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Abstract
Panicle structure and grain shape are important components of rice architecture that directly contribute to rice yield and are 
regulated by quantitative trait loci (QTLs). In this study, a doubled haploid (DH) population derived from a cross between 
japonica “Maybelle” and indica “Baiyeqiu” was used to determine genetic effects on panicle structure and grain shape. All 
detected traits exhibited a continuous, transgressive distribution in the DH population. QTL analysis showed that a total of 
24 QTLs related to panicle structure and grain shape were detected on chromosomes 1, 2, 3, 4, 5, 6, 7, 9, 10, and 12, and 
three epistatic interaction QTLs were detected. Some genes related to panicle structure and grain shape were predicted in 
the major QTLs, and variations existed between the parents in all genes. Only OsIDS1, GS5, and SRS3 had nonsynonymous 
mutations that led to protein changes. Quantitative real-time PCR analysis showed that the expression levels of GS5 and 
OsFOR1 significantly differed between the two parents. In addition, genetic diversity analysis showed that the H3-35–H3-37, 
H6-18–H6-19, and H7-12–H7-14 intervals might be selected in the breeding program.
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Introduction

As an important staple food, rice plays a key role in feed-
ing people worldwide. With the rapidly increasing global 
population and drastic decreases in cultivated land and 
water resources, improving rice productivity is a challenge 
for rice breeders and plant geneticists (Sakamoto and Mat-
suoka 2004). Producing rice with an ideal panicle structure 
is an important direction for super high-yield breeding, and 
1000-grain weight which determined by grain shape can also 
directly affect rice yield (Wang et al. 2019). Therefore, both 
panicle structure and grain shape are important agronomic 

traits related to grain yield (Wu et al. 2016). Rice panicle 
structure usually refers to the size, number, and growth pos-
ture of rice panicles. Accordingly, both panicle branching 
and spikelet formation can influence the formation of panicle 
(Yu et al. 2017), and rice panicle structure estimation indices 
usually include the number of spikelets per panicle (SPP), 
panicle length (PL), and the numbers of primary branches 
(PBN) and secondary branches (SBN) (Sun et al. 2017). 
The broad concept of panicle structure includes grain shape, 
which can be inferred by grain length (GL), grain width 
(GW), and grain length–width ratio (LWR) (Bai et al. 2010).

Gene cloning and QTL analysis are beneficial for elu-
cidating the genetic basis of rice yield-related traits. To 
date, lots of QTLs and genes related to panicle structure 
have been detected using an F2 population, a doubled 
haploid (DH) population, and a recombinant inbred line 
(RIL) population. Gna1, a QTL for number of grains per 
panicle, encodes cytokinin oxidase/dehydrogenase and 
regulates cytokinin degradation. Decreased expression of 
Gna1 led to cytokine accumulation in inflorescence mer-
istems and increased the number of reproductive organs 
(Messenger et al. 2005). DEP1, a QTL for the number 
of rachis branches, is responsible for panicle type. The 
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dominant allele at the DEP1 locus caused truncation of 
phosphatidylethanolamine-binding protein-like domain 
protein, which enhanced meristematic activity and resulted 
in reduced inflorescence internode length (Huang et al. 
2009; Terao et al. 2010). IPA1, an ideal plant architec-
ture gene, encodes SOUAMOSA PROMOTER BIND-
ING PROTEIN-LIKE 14 (SPL14), which is regulated by 
microRNA OsmiR156 in vivo. Decreased expression of 
OsSPL14 caused a reduction in panicle branches, grain 
number, plant height, and culm diameter (Jiao et al. 2010). 
However, there were some genes cloned from mutants that 
regulate plant structure, such as APO1, LAX1, LAX2, FZP, 
and SP1 (Bai et al. 2016; Okada et al. 2018). APO1, which 
encodes the F-box protein, regulates the transformation 
of the meristem into the panicle primordial, and its over-
expression caused an increase in the number of primary 
branches and spikelets, thereby enhancing rice yield (Ikeda 
et al. 2007). Both LAX1 and LAX2 are required for axillary 
meristem initiation and maintenance during panicle devel-
opment (Oikawa and Kyozuka 2009; Tabuchi et al. 2011). 
FZP is a negative regulator of axillary meristem forma-
tion within the spikelet meristem and a positive regulator 
of floral meristem identity establishment (Komatsu et al. 
2003). SP1 encodes a putative transporter of the peptide 
transporter family and influences branch elongation (Li 
et al. 2009). OsMADS34/PAP2, a SEPALLATA-like gene, 
encodes a MADS-box protein that contains a short car-
boxyl terminus without transcriptional activation activity. 
The mutant osmads34 displayed decreased spikelet num-
ber and modified spikelet morphology, which included 
altered lemma/leaf-like elongated sterile lemmas (Gao 
et al. 2010).

