. The effects of LOC_
0s05g09520 on SDW, GW and TGW are validated
through gene-based haplotype analysis and knock-
out transgenic experiment. Analyzing the effect of
LOC_0Os05g09520 haplotype variations on SDW, GW
and TGW in the GWAS population revealed the same
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patterns of wider GW and higher TGW along with higher
SDW in the subpopulations of aus, indica or japonica.

Materials and methods

Plant Materials

In this study, 391 diverse rice accessions from 56 coun-
tries were used for GWAS (designated as GWAS popula-
tion, Table S1). These rice accessions were selected from
the Rice Diversity Panel 2 consisting of 1568 accessions
based on their diversity and origins (McCouch et al.
2016). These accessions were obtained from the Inter-
national Rice Research Institute genebank, and all seeds
used in this study were newly increased in the experi-
mental year. The harvested seeds were stored at room
temperature for three months before phenotypic evalu-
ation. In addition, 138 cultivars/lines from the South
China rice region were used for LOC_Os05g09520 haplo-
type analysis (Table S2).

Evaluation of Shoot Dry Weight

For the GWAS population, the healthy and filled seeds
were incubated at 49°C for 96 h to break dormancy.
After sterilization in 3% sodium hypochlorite solu-
tion, the seeds were soaked in distilled water for 24 h
and sown using three cultivation methods according
to the production practice, as described in our previ-
ous study (Yang et al. 2023a). Briefly, Method 1 (GST):
seeds were pre-germinated and sown in plastic trays
(35.0 cmx23.0 cmx6.0 cm); method 2 (GSF): seeds were
pre-germinated and sown in the paddy field; method
3 (DST): seeds were directly sown in plastic trays with-
out pre-germination. GST studies were conducted in
May 2018, while GSF and DST studies were conducted
between late April and early May 2019. The average air
temperature was 28.7°C, 23.6°C and 24.1Cunder GST,
GSF and DST, respectively. After 14 days of growth in
natural environment, the seedlings were pulled out and
cut at the junction between shoot and root. The shoots
were dried to constant weight in an oven at 80 C, and
then the SDWs were weighed using a 0.001-g electronic
balance. In this study, three replicates with ten seedlings
per accession were used for SDW evaluation, and the
measurements were transformed into shoot dry weight
per plant (mg) for further analysis.

For knockout transgenic (KO) lines, the healthy and
filled seeds of the KO lines and their wild-type line were
incubated at 49°C for 96 h to break dormancy. After ster-
ilization in 3% sodium hypochlorite solution, the seeds
were soaked in distilled water for 24 h. The pre-germi-
nated seeds were sown in black plastic culture boxes
(12 cmx8.6 cmx11 cm) filled with 0.1% Yoshida nutri-
ent solution or fine soil, then put into a growth chamber
set at 30°C, 70% relative humidity and a 12 h light/12 h
dark cycle. After 14 days, the SDW and shoot length (SL)
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were measured. Three replicates with 30 seedlings per
line were used for the evaluation of SDW and SL. The
growth rate of SDW is calculated as an average of SDW
at thel4th day, i.e., SDW per day.

Evaluation of Grain Width and Thousand Grain Weight

For haplotype analysis, the re-sequenced accessions from
the GWAS population (Table S1) were planted in paddy
fields at the Guangzhou Experimental Station in Guang-
dong Province, China. The experiments were conducted
in the second cropping season (July to November) in
2016 and arranged in a completely randomized block
design with two replications. The germinated seeds were
sown in a seedling bed and sixteen 15-day-old seedlings
were transplanted into two rows in the field with an indi-
vidual plant space of 20 cmx20 cm. The seeds were har-
vested on the 35th day after heading and dried naturally.
GWs were measured using the Rice Appearance Quality
Determination Instrument (SC-E, Hangzhou, Chian),
and TGWs were weighed using a 0.001-g electronic
balance.

For KO lines, the LOC_0s05g09520 KO lines and their
wild-type line were planted in the transgenic experimen-
tal field in the second cropping season (July to Novem-
ber) in Guangzhou (2023) of Guangdong Province,
China, and arranged in a completely randomized block
design with three replications. Twenty-four 15-day-old
seedlings were transplanted into three rows in the field
with an individual plant space of 20 cmx20 cm. The seeds
were harvested on the 35th day after heading, dried natu-
rally, then GWs and TGWs were measured.

The field management, including irrigation, fertiliza-
tion, and disease and pest control, followed the conven-
tional practice for rice production.

GWAS Analysis and QTL Delimitation

GWAS analysis was performed as described in our pre-
vious study by using software GAPIT version two and
HDRA dataset consisting of 700 K single nucleotide
polymorphisms (SNPs) (Zhao et al. 2018; Yang et al.
2020, 2023a). SNPs were filtered by the criteria of hav-
ing less than 30% missing data and minor allele frequency
(MAF)>0.05. In order to reduce the effect of population
structure on GWAS, the mixed linear model (MLM) was
selected in which the kinship matrix was used jointly
with PC in GAPIT, and three PCs were included when
analyzing the whole population consisting of indica,
japonica and aus (Yang et al. 2020). The Manhattan plot
was produced using the R package qq-man. A region hav-
ing three or more than three significant SNPs (P<0.0001)
within 200 kb is considered as one QTL, which was used
in previous studies (Zhao et al. 2018; Yang et al. 2020,
2023a).
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DNA Sequence Analysis

Two hundred and fifty-six rice accessions in the GWAS
population and 138 cultivars/lines from the South China
rice region were re-sequenced using the Illumina Nova-
Seq6000 platform and the details of sequencing data
analysis were described in our previous study (Zhao et al.
2018; Yang et al. 2023a, b). All raw sequence data have
been deposited in the NCBI sequence read archive (Bio-
Project accession PRINA820969).

