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Abstract
Leaf shape is an important factor of plant architecture and the primary contributor to photosynthesis in cereal
crops. However, the genetic and molecular mechanism underlying �ag leaf phenotypes remains largely
unknown. In this research, 139 RILs derived from hybrid rice Xieyou9308, the parents of which are genetically
different in leaf phenotype, were used to identify genetic variants for �ag leaf length (FLL), width (FLW), and
rolling rate (FLR) with high-density single nucleotide polymorphism (SNP) genotyping data. GWAS was carried
out using 262,224 SNPs by modeling them as a quantitative phenotype. In the analysis implemented with
QTXNetwork, 21 signi�cant SNPs were observed (8 SNPs for FLL, 5 SNPs for FLW, 8 SNPs for FLR) with
accumulated explanatory heritability ranging from 53.29–89.25%. Furthermore, 16 signi�cant associated
peaks (2 SNPs for FLL, 11 SNPs for FLW, 3 SNPs for FLR) were detected by EMMAX with explanatory effects
ranging from − 8.138 to 37.15. To further validate our �ndings, relative expression analysis was conducted for
13 candidate genes and 6 known marker genes, revealing that 18 genes are differentially expressed in parents.
Among them, the expression level of LOC_Os03g52510 is over 11,000 times in ZH9308 than that in XB, which
may positively regulate FLL; the expression level of LOC_Os12g39000 is lower in ZH9308 than that in XB,
which is potentially regulating FLW. LOC_Os03g52470, LOC_Os08g29809, and LOC_Os03g21660 had
extremely differential expressions in parents. So far, these three genes have not been reported to regulate leaf
morphology, indicating that they may be novel genes that regulate FLL, FLW, and FLR. These results may lay a
theoretical basis and provide genetic resources for ideal plant architecture breeding in rice.

Introduction
Rice is one of the important cereal crops that feeds nearly 50% of the world’s population (Delseny et al. 2001).
In order to increase food productivity and satisfy food demand, high yield is one of the major targets of rice
breeding. The ideotype breeding of ‘Super rice’ was proposed in the 1960s (Donald 1968), which suggests that
leaf shape should be erect, long, and moderate rolling (Zhang et al. 2009). As a key part of photosynthesis,
appropriate rice leaf posture is critical for light capture and carbon �xation (Fu et al. 2019). Moreover, the main
source of carbohydrates production is �ag leaf (Gladun and Karpov, 1993a, 1993b). To a certain extent, �ag
leaf size and shape affect photosynthesis and transpiration rate, thereby in�uencing yield (Yue et al. 2006).
Therefore, optimizing the �ag leaf shape and improving the photosynthesis rate to balance the relationship
between source and sink is of great importance for achieving a high yield.

Generally, the leaf length, width, and rolling are considered multiplex traits that are of polygenic inheritance. In
the last few decades, hundreds of quantitative trait locus (QTLs) underlying rice leaf shape traits have been
deposited in the Gramene QTL Database, which includes 39 for leaf rolling, 111 for leaf width, and 112 for leaf
length. About 40 genes related to leaf shape, size, and rolling have been cloned (Fu et al. 2019). Leaf size,
shape, and rolling are adjusted by environment and different genes by numerous internal and external
characteristic of plants and such as leaf polarity, the cytological architecture of leaf cells, stratum cuticle
devel-opment, miRNAs, phytohormones, and others (Xu et al. 2018). MiR159 controls leaf length and height in
sttm159 mu-tant (knock out) by increased expression of the cell division, auxin, cytokinin (CK), and
brassinosteroids (BRs) biosyn-thesis-responsive genes (Zhao et al. 2017). The studies have shown OsCOW1
(Constitutively wilted 1), that is members of YUCCA domains family controled leaf width through a tryptophan-
dependent indole-3-acetic acid (IAA) biosynthetic pathway (Woo et al. 2007; Gallavotti et al. 2008).
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Overexpression of OsAGO7 (Argonatue) boosted erect-leaf habit, this reseach supplys a possible for executing
OsAGO7 in crop breeding (Shi et al. 2007). The rice leaf size also in�uenced by OsGIF1 (GRF-interacting factor
1) throught regulating leaf cell size (He et al. 2017). The mutant (knock out) MAKIBA3 (MKB3), which
positively regulates cell proliferation in rice displayed narrowed- and curling-leaf phenotypes (Shimano et al.
2018). The leaves of miR166 knockdown lines (STTM166) rice plants, displayed decreased hydraulic
conductivity and altered stem xylem. MiR166 may control the rolled-leaf phenotype due to the reduced
diameter of the xylem vessels had smaller bulliform cells, and abnormal sclerenchymatous cells (Zhang et al.
2018). NRL2 protein cooperated with rolling-leaf (RL14) and differentiation of sclerenchymatous cells, and
distresses multiple primary metabolites, (Zhao et al. 2016). Leaf morphogenesis breeding based on ideotype
could be a helpful approach to increasing yield.

With the development of technology and the low cost of next-generation sequencing, GWAS has become a
popular method for identifying causal variants (Balding 2006; Chen et al. 2014; He et al. 2014). Recently, a
large-scale GWAS is used for genetic dissection of complex traits in various organisms including rice (Huang
et al. 2010; Huang et al. 2012; Huang et al. 2016b; Zhao et al. 2011). Using association strategy, Huang et al.,
(2010) identi�ed 3.6 million SNPs by re-sequenced 517 rice landraces and used GWAS for 14 agronomic traits
(Huang et al. 2010). Hoang et al., (2019) performed a GWAS of �ve leaf’s relative traits in a panel of 180 rice
variety and identi�ed a total of 13 SNPs (Hoang et al. 2016). Although GWAS is a powerful approach to detect
genetic causal variants linked with quantitative traits in rice, most of the studies using GWAS were focused on
detecting causal variants revealing additive genetic effects, ignored the effect of gene-gene and gene-
environmental interactions which were believed to be very crucial for quantitative traits (Zhang et al. 2017).