Several QTLs have been identified that are associated 
with grain length and grain weight, such as GS3 and GL3.1 
(Fan et al. 2006; Qi et al. 2012), and grain width, such as 
GW2, GW5/GSE5 (Song et al. 2007; Weng et al. 2008; Liu 
et al. 2017). Truncation in the terminal of the predicted pro-
tein GS3 led to long rice grains. Recently, Xia et al. (2018) 
found that GL3.3 epistatically interacted with GS3 to affect 
rice grain length. GL3.1 encodes a phosphatase kelch family 
protein that controls protein phosphorylation in spikelets to 
accelerate cell division, which resulted in long grains (Qi 
et al. 2012). GW2 encodes a RING-type protein with E3 
ubiquitin ligase activity. Thus, the loss of GW2 function 
produced more cells and larger spikelet hulls, which resulted 
in enhanced grain width. Weng et al. (2008) found that a 
1212-bp deletion at the GW5 locus can affect grain width; 
a recent report revealed that this 1212-bp deletion is the 
promoter region of GSE5, and a 950-bp deletion was also 
identified in the same promoter region of some indica varie-
ties. GSE5 encodes a plasma membrane-associated protein 
with the IQ domain, and this protein can interact with the 
rice calmodulin protein OsCaM1-1. Deletion at the promoter 

caused decreased GSE5 expression and resulted in wider 
grain width by influencing cell proliferation in spikelet hulls 
(Duan et al. 2017).

Although many QTLs and genes related to panicle struc-
ture and grain shape have been identified, it is necessary to 
identify more QTLs and genes to elucidate the molecular 
mechanisms of panicle structure and grain shape regulation, 
and to provide more information and genetic resources to 
improve rice plant architecture. In addition, such information 
can provide more insights into the history of yield-related 
traits development through natural evolution and human 
selection. Panicle structure and grain shape are critical for 
improving rice breeding programs. Selection may be the 
most important factor that has influenced panicle structure 
and grain shape in modern rice varieties. Furthermore, many 
related genes were also reported to be selected by humans in 
modern breeding (Wu et al. 2014; Win et al. 2017; Fan et al. 
2006; Duan et al. 2017).

Here, we used a DH population derived from a cross 
between an improved variety, “Maybelle,” and a landrace 
variety, “Baiyeqiu,” to identify QTLs for panicle structure 
and grain shape. Genetic diversity analysis of these QTLs 
was also performed to study the effects of human selection 
on rice breeding programs. These results can elucidate the 
genetic basis and effects of rice breeding on panicle structure 
and grain shape.

Materials and methods

Plant material

A set of 168 DH lines developed by anther culture of an F1 
hybrid between the typical local indica variety “Baiyeqiu” 
and the japonica cultivar “Maybelle” was used for QTL 
analysis (Yang et al. 2018). All lines were planted at the 
experimental farm of China National Rice Research Institute 
(Hangzhou, China). For field planting, one line was planted 
in each plot; four rows per plot and six individuals per row 
were planted. The natural population, which included 285 
local varieties and 92 improved varieties, was used, and 
more information about this population was provided in a 
previous study (Xu et al. 2016).

Phenotypic evaluation

At harvest, we selected five plants in the middle of each line 
and picked the three highest panicles from each plant. Then, 
we measured PL, PBN, SBN, and SPP for the 15 panicles. 
After removing inordinate values from measuring data, we 
calculated the average of the values as the final phenotypic 
data of each trait. Following adequate drying, more than 100 
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fully filled grains were used to measure the GL and GW with 
an electronic digital display Vernier caliper.