Haplotype Analysis and Candidate Gene Identification
For the QTL haplotype analysis, three significant SNPs
including the peak SNP in the QTL interval were used
for analysis. For gene-based haplotype analysis, the
indel (£50 bp), SNP (with Nipponbare as the refer-
ence genome) and PAV (the presence/absence varia-
tion>50 bp, with Pan-genome as the reference genome)
within the QTL interval were firstly analyzed using the
re-sequencing information (50x) for the 256 rice acces-
sions (Wang et al. 2023; Yang et al. 2023a). Next, all anno-
tated genes within the QTL interval were examined to
identify their haplotypes based on their sequence varia-
tions, respectively. Then the accessions were grouped
based on the haplotypes of each gene and the post hoc
multiple comparison with Duncan function was per-
formed to identify the significant differences in SDW
between the major haplotypes (containing more than ten
accessions). A gene was considered a candidate gene if
the significant differences in SDWs were observed among
haplotypes of a gene under all cultivation environments.
The haplotype analysis of LOC_0Os05g09520 in 138 cul-
tivars/lines from the South China rice region was also
performed based on the sequence variations of the gene.

RNA-Sequencing and Data Analysis

Three rice accessions with low SDW and three rice
accessions with high SDW were selected for differential
expression analysis of candidate genes based on the hap-
lotype analysis. The germinating seeds were sown into
trays filled with fine soil. Sampling was conducted on the
3rd, 6th and 9th d after sowing, respectively, with three
biological replications. Total RNA was extracted from
shoots using Trizol reagent (Invitrogen, Carlsbad, CA,
USA) and purified using RNeasy Plant Mini Kit (Qiagen,
Valencia, CA). RNA-Seq was performed at GENEWIZ
Technology (Suzhou, China), and data analysis was con-
ducted using HISAT2-Stringtie-Deseq2 pipeline. Raw
counts of each sample exported from Stringtie were
imported and normalized by DEseq2. Genes with read
counts less than ten in all samples were filtered out for
further analysis. Gene expression was quantified as mean
FPKM (fragments per kilo-base of exon per million frag-
ments mapped) of three biological replicates. Differential
expression analyses were performed between the three
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stages with low and high SDW groups using DEseq2,
with 0.05 as the FDR cut-off and a Log?2 fold change (FC)
cut-off of 1. Hypergeometric tests were performed to
determine whether specific functional categories from
Gene Ontology (GO) were significantly over-represented
in differential expression gene sets using the R package
cluster Profiler.

qRT-PCR Analysis

Nine rice accessions with low SDW and nine rice acces-
sions with high SDW were selected for differential
expression analysis of candidate genes based on the hap-
lotype analysis. The germinating seeds were sown into
trays filled with fine soil. Sampling was conducted on
the 3rd, 6th and 9th d after sowing, respectively, with
three biological replications.The methods for total RNA
extraction, RNA reverse transcription reaction, and
quantitative real-time PCR refer to Yang et al. (2023a).
The primers for qRT-PCR were designed by Primer Blast
(https://www.ncbi.nlm.nih.gov/). The actin was used
as endogenous normalized genes for mRNA. All reac-
tions were run in triplicate. Primers used to amplify the
selected genes are listed in Table S5.

Validation of Candidate Genes for Shoot Dry Weight

In order to validate the candidate gene for SDW, we con-
ducted the knockout transgenic experiments. To generate
the CRISPR/Cas9 vectors, LOC_0s05g09520 single guide
RNA (sgRNA) sequences were cloned using pYLgRNA-
OsU3, respectively, as described previously (Ma et al.
2015). The target site sequence of LOC_0Os05g09520 was
5-CTTGCTAGTAAGCCGCACGA-3; which contained
a protospacer adjacent motif (PAM) CGG at the 3’ end.
The positive plasmids were electroporated into Agrobac-
terium tumefaciens EHA105, then introduced into calli
of the cultivar Nipponbare via Agrobacterium-mediated
genetic transformation.

At the T, generation, the homozygous positive trans-
genic plants of the candidate gene were selected by gene
cloning and sequencing. The primers used for screening
of knockout lines were KO-F (5'-3') GGAGGGAGGAAG
GAGCAGAA and KO-R (5-3') AGAGCAAGAAGACG
AGCACC. The seeds of the homozygous positive plants
were used to evaluate SDW as described above, and their
wild-type Nipponbare was used as control.

Data Analysis

A t-test or multiple comparisons was conducted using
SPSS10.0 to detect the differences in SDW, GW, TGW
and expression levels of the candidate genes between or
among the tested rice accessions.
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