Therefore, the target of our research is to understand the genetic basis that affects rice FLL, FLW, FLR and
their possible roles in the genetic improvement of grain yield in rice. We use a RILs population originated from
the super rice variety Xieyou9308 (XY9308) with high-density SNP genotypes. The genome-wide association
study was performed based on the mixed linear model that considered both epistasis and gene-environmental
interactions, implemented with a developed association mapping software, QTXNetwork (Zhang et al. 2015),
and the mixed linear model-based EMMAX (Kang et al. 2010). Furthermore, our results also provide genetic
markers that should be used for genetic improvement of ideal plant type breeding.

Results
Flag leaf phenotypic variation of the parents

There are large variations in leaf traits between XieqingzaoB (XB) and Restore line Zhonghui9308 (ZH9308).
The phenotypic difference between the two parents was presented and listed in Fig. 1 and Table 1,
respectively. The t-tests suggested that signi�cant differences between XB and ZH9308 for FLL, FLW, FLR, and
yield per plant (PY) in Hangzhou (HZ) and in Hainan (HN). Compared with XB, the FLL of ZH9308 is longer by
8.8 cm and 9.15 cm, FLW is narrower by 0.20 cm and 0.44 cm, FLR is more curl by 55.48% and 30.49%, and
PY is higher by 13.75 g and 7.44 g in HN and HZ, respectively.
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Table 1
Variations of phenotypes between parents in Hainan and Hangzhou.

Variety FLL (cm) FLW (cm) FLR (%) PY (g)

XB-HN 28.20 ± 3.19 1.66 ± 0.08 6.00 ± 0.30 12.81 ± 2.00

ZH9308-HN 47.00 ± 4.24 *** 1.46 ± 0.11 *** 61.48 ± 16.34 *** 26.56 ± 8.40 *

XB-HZ 30.71 ± 2.29 1.70 ± 0.12 0.00 ± 0.00 20.02 ± 3.47

ZH9308-HZ 39.86 ± 3.62 *** 1.26 ± 0.05 *** 30.49 ± 13.01 *** 27.46 ± 7.47 ***

Mean ± SD (n = 16). *, ** and ***indicate the least signi�cant difference at 0.05, 0.01 and 0.001 probability
level compared with XB in Hangzhou or Hainan, respectively. FLL = �ag leaf length; FLW = �ag leaf width;
FLR = �ag leaf rolling; PY = per plant yield.

Population structure, linkage disequilibrium pattern, and trait variation in the RILs

Linkage disequilibrium (LD) analysis has been proved in our previous research (Zhao et al. 2021) based on
139 RILs and two parents. Our result showed that these groups have no population structure and the LD decay
rate was estimated at almost 2000 kb on the genome level.

The morphology of the �ag leaf was investigated, and noteworthy differences were observed for FLL, FLW,
and FLR in HZ and HN (Table 2 and Fig. 2). The �ag leaf traits including length, width, and rolling were
distributed continuously with large variations and transgressive segregation, showing a typical pattern of
quantitative variation in this population at both HZ and HN. In HZ, the FLL of the population ranged from 23.5
cm to 59.07 cm with a mean of 36.93 cm. FLW varied from 1.24 cm to 2.27 cm with a mean of 1.66 cm. FLR
was averaged at 10 ranging from 0 to 47%. In HN, FLL ranged from 27.04 cm to 55.93 cm with a mean of
39.86 cm. FLW varied from 1.14 cm to 2.36 cm with a mean of 1.76 cm. FLR was averaged at 21 ranging from
4–71%.

Table 2
Summary statistics of three �ag leaf traits of RILs in two experiment locations.

Trait Hangzhou Hainan Geno Env H2

(%)

  Mean 
± sd

Range CV
(%)

Mean 
± sd

Range CV
(%)

MS sig MS sig  

FLL
(cm)

36.93 
± 6.25

23.5-
59.07

16.92 39.86 
± 5.67

27.04–
55.95

14.22 17.388 *** 4.052 *** 44

FLW
(cm)

1.66 
± 0.19

1.24–
2.27

11.44 1.76 ± 
0.20

1.14–
2.36

11.36 0.02493 *** 0.00416 *** 58

FLR
(%)

10 ± 
10

0–47 100 21 ± 
13

4–71 61.9 7817 *** 6255 *** 40

FLL = �ag leaf length; FLW = �ag leaf width; FLR = �ag leaf rolling; CV = coe�cient of variation; H2 = 
heritability. *, ** and ***indicate the least signi�cant difference at 0.05, 0.01 and 0.001 probability leve.
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We determined the genetic and environmental effects on leaf-related traits in the population by variance
analysis. Genetic and environmental effects were signi�cantly different for all traits. We calculated the
additive genetic variance for RILs, environmental variance, and heritability of three traits assessed in our
arti�cial genetic population. Among these three leaf traits, �ag leaf width had the highest heritability (58%),
and �ag leaf rolling had the lowest (40%).

Correlation of leaf and yield traits

The genetic and phenotypic correlations between the four traits are presented in Table 3. The results revealed
that high positive correlations were detected between FLW and PY (0.692). Furthermore, FLL was positively
correlated with FLR (0.352) signi�cantly. A similar trend was consistent with the Pearson correlation
coe�cients (Table 4). The results suggested a weak trend that relatively longer and wider �ag leaves may
exhibit more �ag leaf roller and higher yield per plant in the RIL population.

Table 3
Genetic and Phenotype Correlation between three �ag leaf traits and yield per plant.

Genetic & phenotype correlation FLL (cm) FLW (cm) FLR (%) PY (g)

FLL (cm)   -0.129 0.352 *** 0.141

FLW (cm) 0.071   0.004 0.692 ***

FLR (%) 0.064 0.070   0.040

PY (g) 0.067 0.060 0.067  

The up-triangle are genetic correlation; the low-triangle are phenotype correlation. *, ** and ***indicate the
least signi�cant difference at 0.05, 0.01 and 0.001 probability level.