RNA extraction and quantitative real‑time PCR 
analysis

Total RNA was extracted from 2-cm young panicle tis-
sues of the two parents “Baiyeqiu” and “Maybelle” using 
a Total RNA extraction kit (Takara, Japan). First-strand 
cDNA was synthesized using PrimerScript RT Master Mix 
(Takara, Japan). Then, quantitative real-time PCR (qRT-
PCR) was performed in a two-step reaction using PowerUp 
SYBRGreen Master Mix (Applied Biosystems, USA) on an 
Applied Biosystems 7500 Real-Time PCR system (Applied 
Biosystems, USA). The mRNA expression was quantified 
for GS5 (LOC_Os05g06660), OsIDS1 (LOC_Os03g60430), 
OsFOR1 (LOC_Os07g38130), DST (LOC_Os03g57240), 
SRS3 (LOC_Os05g06280), and Ubq (LOC_Os03g13170). 
The rice ubiquitin gene was used as the internal control. 
Each measurement was performed on three replicates of each 
of three biological samples. The primers used for the qRT-
PCR are listed in the supplemental materials (Table S1).

Data analysis

Statistical analyses of means, frequency statistics, tha val-
ues of skewness and kurtosis for the DH population, and a 
Student’s t-test between the parents were calculated using 
Microsoft Office Excel 2010 and SAS 9.2 (SAS, Inc., Cary, 
North Carolina, USA). Correlation analysis, including calcu-
lation of correlation coefficients between each pair of traits, 
was performed using the psych package in R 3.5.1 (https​
://perso​nalit​y-proje​ct.org/r/book/). Genetic diversity indi-
ces, which included both polymorphism information con-
tent (PIC) and reduction of diversity (ROD) for local and 
improved varieties, were calculated as described by a previ-
ous study (Yang et al. 2018). The genotype of every variety 
was also obtained by a previous report (Xu et al. 2016). The 
parents were sequenced using next-generation sequencing 
technology on the Illumina platform for about 20 × cover-
age of rice genome. All paired-end reads were aligned and 
mapped using BWA software (Li and Durbin 2009). SNP 
and INDEL calling were conducted using the GATK pipe-
line as previously described (McKenna et al. 2010).

Linkage map construction and QTL mapping

In total, 295 polymorphic markers between the parents, 
which included 187 INDEL markers and 108 SSR markers, 
were uniformly distributed on 12 rice chromosomes, and 
primers were designed using Primer Premier 3.0 (http://bioin​
fo.ut.ee/prime​r3-0.4.0/). Additionally, these polymorphic 

markers were used for genetic linkage map construction of 
the DH population with IciMapping (Meng et al. 2015).

Then, by combining the phenotypic data and linkage map, 
we used the inclusive composite interval mapping as our 
QTL mapping method to obtain the candidate QTLs (Wang 
2009). The presence of a QTL was defined as the threshold 
of likelihood of odds (LOD) value greater than 2.5. In addi-
tion, the genetic parameter of additive effect and variance 
explained by each QTL were also calculated. The identified 
QTLs were named according to the standard nomenclature 
(McCouch et al. 1997).

Results

Phenotypic variation in the parents and DH lines

As the results shown in Fig. 1, all traits, which included PL, 
PBN, SBN, SPP, GL, GW, and LWR, exhibited a continu-
ous distribution and substantial transgressive variations in 
the DH population. Except for SPP and GW, all other traits 
showed significant differences (p < 0.05) between the two 
parents. Moreover, “Maybelle” exhibited higher values than 
“Baiyeqiu” for all traits except PBN.

Skewness and kurtosis were calculated to describe 
the distribution of the traits in our research. As shown in 
Table 1, all traits had positive skewness; this might be 
because of the larger contribution of “Maybelle” alleles to 
the DH population. For kurtosis, all traits except for PL dis-
played a leptokurtic distribution (kurtosis value > 0).

Correlation analysis

Correlation analysis showed that there was no significant 
correlation between panicle structure traits and grain shape 
traits, because the correlation coefficients ranged from 
− 0.21 to 0.18, and this was especially true for correlations 
between PBN and grain shape traits, also between GW and 
panicle structure traits (Fig. 2). However, high correlations 
were observed between any two panicle structure traits and 
any two grain shape traits. Among these panicle structure 
traits, positive correlations were observed between any two 
traits. Additionally, the correlation coefficient between SBN 
and SPP was the greatest at 0.92. For grain shape traits, 
LWR was positively correlated with GL and negatively 
correlated with GW, and a high correlation were observed 
between LWR and GL with a correlation coefficient of 0.74.

QTL analysis

In total, 24 QTLs that contained 21 genetic intervals were 
detected for all traits (Table 2). These QTLs were distrib-
uted on chromosomes 1, 2, 3, 4, 5, 6, 7, 9, and 12 (Fig. 3). 

https://personality-project.org/r/book/
https://personality-project.org/r/book/
http://bioinfo.ut.ee/primer3-0.4.0/
http://bioinfo.ut.ee/primer3-0.4.0/
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Fig. 1   Phenotypic distribution of panicle structure and grain shape in a doubled haploid population. a Panicle length; b no. of primary branches; 
c no. of secondary branches; d no. of spikelets per panicle; e grain length; f grain width; g grain length–width ratio.
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Fourteen QTLs were identified for panicle structure with 
LOD scores that ranged from 2.75 to 6.12; the amount of 
phenotypic variation explained ranged from 4.74 to 15.02%. 
Furthermore, 10 QTLs for grain shape were identified and 
had LOD scores that ranged from 2.73 to 15.64, and the 
amount of explained phenotypic variation ranged from 3.86 
to 30.86%.

Among these QTLs for panicle structure, there were 
five QTLs for PL detected on chromosomes 2, 3, 4, and 
7, with LOD scores that ranged from 2.75 to 6.13, and 
they explained 4.74–15.02% of the phenotypic varia-
tion. Four of the QTLs, qPL2, qPL3, qPL4-1, and qPL7, 
exhibited negative additive effects, and alleles from “Bai-
yeqiu” increased PL. qPL3 had the highest LOD score. 
qPL3 was located in the H3-7–H3-8 interval on chro-
mosome 3 and accounted for 15.02% of the phenotypic 
variation; the allele from “Baiyeqiu” can increase PL 

by 1.72 cm. Only one QTL, qPBN12, was identified for 
PBN in the H12-19–H12-20 interval on chromosome 12; 
it explained 10.47% of the phenotypic variation, and the 
LOD score was 3.96. Based on the additive effects, we 
infer that the allele from “Maybelle” primarily contributed 
to the observed phenotype. For SBN, four QTLs, qSBN1, 
qSBN3, qSBN4, and qSBN7, located on chromosomes 1, 
3, 4, and 7, respectively, explained 5.83–11.47% of the 
phenotypic variation and had LOD scores that ranged 
from 3.04 to 5.12. Three of the QTLs displayed nega-
tive additive effects, which indicate that the alleles from 
“Baiyeqiu” increased SBN. Similar results were observed 
in QTL analysis for SPP; four QTLs were mapped on 
chromosomes 1, 3, 4, and 7 (qSPP1, qSPP3, qSPP4, and 
qSBPP7, respectively), with LOD scores of 3.16–3.87 
and explained variations of 6.75–8.09%. Moreover, most 
of these QTLs for SPP overlapped with or were near the 
intervals detected in QTL analysis for SBN. For example, 
qSBN1 was co-localized with qSPP1, and both qSBN7 and 
qSPP7 were located in the H7-12–H7-13 interval.

In grain shape analysis, two, two, and six QTLs were 
detected for LWR, GL and GW, respectively. qLWR7, the 
major QTL for LWR, was located in the H7-13–H7-14 
interval on chromosome 7, displayed the highest LOD score 
(15.64), and explained 30.86% of the phenotypic variation. 
The allele from “Maybelle” increased LWR. Moreover, the 
H7-13–H7-14 interval was also responsible for GL (qGL7), 
which was also the most important QTL for this trait, had 
an LOD score of 11.57, and explained 25.19% of pheno-
typic variation. Positive additive effects indicated that the 
interval in “Maybelle” might increase GL by 0.46 mm. 
Furthermore, six QTLs for GW, qGW1, qGW3-1, qGW3-
2, qGW6, qGW9, and qGW12, were identified on chromo-
somes 1, 3, 6, 9, and 12, respectively. These QTLs did not 
overlap with those for LWR, and explained 3.86–12.30% 
of the phenotypic variation with LOD scores that ranged 
from 2.73 to 6.60. Additionally, four of the QTLs (qGW1, 
qGW3-1, qGW3-2, and qGW6) displayed negative additive 
effects. qGW12 was the most important QTL for GW and 
was located in the H12-3–H12-4 interval on chromosome 

Table 1   Phenotype performance 
of DH population (n = 168) and 
their parents

Note: Data are presented as the average ± standard deviation (S.D.)