Table 4
Pearson correlation coe�cients in HZ&HN between three �ag leaf traits and yield per plant.

Traits correlation

in HZ&HN

FLL (cm) FLW (cm) FLR (%) PY (g)

FLL (cm)   0.138 0.256 ** 0.167

FLW (cm) -0.072   0.068 0.311 ***

FLR (%) 0.255 ** 0.121   0.055

PY (g) 0.081 0.358 *** 0.080  

The up-triangle are phenotype correlation coe�cients for Hangzhou; the low-triangle are phenotypic
correlation coe�cients for Hainan. *, **, *** indicate the signi�cant level of 0.05, 0.01 and 0.001.

Comparison of GWAS implemented with QTXNetwork and EMMAX

There were 21 signi�cant SNPs (8 SNPs for FLL, 5 SNPs for FLW, and 8 SNPs for FLR) shown in Table 5 by
QTXNetwork with accumulated explanatory heritability ranging from 53.29–89.25%. Two additive-
environment interaction effects (ae) were detected for FLL, and 2 epistatic effects (i/ie) were distinguished for
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FLL and FLW, and 19 additive and additive-environment interaction effects (a & ae) identi�ed for three �ag
leaf traits (Table 5 and Fig. 3).
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Table 5
The estimated heritability and predicted genetic effects of all detected signi�cant SNP loci for three leaf shape

traits by QTXNetworker.
Trait QTS Chr Allele Effect type Effect size −log10(P) h 2 h2

T

FLL seq1_6645948 1 A/G a 1.328 5.66 1.93% 89.25%

  seq3_27773262 3 T/C e1 0.909 1.94 0.91%  

        e2 -0.881 1.84 0.85%  

  seq3_30110703 3 T/C a 2.385 18.76 6.23%  

        ae1 3.017 15.27 9.97%  

        ae2 -3.129 16.36 10.72%  

  seq3_30131604 3 T/C a -3.745 43.83 15.35%  

        ae1 -3.039 15.17 10.11%  

        ae2 3.313 17.87 12.02%  

  seq5_15012722 5 A/C a 1.586 7.12 2.75%  

  seq6_771947 6 G/A a -1.248 4.93 1.71%  

  seq6_5306701 6 T/A e1 0.825 1.65 0.74%  

        e2 -0.828 1.66 0.75%  

  seq6_10897434 6 G/T a 1.311 6.05 1.88%  

  seq3_30110703 3 T/C aa -3.978 49.30 34.64%  

  seq3_30131604 3 T/C          

FLW seq5_23349984 5 C/G a -0.091 23.50 12.22% 83.33%

        ae1 0.038 2.70 2.19%  

        ae2 -0.037 2.59 2.08%  

  seq5_23494718 5 A/G a -0.034 3.82 1.73%  

        ae1 0.048 3.87 3.44%  

        ae2 -0.050 4.11 3.68%  

  seq6_8749143 6 A/C a 0.024 1.85 0.84%  

QTS = the detected signi�cant SNPs associated with the traits; Chr.= chromosome; Allele = paternal
allele/maternal allele; a = additive effect for paternal allele homozygotes, e = environmental effect for
paternal allele homozygotes ,ae = additive by environmental interaction effect, aa = additive by additive
epistasis effect; −log10(P) = inverse of the base 10 logarithm of p value; h2 (%) = heritability in percentage
due to the genetic component effect; h2

T (%) = total heritability equal to summation of heritability of all
individual QTSs.
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Trait QTS Chr Allele Effect type Effect size −log10(P) h 2 h2
T

  seq6_26960605 6 T/C a 0.075 12.76 8.46%  

  seq8_18325619 8 A/G a -0.183 91.09 49.68%  

  seq5_23349984 5 C/G aa -0.040 3.99 4.70%  

  seq6_26960605 6 T/C aa        

FLR seq1_5924014 1 C/T a -2.150 3.67 6.01% 53.29%

  seq3_4147055 3 G/A a -1.440 2.29 2.70%  

  seq3_8786910 3 C/T a -1.990 3.31 5.14%  

  seq3_12015603 3 G/A a -3.160 5.71 12.90%  

        ae1 2.140 1.75 5.91%  

        ae2 -2.250 1.90 6.57%  

  seq4_6532007 4 C/T a -1.850 2.98 4.41%  

  seq5_15014180 5 C/T a 1.790 2.91 4.14%  

  seq8_1618449 8 G/A a 2.340 4.76 7.10%  

  seq8_23600813 8 C/T a -1.890 3.71 4.65%  

QTS = the detected signi�cant SNPs associated with the traits; Chr.= chromosome; Allele = paternal
allele/maternal allele; a = additive effect for paternal allele homozygotes, e = environmental effect for
paternal allele homozygotes ,ae = additive by environmental interaction effect, aa = additive by additive
epistasis effect; −log10(P) = inverse of the base 10 logarithm of p value; h2 (%) = heritability in percentage
due to the genetic component effect; h2

T (%) = total heritability equal to summation of heritability of all
individual QTSs.

For FLL, 8 signi�cant SNPs positioned on 4 chromosomes, accumulative taking up 89.25% of the heritability.
A pair of additive-by-additive epistasis effects (seq3_30110703/ seq3_30131604) totally contributed to
56.22% of the heritability and showed opposite ae effects model in the two different locations. Additionally,
there were two additive-environment interaction effects detected, and both of them showed negative additive
effects in HN and positive additive effects in HZ.

For the FLW, there were 5 signi�cant SNPs detected, and the SNP located on chromosome 8 (seq8_18325619)
exhibited the largest main additive effects (h2 = 49.68%). Two SNPs located on chromosome 5
(seq5_23349984 and seq5_23494718) have relatively stronger pairwise LD (r2 = 0.92), which indicates these
two SNPs likely represent one identical causal locus in�uencing the FLW. In addition, there was a couple of
positive a&ae effect (seq5_23349984 / seq6_26960605) discovered; and their individual main additive
demonstrated differing genetic effects (seq5_23349984 was negative although seq6_26960605 was positive).