Traits Parents DH population (n = 168)

Maybelle BYQ p value Mean ± S.D. Range Skewness Kurtosis

PL 28.68 ± 0.83 31.12 ± 1.41 0.0039 27.20 ± 4.13 18.54–36.70 0.24 − 0.62
PBN 14.40 ± 0.89 11.40 ± 0.55 0.0007 10.87 ± 1.98 6.80–17.00 0.69 0.24
SBN 51.00 ± 1.00 55.33 ± 1.53 0.0059 55.07 ± 16.62 17.50–129.00 0.72 1.91
SPP 228 ± 3.78 279 ± 20.22 0.0791 289.52 ± 88.40 125.00–629.00 0.99 1.96
LWR 3.59 ± 0.06 3.98 ± 0.23 0.0009 3.58 ± 0.34 2.83–4.71 0.39 0.31
GL 0.87 ± 0.20 1.00 ± 0.15 0.0000 0.91 ± 0.84 0.72–1.18 0.46 0.75
GW 0.24 ± 0.08 0.25 ± 0.17 0.2031 0.26 ± 0.17 0.22–0.31 0.35 0.34

Fig. 2   Correlation analysis of panicle structure and grain shape. The 
color and areas of the circle represent the value of correlation coef-
ficient. Orange and blue indicate negative and positive correlations, 
respectively. ** represents significance at the level of 1%.
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12 with an LOD score of 6.60, and accounted for 12.30% of 
phenotypic variation.

Epistatic interaction analysis

To further understand the genetic components of all traits, 
the digenic epistatic effects were estimated. We detected 
epistatic interactions at three QTLs for only two traits (SBN 
and GL; Table 3). One pair of epistatic loci was detected for 
SBN, which explained 20.49% of the phenotypic variation 
and had the highest LOD score. Two pairs of epistasis loci 
for GL were identified and accounted for 16.64% and 9.31% 
of the phenotypic variation. However, no significant epitasis 
was detected for other traits, which indicates that the main 
effect QTL is the primary genetic component of these traits.

Genetic diversity analysis of major QTLs

Because one parent is a landrace variety and the other is 
an improved variety, differences between them may partly 
represent differences between landrace and improved varie-
ties. Therefore, the major QTLs detected here were used to 
study the artificial selection of panicle structure and grain 

shape in rice breeding. A natural population that included 
95 improved varieties and 285 landrace varieties was used to 
analyze genetic diversity differences between improved and 
landrace varieties. We observed some differences between 
improved and landrace varieties in the intervals identified in 
our study (Fig. 4a). The PIC values of the landrace varieties 
were somewhat higher than those of the improved varieties 
in certain intervals, including H3-35–H3-37, H6-18–H6-19, 
and H7-12–H7-14. Moreover, the ROD curve chart exhib-
ited obvious peaks in these intervals (Fig. 4b). However, 
PIC and ROD analysis showed that there were no signifi-
cant differences between landrace and improved varieties for 
other major QTLs detected. These findings indicate that the 
H3-35–H3-37, H6-18–H6-19, and H7-12–H7-14 intervals 
might be selected in the breeding program.

Comparative genetic analysis for QTLs and trait-
related cloned genes

Many genes related to panicle structure and grain shape 
were previously cloned in rice. By integrating the previ-
ously cloned genes and QTLs detected in this study, we fur-
ther found that five related genes, OsIDS1, OsFOR1, DST, 
GS5, and SRS3, were located in the QTLs detected above 
(Fig. 5a). Among these genes, OsIDS1, OsFOR1, and DST 

Table 2   QTL analysis of 
panicle structure and grain 
shape in DH population.