For the FLR, the total heritability (53.29%) mainly consisted of additive heritability (40.08%) from 8 SNPs that
had quite large individual heritabilities, especially for seq3_12015603 (h2 = 12.90%). The largest SNP also
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exhibited the a&e effect which showed reverse genetic effects in HN and HZ. Most of the remaining additive
effects were negative with individual contributions to the phenotype variation (2.07% − 6.01%).

To validate the results from QTXNetwork, EMMAX was also carried out to analyze the data (Fig. 4). In total, 16
signi�cant association peaks (2 SNPs for FLL, 11 SNPs for FLW, 3 SNPs for FLR) were identidied for three leaf
phenotypes in HZ and HN by EMMAX (Table 6). For the FLL, the lead SNP, that p is 4.1×10− 6, recognized
based on phenotype from HZ is seq3_30142073, and this SNP was close to the SNP (seq3_30131604) which
was the largest additive heritability of FLL from QTXNetwork. For the FLW, a total of 11 associated peaks were
detected on chromosomes 3, 4, 5, 6, 11, and 12 in both two environments. The lead SNP identi�ed based on
data from HN was seq6_8637474 with a P-value of 8.12×10− 9, and this SNP is close to SNP seq6_8749143
from QTXNetwork. For the FLR, the lead SNP identi�ed based on data from HN was seq3_12363195 with a P-
value of 1.99×10− 9, and this SNP was close to SNP seq3_12015603 which was the largest additive heritability
of FLR from QTXNetwork. The results showed a consistency between the two analytical tools.

Table 6
The 16 QTLs detected by EMMAX for three leaf shape traits in HZ and HN.

QTL Env Chr Alleles Maf Peak −log10(P) Effect Candidate genes

qFLL1 HZ 3 G/A 0.48 seq3_30142073 5.39 11.664 LOC_Os03g52540

qFLL2 HN 7 G/A 0.49 seq7_16075487 5.63 2.495 LOC_Os07g27510

qFLW1.1 HZ 4 A/T 0.47 seq4_7067615 5.42 0.283 LOC_Os04g12770

qFLW1.2 HZ 6 G/A 0.46 seq6_27447966 5.46 0.083 LOC_Os06g45390

qFLW2.1 HN 6 G/A 0.48 seq6_8637474 9.09 -0.289 LOC_Os06g15240

qFLW2.2 HN 3 C/T 0.47 seq3_20104630 6.30 0.360 LOC_Os03g36239

qFLW2.3 HN 5 A/G 0.48 seq5_24521657 6.20 0.590 LOC_Os05g41870

qFLW2.4 HN 5 G/A 0.47 seq5_26517897 6.18 0.311 LOC_Os05g45779

qFLW2.5 HN 6 T/A 0.48 seq6_14778432 6.20 0.590 LOC_Os06g25270

qFLW2.6 HN 6 C/T 0.48 seq6_20544872 6.20 0.590 LOC_Os06g35220

qFLW2.7 HN 11 T/C 0.48 seq11_13601041 6.25 0.502 LOC_Os11g24000

qFLW2.8 HN 11 T/C 0.48 seq11_26462918 5.92 0.371 LOC_Os11g43800

qFLW2.9 HN 12 A/G 0.48 seq12_23987153 6.20 0.590 LOC_Os12g39000

qFLR1.1 HZ 5 A/G 0.49 seq5_29686446 6.63 37.15 LOC_Os05g51750

qFLR1.2 HZ 7 T/G 0.46 seq7_362429 5.44 5.093 LOC_Os07g01580

qFLR2 HN 3 G/A 0.46 seq3_12363195 8.70 -8.138 LOC_Os03g21660

MAF = Minor allele frequency; Allele = paternal allele/maternal allele; −log10(P) = inverse of the base 10
logarithm of p value; Effect = Allele effect with respect to the minor allele.
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Bioinformatics analysis for candidate genes

According to the latest version of the MSU rice genome annotation project, 38 SNPs associated with the FLL,
FLW, and FLR, 14 SNPs are located within annotated genes as presented in Table 7.
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Table 7
The annotation information of genes harboring the signi�cant SNPs of for three leaf shape traits.

Marker DPE Chr Allele Trait Candidate genes Gene Annotation

seq1_5924014 ZH9308 1 C/T FLR LOC_Os01g11110 14-3-3/GF14 protein

seq1_6645948 XB 1 A/G FLL LOC_Os01g12180 expressed protein

seq3_4147055 ZH9308 3 G/A FLR LOC_Os03g08120 retrotransposon protein,
putative, unclassi�ed,
expressed

seq3_8786910 ZH9308 3 C/T FLR LOC_Os03g15900 SH3 domain containing
protein, expressed

seq3_12015603 ZH9308 3 G/A FLR LOC_Os03g21100 transposon protein, putative,
CACTA, En/Spm sub-class,
expressed

seq3_12363195 ZH9308 3 G/A FLR LOC_Os03g21660 transposon protein, putative,
unclassi�ed, expressed

seq3_20104630 XB 3 C/T FLW LOC_Os03g36239 retrotransposon protein,
putative, Ty3-gypsy
subclass, expressed

seq3_27773262 XB 3 T/C FLL LOC_Os03g48740 auxin glucosyltransferase;
IAA-glucose synthase; IAA-
conjugating enzyme; auxin
UDP-glycosyltransferase
(UGT) gene

seq3_30110703 XB 3 T/C FLL LOC_Os03g52470 WD domain, G-beta repeat
domain containing protein,
expressed

seq3_30131604 XB 3 T/C FLL LOC_Os03g52510 retrotransposon protein,
putative, unclassi�ed,
expressed

seq3_30142073 XB 3 G/A FLL LOC_Os03g52540 retrotransposon protein,
putative, Ty3-gypsy
subclass, expressed

seq4_6532007 XB 4 C/T FLR LOC_Os04g11910 transposon protein, putative,
CACTA, En/Spm sub-class,
expressed

seq4_7067615 XB 4 A/T FLW LOC_Os04g12770 retrotransposon protein,
putative, unclassi�ed,
expressed

seq5_15012722 XB 5 A/C FLL LOC_Os05g25800 transposon protein, putative,
unclassi�ed, expressed

seq5_15014180 XB 5 C/T FLR LOC_Os05g25800 transposon protein, putative,
unclassi�ed, expressed