Traits Chr. Loci Marker interval LOD PVE(%) Additive
effect

Reported genes/QTLs

PL 2 qPL2 H2-27–H2-28 3.91 9.36 − 1.24
3 qPL3 H3-7–H3-8 6.13 15.02 − 1.72
4 qPL4-1 H4-13–H4-14 4.37 8.38 − 1.21
4 qPL4-2 H4-23–H4-24 4.57 10.38 1.36
7 qPL7 H7-7–H7-8 2.75 4.74 − 0.92

PBN 12 qPBN12 H12-19–H12-20 3.96 10.47 0.65
SBN 1 qSBN1 H1-7–H1-8 3.04 5.83 4.26 qSSB1-1(Cui et al. 2002)

3 qSBN3 H3-36–H3-37 5.12 11.48 − 6.10 OsIDS1 (Lee and An 2012)
4 qSBN4 H4-5–H4-6 4.46 8.98 − 5.29 qSNP-4a (Mei et al. 2006)
7 qSBN7 H7-12–H7-13 3.38 6.86 − 4.85 OsFOR1(Jang et al. 2003)

SPP 1 qSPP1 H1-7–H1-8 3.16 6.75 24.15 qSSB1-1(Cui et al. 2002)
3 qSPP3 H3-35–H3-36 3.62 8.09 − 26.18 DST(Terao et al. 2010)
4 qSPP4 H4-9–H4-10 3.79 7.72 − 25.15 spp4-2(Xiao et al. 1996)
7 qSPP7 H7-12–H7-13 3.87 8.24 − 27.18 OsFOR1(Jang et al. 2003)

LWR 5 qLWR5 H5-4–H5-5 3.54 9.28 − 0.11 GS5(Li et al. 2011);
SRS3(Kitagawa et al. 2010)

7 qLWR7 H7-13–H7-14 15.64 30.86 0.21 GL7(Weng et al. 2008)
GL 6 qGL6 H6-18–H6-19 5.97 10.37 − 0.28

7 qGL7 H7-13–H7-14 11.57 25.19 0.46 GL7 (Weng et al. 2008)
GW 1 qGW1 H1-26–H1-27 2.97 3.92 − 0.04

3 qGW3-1 H3-12–H3-13 2.73 3.86 − 0.04 qGW3(Miyata et al. 2007)
3 qGW3-2 H3-27–H3-28 6.22 9.52 − 0.06 gw3.1(Thomson et al. 2003)
6 qGW6 H6-24–H6-25 3.50 4.65 − 0.04
9 qGW9 H9-10–H9-11 4.05 5.45 0.05

12 qGW12 H12-3–H12-4 6.60 12.30 0.07
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were related to panicle structure, whereas GS5 and SRS3 
were involved in grain shape regulation. Then, we compared 
the sequences of these genes between the two parents, and 
found that many differences (SNPs and INDELs) were found 
in all five genes, including in their promoter regions (Fig. 5a 
and Supplementary Table S2).

Consequently, to determine whether these differences 
can influence gene function, the differences in the genes, 
including SNPs and INDELs, were annotated based on the 
Nipponbare reference genome (http://rice.plant​biolo​gy.msu.
edu/index​.shtml​). The annotation results showed that vari-
ations between the parents were found in the exons all five 
genes (Table 4). However, most of the variations were syn-
onymous mutations, and two genes (DST and OsFOR1) 
had no protein change between parents. However, we do 

not know whether some functional variations exist in the 
promoter and untranslated regions of these genes. Moreover, 
GS5 had a nonsynonymous mutation and amino acid change 
at the position of 98 bp, which resulted in a change from 
alanine to glycine between the two parents. OsIDS1 had 
a nonsynonymous mutation and amino acid change at the 
position of 1118 bp, with proline in “Maybelle” and leucine 
in “Baiyeqiu.” Moreover, SRS3 had the largest number of 
variations in its exon region. The nonsynonymous mutation 
at the position of 2420 bp resulted in a change from argi-
nine to histidine. Additionally, “Baiyeqiu” had a four bases 
inserted at the position of 2479 bp in SRS3, which resulted 
in a frameshift mutation and premature termination.

Based on these results, qRT-PCR analysis was also per-
formed on these related genes to compare the expression 
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Fig. 3   QTL analysis of total panicle structure and grain shape-related traits. Different colored pentagons represent different traits, and pentagon 
position indicates the QTLs detected in the region. The published QTLs and references are labeled.

Table 3   Epistatic QTL 
interaction analysis of panicle 
structure and grain shape in DH 
population.

Traits Chr. Marker interval Marker interval LOD PVE (%) Epistasis (AA)

SBN 1 H1-7–H1-8 H2-1–H2-2 5.33 20.49% − 5.70
GL 3 H3-24–H3-25 H3-25–H3-26 5.15 16.64% − 0.84
GL 1 H1-27–H1-28 H9-1–H9-2 5.21 9.31% 0.26
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Fig. 4   Genetic diversity analysis of the major QTL intervals in local 
and improved varieties. a Polymorphism information content (PIC) 
values of local and improved varieties in the major QTL regions. 
Blue and red curves show the PIC values of improved and local vari-

eties, respectively. The black arrows indicate regions where the PIC 
value of local varieties was greater than that of improved varieties; b 
parameter of reduction of diversity (ROD) distribution at candidate 
QTL regions. Red dotted line means the boundary of two intervals.

Fig. 5   Diversity in OsIDS1, 
OsFOR1, DST, GS5, and SRS3 
between “Maybelle” and “Bai-
yeqiu”. a Variations in OsIDS1, 
OsFOR1, DST, GS5, and SRS3 
between the parents. Solid and 
empty boxes indicate exons and 
untranslated regions, respec-
tively; the red lines indicate the 
differences between the two 
parents. b Expression levels 
of OsIDS1, OsFOR1, DST, 
GS5, and SRS3 in the parents. 
OsIDS1 (LOC_Os03g60430), 
OsFOR1 (LOC_Os07g38130), 
DST (LOC_Os03g57240), GS5 
(LOC_Os05g06660), SRS3 
(LOC_Os05g06280). Mean 
and SD values from qRT-PCR 
analysis were obtained with 
three biological replicates in 
one experiment. *p < 0.05; 
**p < 0.01 (Student’s t test).
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levels between the two parents (Fig. 5b). The results showed 
that the expression levels of OsFOR1 and GS5 significantly 
differed (p < 0.05) between the two parents, and the expres-
sion levels of DST, SRS3, and OsIDS1 showed no obvious 
differences. Moreover, “Baiyeqiu” exhibited higher expres-
sion of GS5 and OsFOR1 than “Maybelle”, which might 
affect the panicle structure and grain shape of the parents.

The results described above demonstrate that these five 
genes might contribute to panicle structure and grain shape, 
and be candidate genes for QTLs. However, further confir-
mation of these genes should be performed.

Discussion

The DH lines exhibited considerable variations for all traits 
evaluated in this study, and many QTLs related to these traits 
were also detected. The range and mean values of pheno-
types reflected the extent of phenotypic variability in the 
DH population, which indicated that variations in panicle 
structure and grain shape were caused by multiple genes and 
their interactions. In the DH population, PBN displayed pos-
itive skewness, but “Maybelle” exhibited greater PBN than 
“Baiyeqiu”, this might because PBN is controlled by a few 
minor genes and is also affected by polygenes (Zhang et al. 
2002; Jiang et al. 2010). Kurtosis of the phenotype distribu-
tion only displayed a negative value for PL, which indicates 
that PL distributed asunder. This finding may have resulted 
because the DH population has less chance for recombina-
tion of non-allelic genes or because PL is environmentally 
sensitive (Choo and Reinbergs 1982; Liao et al. 2000). Addi-
tionally, DH lines with phenotypic values greater than the 
parent with the higher value and less than the parent with the 
lower value were observed for all traits (transgressive seg-
regation). This may indicate that different genes assembled 
and epistatic interactions led to different panicle structure 

and grain shape. Thus, these findings can provide informa-
tion for ideal rice plant architecture planning and also benefit 
rice breeding by gene pyramiding to enhance grain yield.