DPE = Direction of phenotypic effect; Allele = paternal allele/maternal allele; Note: Gene annotation
information comes from the database: MSU Rice Genome Annotation Project Release 7.
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Marker DPE Chr Allele Trait Candidate genes Gene Annotation

seq5_23349984 XB 5 C/G FLW LOC_Os05g39750 expressed protein

seq5_23494718 XB 5 A/G FLW LOC_Os05g39990 expansin gene

seq5_24521657 XB 5 A/G FLW LOC_Os05g41870 glycine-rich cell wall protein,
putative, expressed

seq5_26517897 XB 5 G/A FLW LOC_Os05g45779 expressed protein

seq5_29686446 ZH9308 5 G/A FLR LOC_Os05g51750 aspartyl protease family
protein, putative, expressed

seq6_771947 XB 6 G/A FLL LOC_Os06g02320 expressed protein

seq6_5306701 XB 6 T/A FLL LOC_Os06g10320 expressed protein

seq6_8637474 ZH9308 6 G/A FLW LOC_Os06g15240 expressed protein

seq6_8749143 XB 6 A/C FLW LOC_Os06g15400 expressed protein

seq6_10897434 ZH9308 6 G/T FLL LOC_Os06g19150 retrotransposon protein,
putative, unclassi�ed,
expressed

seq6_14778432 XB 6 T/A FLW LOC_Os06g25270 retrotransposon protein,
putative, Ty1-copia subclass,
expressed

seq6_20544872 ZH9308 6 C/T FLW LOC_Os06g35220 retrotransposon protein,
putative, Ty3-gypsy
subclass, expressed

seq6_26960605 XB 6 T/C FLW LOC_Os06g44660 fasciclin-like
arabinogalactan precuseqor
protein, putative, expressed

seq6_27447966 XB 6 G/A FLW LOC_Os06g45390 expressed protein

seq7_362429 XB 7 T/G FLW LOC_Os07g27510 retrotransposon protein,
putative, Ty1-copia subclass,
expressed

seq7_16075487 XB 7 G/A FLL LOC_Os07g01580 expressed protein

seq8_1618449 XB 8 G/A FLR LOC_Os08g03450 ribosomal protein L37,
putative, expressed

seq8_18325619 XB 8 A/G FLW LOC_Os08g29809 resistance protein LR10,
putative, expressed

seq8_23600813 XB 8 C/T FLR LOC_Os08g37350 ubiquitin carboxyl-terminal
hydrolase family protein,
expressed

DPE = Direction of phenotypic effect; Allele = paternal allele/maternal allele; Note: Gene annotation
information comes from the database: MSU Rice Genome Annotation Project Release 7.



Page 13/29

Marker DPE Chr Allele Trait Candidate genes Gene Annotation

seq11_13601041 XB 11 T/C FLW LOC_Os11g24000 retrotransposon protein,
putative, Ty3-gypsy
subclass, expressed

seq11_26462918 XB 11 T/C FLW LOC_Os11g43800 PPR repeat domain
containing protein, putative,
expressed

seq12_23987153 XB 12 A/G FLW LOC_Os12g39000 hypothetical protein

DPE = Direction of phenotypic effect; Allele = paternal allele/maternal allele; Note: Gene annotation
information comes from the database: MSU Rice Genome Annotation Project Release 7.

Seven of these were classi�ed as genes encoding expressed or hypothetical proteins. The other were found to
encode particular domains, enzymes, retrotransposon proteins and transcription factors, which could play
vital functional parts in organism. Such as, SNP seq3_27773262 has different effects on the length of the �ag
leaf in different environments, and it is 2 kb away from LOC_Os03g48740. In previous studies (Liu et al. 2019;
Choi et al. 2012), LOC_Os03g48740 (indole-3-acetate beta-glucosyltransferase, OsIAGT) has the effect of
regulating the auxin content of plants and crop morphology, and the encoded OsIAGT has the highest activity
at 30°C. These results indicate that this gene may have a positive regulatory effect on the length of the �ag
leaf under high-temperature conditions. LOC_Os01g11110 encodes 14-3-3/GF14 proteins contained the
seq1_5924014 which dectected in FLR. The protein function as chief regulators of leaf development,
metabolism formation in a variety of plants (Lee et al. 2020; Chen et al. 2006).

Expression analysis of candidate genes

In order to verify whether the associated SNPs have an impact on leaf phenotype, we selected 13 candidate
genes and 6 known marker genes (Wang et al. 2007; Nakamura et al. 2006; Xiang et al. 2012; Zhang et al.
2015; Huang et al. 2016b; Zhang et al. 2016; Ma et al. 2017; Shao et al. 2019; Liu et al. 2019; Zhao et al. 2016)
that regulate leaf development to compare their expression levels between two parents. As shown in Fig. 5, a
total of 18 genes had a signi�cant difference between the two parents. The relative expression level of
LOC_Os03g52510 that retrotransposon protein was 11000 times, the highest among these. And it contains
seq3_30131604 which had the greatest additive effect on FLL. LOC_Os12g39000 is a hypothetical protein,
and 2kb away from the site of seq12_23987153 is the lowest relative expression level (0.5) in ZH9308. This
result indicates that this locus has a positive regulation of FLW. Among the 6 genes that have been reported to
regulate rice leaf morphology, 5 genes were differentially expressed in the parents. Among them,
LOC_Os03g19520, LOC_Os06g47150, and LOC_Os12g40900 were three auxin-responsive genes, which can
regulate rice leaf rolling and length (Wang et al. 2007; Nakamura et al. 2006; Huang et al. 2012; Liu et al.
2019), the expression of these genes increases with the increase of IAA concentration, which in turn regulates
leaf morphology. This result implies that more IAA in ZH9308 caused the difference in leaf morphology
between the two parents. LOC_Os07g01240 is related to cell wall development and controls the width and
rolling of rice �ag leaves (Xiang et al. 2012), it has a high expression level in ZH9308 and is curlier, which is
consistent with previous reports. LOC_Os03g21090 is an auxin-independent growth promoter protein which
was 3kb away seq3_12015603 and 1kb away LOC_Os03g21100, its expression level is 2.88 times that of XB



Page 14/29

in ZH9308. Compared with XB, the expressions of 11 candidate genes increased signi�cantly, and 2 decreased
signi�cantly in ZH9308. LOC_Os01g12180, LOC_Os03g52470, LOC_Os03g52510, LOC_Os05g25800,
LOC_Os06g02320, and LOC_Os07g01580 were identi�ed for FLL. LOC_Os03g52470 was a candidate gene for
the main QTL, and its expression in the ZH9308 was highly signi�cantly greater than that in XB (Table 7). In
addition, the additive effect of this position is 2.385, which may positively regulate FLL. LOC_Os03g36239,
LOC_Os06g45390, LOC_Os08g29809, and LOC_Os12g39000 were candidate genes of FLW. The
seq8_18325619 was a major QTL for FLW located in the LOC_Os08g29809, has a function of response to
stress (Jiang et al. 2020). The effect of this QTL was − 0.183, and the expression level in ZH9308 was higher,
suggesting that the gene negatively regulates FLW. LOC_Os01g11110, LOC_Os03g21660, and
LOC_Os08g37350 were found for FLR. The candidate gene of major QTL for FLR was LOC_Os03g21660,
which is a transposon protein. Its allele comes from ZH9308, and its expression in the ZH9308 is signi�cantly
lower than that in XB. And the site had a negative effect, demonstrating that the site may be negatively
regulating FLR. The experiment of gene expressions con�rmed that there were differential expressions
between two parents in the identi�ed variants.

Discussion
Leaf phenotype is one of the important indexes of leaf posture in super rice breeding. The moderate rolling
leaf is bene�cial to straighten and increase light exposure. More importantly, the rolling leaf is also bene�cial
to the light transmission of the population, especially the light exposure characteristics of the lower leaf
surface are signi�cantly improved. In the past decades, researchers have identi�ed many genes related to leaf
traits using mutants and map-based cloning. A photo-sensitive leaf rolling 1 (psl1) was identi�ed with
‘napping’ phenotype and reduced growth (Zhang et al. 2021). Three stable rice QTLs, qARO1, qARO5, and
qARO9, which control adaxial leaf rolling in a RIL population was identi�ed using a high-density SNP
genotyping map (Jang et al. 2021). For XY9308 with moderate leaf rolling, the leaf phenotype of the two
parents was signi�cantly different, and both the upper and lower surfaces of leaves can receive light normally,
so the photosynthetic rate is high, which is a suitable genetic material for studying leaf rolling. In the present
study, we performed a GWAS to detect QTLs that associated with leaf traits using 139 RILs with high-density
SNPs, which derived from a cross between XB and ZH9308. Here, we found that FLW was signi�cantly and
positively correlated with PY, suggesting that an appropriate increase in FLW may raise PY correspondingly
(Tables 3 and 4), being consistent with the �nding in previous research (Zhang et al. 2015a). Our work will
facilitate the pyramiding of superior alleles in new cultivars for rice molecular breeding.

GWAS is a relatively new method to analyze the genetic structure of complex traits in rice. GWAS with mixed
linear models has been proven to effectively control group strati�cation and other confounding variables.
EMMAX is a common software in plant GWAS. It was developed based on a mixed linear model with two Q
(population) and K (kinship). It uses the variance component method to reduce the analysis time signi�cantly.
It is mainly used in natural and nested-related groups. QTXNetwork is also a GWAS software based on a
mixed linear model. It performs statistical analysis on multiple environments and repeated data. Compared
with QTXNetwork, EMMAX software cannot calculate dominant and epistatic effect sites. The GWAS platform
in rice has been developed for several years and has been applied to the genetic analysis of many complex
traits. Although there are still many challenges, dozens of GWAS performed in rice in the past decade have
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identi�ed hundreds of relevant loci. In this study, two methods were used to �nd the sites that control the
morphological traits of the �ag leaf. There were 21 SNPs detected signi�cantly (8 for FLL, 5 for FLW, 8 for
FLR) by QTXNetwork (Table 5) and 16 signi�cant associated peaks (2 for FLL, 11 for FLW, 3 for FLR) were
detected by EMMAX (Table 6). Two GWAS analyses found some closely QTSs that were about 50 ~ 300 kb.
The results indicated the different two models have little difference in the inspection of the major QTLs, but
there is a big difference in the identi�cation of the minor effect site.

In this study, a total of 37 QTLs were identi�ed for regulating the morphological traits of the �ag leaf (Table 8),
�ve of which shared the same regions as those in the previous study. As for FLL, there were a total of 10 SNPs
identi�ed. The seq3_27773262 shared the same region with QFlw3, which was associated with �ag leaf width
(Mei et al. 2005). Additionally, it is 2 kb away from OsIAGT which has the effect of regulating the auxin
content (Liu et al. 2019). Meanwhile, the environmental effect was also detected by QTXNetwork. It is worth
noting that all seq3_30110703, seq3_30131604, and seq3_30142073 are located in the interval of 30.11 ~ 
30.14 Mb on chromosome 3. However, this region is 700 kb away from Oryza sativa GRAS [GA INSENSITIVE
(GAI), REPRESSOR OF GAI (RGA), and SCARECROW (SCR)] 19 (OsGRAS19) which was a member of the GRAS
family, as a positive regulator in the BR-signaling pathway (Chen et al. 2013). This study revealed that
OsGRAS19-overexpressing transgenic plants displayed narrow and larger leaf angles. This QTL is 500 kb
away from Oryza sativa homeobox 1 (OSH1) which is related to leaf development (Matsuoka et al. 1993).
Whether this region is affected by OsGRAS19 and OSH1 needs further study. The seq3_30110703 is located in
the LOC_Os03g52470. In order to investigate the expression level, it was found that the gene
LOC_Os03g52470 is differentially expressed between two parents (Fig. 5), demonstrate that this gene may
positively regulates the �ag leaf length. A super determinant1A (Sde1A) in tomato (Solanum lycopersicum)
was identi�ed that encodes a protein within a RAWUL domain (Matsuoka et al. 1993). The results suggest that
Sde1A is related to axillary meristems (AMs) and leaf development.
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Table 8
The QTLs associated with FLL, FLW, FLR with two different methods.

QTL Trait Method Overlapped QTLs from Q-TARO database

Reported
QTL

Chr Start End Trait name

seq1_5924014 FLR QTXNetwork          

seq1_6645948 FLL QTXNetwork          

seq3_4147055 FLR QTXNetwork qTNL-3
(Dong et al,
2004)

3 4072902 6784194 total
number of
leaves

seq3_8786910 FLR QTXNetwork          

seq3_12015603 FLR QTXNetwork dcf3 (Yoo
et al, 2007)

3 10000519 12459455 degree of
chlorophyll
content of
�ag leaf at
the heading
date

seq3_12363195 FLR EMMAX dcf3 (Yoo
et al, 2007)

3 10000519 12459455 degree of
chlorophyll
content of
�ag leaf at
the heading
date

seq3_20104630 FLW EMMAX ccf3b (Yoo
et al, 2007)

3 12459327 23887965 cumulative
chlorophyll
content of
the �ag leaf

seq3_27773262 FLL QTXNetwork QFlw3 (Mei
et al, 2005)

3 25891087 27899169 Flag leaf
width

seq3_30110703 FLL QTXNetwork          

seq3_30131604 FLL QTXNetwork          

seq3_30142073 FLL EMMAX          

seq4_6532007 FLR QTXNetwork          

seq4_7067615 FLW EMMAX          

seq5_15012722 FLL QTXNetwork          

seq5_15014180 FLR QTXNetwork          

seq5_23349984 FLW QTXNetwork          

seq5_23494718 FLW QTXNetwork          

seq5_24521657 FLW EMMAX QFla5 (Li et
al, 1999)

5 23597602 29429411 �ag leaf
angle
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QTL Trait Method Overlapped QTLs from Q-TARO database

Reported
QTL

Chr Start End Trait name

seq5_26517897 FLW EMMAX QFla5 (Li et
al, 1999)

5 23597602 29429411 �ag leaf
angle

seq5_29686446 FLR EMMAX          

seq6_771947 FLL QTXNetwork          

seq6_5306701 FLL QTXNetwork          

seq6_8637474 FLW EMMAX          

seq6_8749143 FLW QTXNetwork          

seq6_10897434 FLL QTXNetwork          

seq6_14778432 FLW EMMAX          

seq6_20544872 FLW EMMAX          

seq6_26960605 FLW QTXNetwork          

seq6_27447966 FLW EMMAX          

seq7_362429 FLW EMMAX          

seq7_16075487 FLL EMMAX          

seq8_1618449 FLR QTXNetwork          

seq8_18325619 FLW QTXNetwork          

seq8_23600813 FLR QTXNetwork          

seq11_13601041 FLW EMMAX          

seq11_26462918 FLW EMMAX          

seq12_23987153 FLW EMMAX          
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Table 9
Primers for qRT-PCR.

Gene Primer_F Primer_R

LOC_Os01g11110 AGACTGCTTCCAAAACTGCG ATCAGAGCAGGCAAGGAATGA

LOC_Os01g12180 CTGCACACCCTGAACTTTGC CAGTCTTCTTAAGCGGGCCA

LOC_Os03g21660 GACTCAGGTCGTTCTCCCTCA TGTGCTCTTCTGCTGGACTC

LOC_Os03g36239 ACAGCCAAGAACCGACAGAG GCTTTTGGGTTTGGTGCGAT

LOC_Os03g52470 TCCAAACGCAACACACATCAC CAATGAAGCACATCGCCCTT

LOC_Os03g52510 TAGAGGTGTTTGCCTGTGTGG CCTGATGTTGGAATCGTCTTGGA

LOC_Os05g25800 GCATTCGGCAAAGAAGCACA GTTCCCCTGTTGCTCTCACA

LOC_Os06g02320 AACTGATCGAGGACGGCTG GCTGGACTCGCCGTCTAATA

LOC_Os06g45390 GCGTATGAGGGCATCCAGAA GTGTTGGCCACTCTTTGCAG

LOC_Os07g01580 CTGCACTTGGATCCCTCCTG GATGGCATCCCAGTCTTGCT

LOC_Os08g29809 ACGGCTTGTGGAGATGGAGA AGGCGGTGTGTGAAGGAATC

LOC_Os08g37350 AAAGCGGCACTCATCGGTTA GCTCGGAAGTAGCATCACATC

LOC_Os12g39000 GAGATGAGGAACGAAGCCGAT CGCATCGTTTTGTCCAGCG

LOC_Os03g19520 ATGTCTTTAAACGCTCCTATGCTGT TGACGGCTTGGTCCTTGAAC

LOC_Os03g21090 TGAGTTACGCCCCTTCCAGA CCCATAAACCTGCGATGTCCT

LOC_Os06g47150 CCCATACTCACAGAGCAGCA TCGGGCTTGAAACATCGGAG

LOC_Os06g48950 TCCAACTTCAACCAGCCACAG CCAGCGGACCATCACCATTG

LOC_Os07g01240 TGCCCAATTCCTTGGTGACAA CATACTTGGAAGAAGGCATCCAG

LOC_Os12g40900 GAGGCCATGTTCCTCTGCTT CCTCTTGCTTCAGACCCCTT

Seventeen unique QTLs were signi�cantly associated with FLW in the current study. The seq3_20104630
locus located at a previously reported QTL ccf3b which was detected for cumulative chlorophyll content of the
�ag leaf (Yoo et al. 2007). Both seq5_24521657 and seq5_26517897 are located at a previously reported QTL
QFla5 which in�uenced �ag leaf area (Li et al. 1999). By QTXNetwork, we found seq8_18325619 had the
biggest additive effects (h2 = 49.68%), but EMMAX didn’t identify this variant. The seq8_18325619 is located
in the LOC_Os08g29809 that has the function of response to stress. This gene has NB-ARC (nucleotide-
binding in APAF-1, R gene products, and CED-4) domain and LRR_1 (leucine-rich repeats) domain, the domains
usually work together as a platform forming constitutive disease resistance (Jiang et al. 2020). The LOC_
Os08g29809 is differentially expressed in both parents (Fig. 5), suggesting that this gene may regulate FLW.

Leaf shape is a crucial component for ideal plant-type breeding. In our research, 36 QTLs related to FLL, FLW,
and FLR were obtained by using two GWAS models. The identi�ed QTLs could provide more candidate genes
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and genetic resources for functional research of leaf development and molecular breeding in rice, respectively.

Materials And Methods
Plant Materials

The RILs population consisting of 139 F13 lines was generated through the single seed descent (SSD) method
from the super hybrid rice Xieyou9308. The RILs population and two parental lines were grown in Hainan (HN,
110.0E, 18.5N) and Hangzhou (HZ, 120.2E, 30.3N) in China during 2019 and 2020, respectively.

Field Experiment and Phenotype Measurement

For the �eld trials, 30-day-old seedlings were transplanted in the �eld with conventional management. Three
�ag leaf shape traits were measured after the heading stage. The FLL, FLW, and distance between �ag leaf
borders (FLN) were measured on two tillers of eight different plants of the RILs and the two parents. The FLR
was calculated using the following formula: FLR (%) = (FLW-FLN)/FLW × 100%. In each RIL and parent line,
data were averaged and used for further analysis.

SNP Genotyping and Filtering.

The genomic DNA was extracted from the fresh leaf of 139 RILs and the two parental lines with a modi�ed
CTAB method (Murray 1980). The genome re-sequencing with 100× and 10× genome coverage was carried
out by Novogene for two parents and 139 RIL, respectively. The paired-end reads of each line were aligned
against the latest MSU reference genome sequence individually using the software of BWA (Li and Durbin
2009a) and SAMtools (Li et al. 2009b). Then PLINK(Purcell et al. 2007) was used to perform quality control
for SNPs. The Chi-square goodness of �t test was carried out to �ltered SNPs whose genotype frequency is
not according to the distribution of 1:1 because of our non-natural population. Lastly, 262,224 SNPs were
obtained after �ltering for further GWAS mapping.

Genetic Models and Statistical Analysis

In our research, QTXNetwork (Zhang et al. 2015b) and EMMAX (E�cient Mixed-Model Association eXpedited)
(Kang et al. 2010) were employed to perform GWAS. An additive-epistasis genetic model (QTXNetwork) was
used for the SNPs association analysis. GMDR-GPU (Zhu et al. 2013) was �rstly employed for preliminary
�ltering for both of the association mapping approaches. Then, association mappings were conducted for
each trait using the mixed linear approach implemented in QTXNetwork (Zhang et al. 2015; Yang et al. 2007).

EMMAX that takes into account both population structure (Q) and genetic kinship (K) was also used to
perform GWAS. ADMIXTURE (Alexander et al. 2009) software calculates the Q matrix of population structure
as a covariate. Signi�cant SNPs associated with leaf traits were detected when the P-value reached 4.1×10− 6

(Bonferroni multiple testing correction) in at least one environments. The Manhattan and quantile-quantile (Q-
Q) plot for the GWAS results were generated using the R package qqman.

Transcript Abundance Analysis



Page 20/29

Total RNA of two parents was extracted from the fresh �ag leaf tissue at the booting stage using the TRIzol
method (Vandesompele et al. 2002). In order to verify the expression of candidate genes, �rst-strand cDNA,
RNA quality and concentration were as described (Vandesompele et al. 2002). Real time-PCR was performed
with a CFX96 System. The OsActin was used as an internal control. Three biological and technical repeats
were carried out. The Student’s t-test was used for signi�cant analysis.

Conclusions
3 major QTLs were identi�ed by QTXnetwork and EMMAX analysis.
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Figure 1

The leaf phenotype of XB/ZH9308. (A) Plant architecture of XieqingzaoB (leaf) and Zhonghui9308 (right) at
mature stage, bar represent 20 cm; B: Flag leaf phenotype of XieqingzaoB (left) and Zhonghui9308 (right), bar
represent 10 cm.



Page 26/29

Figure 2

Distribution of three �ag leaf traits in the RIL population and two parents. (A-B) Range and frequency
distribution of �ag leaf length in 139 RILs and two parents. (C-D) Range and frequency distribution of �ag leaf
width. E-F: Range and frequency distribution of �ag leaf rolling rate. The x-axis represents a mean value, and
the y-axis represents the corresponding frequency. HZ represents Hangzhou and HN represents Hainan.
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Figure 3

Genetic architecture of detected QTSs for three �ag leaf traits. Circle = QTS individual additive effect; Line
between two QTSs = epistasis effects; Red = general effects across two environments; Blue = general and
environment-speci�c effects; Green= environment effects. SNP names is the code after GMDR.
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Figure 4

Manhattan plots and quantile-quantile plots for FLL (A,B) FLW ; (C,D) FLR (E,F); Balck line indicates cutoff for
signi�cant SNP with a bonferroni-corrected signi�cance thresholds of 5.39.
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Figure 5

Selected candidate genes expression in parents. qRT-PCR results of 13 selected and 6 known marker genes
between XB and ZH9308. *, ** and ***indicate the least signi�cant difference at 0.05, 0.01, and 0.001
probability level compared with XB (Student’s t-test).