Both panicle structure and grain shape were panicle-
related traits, but they were relatively independent. Correla-
tion analysis indicated that they were not correlated with 
each other and had low correlation coefficients. Furthermore, 
no common QTL was detected between these two types of 
traits. However, there was extremely significant correlation 
between any pairs of traits related to panicle structure or 
grain shape. Moreover, 25 QTLs that covered 21 intervals 
were identified in QTL analysis, which indicated that some 
intervals had two or more QTLs, and some relationships 
may exist among the clustered QTLs. Two intervals that con-
tained four QTLs were responsible for SBN and SPP, and a 
common interval was detected for GL and LWR. QTLs in a 
single genetic interval that control multiple traits may help 
explain the high correlation coefficients between phenotypes 
of the pairs of traits. Similar findings were also reported in 
the context of bi-parental populations in a previous study 
(Mei et al. 2006) and may indicate that these intervals har-
bor QTLs that exhibit pleiotropism or physiological asso-
ciations. As far as we know, increased SPP and SBN both 
enhanced rice yield; therefore, we might directly use these 
QTLs in marker-assisted selection for collaborative improve-
ment of multiple traits.

Panicle structure and grain shape are very complicated 
characters in rice. Lots of QTLs for panicle structure have 
been identified in previous reports. Some of these QTLs 
were also detected in the same regions in this study, which 
might indicate that they represent the same functional loci. 
qSPP4 was located in the H4-9–H4-10 interval and over-
lapped with the previously reported QTL spp4-2, which is 
related to SPP and was identified from RILs derived from 
an indica/japonica cross between 9024 and LH422 (Xiao 
et al. 1996). Mei et al. (2006) reported a QTL, qSNP-4a, 

Table 4   The difference on exon of the predicted genes between the two parents

Genes Chr. Position cds_position ’Maybelle’ ’Baiyeqiu’ Quality Structure Exonic function AA_change

DST 3 32646570 339 T C 52.74 exon synonymous
GS5 5 3443512 92 C G 218.80 exon nonsynonymous Ala-Gly
OsIDS1 3 34359608 498 A C 1481.77 exon synonymous
OsIDS1 3 34361891 1118 C T 588.77 exon nonsynonymous Pro-Leu
OsFOR1 7 22874801 846 G A 1260.77 exon synonymous
SRS3 5 3207628 1146 A G 805.77 exon synonymous
SRS3 5 3207671 1189 C T 886.77 exon synonymous
SRS3 5 3210001 2420 G A 897.77 exon nonsynonymous Arg-His
SRS3 5 3210656 2479 G GGAGA​ 1453.73 exon frameshift Premature termination
SRS3 5 3210676 2499 A G 1009.77 exon synonymous
SRS3 5 3210748 2571 T C 1128.77 exon synonymous
SRS3 5 3211390 2673 T C 976.77 exon synonymous
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which regulated SPP in a reciprocal introgressive popula-
tion; interestingly, it was found in the same region as qSBN4, 
which was located in the H4-5–H4-6 interval. Moreover, 
in the H1-7–H1-8 interval, the QTL for SBN and SPP was 
detected and overlapped with qSSB1-1, a QTL for SBN that 
was previously reported by Cui et al. (2002).

Some previously reported QTLs for grain shape were also 
detected in this study. For example, gw3.1, which was previ-
ously identified as a QTL for grain width using a backcross 
population with the parents Oryza rufipogon and O. sativa 
cultivar Jefferson, overlapped with the major QTL qGW3-2 
(Thomson et al. 2003). qGW3, which was identified from a 
RILs cross between Koshihikari and IR24, was located in 
the H3-12–H3-13 interval (Miyata et al. 2007). Some cloned 
genes were also located in the QTLs we detected. OsIDS1, a 
gene cloned from the mutant, mapped in the H3-36–H3-37 
interval and overlapped with qSBN3. It was reported that 
OsIDS1 plays an important role in inflorescence architec-
ture and floral meristem establishment (Lee and An 2012). 
OsFOR1, which encodes a protein that contains a leucine-
rich repeat domain, played a role in the formation and/or 
maintenance of floral organ primordia, and overlapped with 
the QTL qSPP7 (Jang et al. 2003). DST was found in the 
H3-35–H3-36 interval. DST can regulate OsCKX2/Gna1 
expression and the phytohormone cytokinin level in the 
reproductive shoot apical meristem, and then consequently 
influence SPP (Terao et al. 2010). Gene sequence compari-
son revealed that the variations in these three genes between 
the parents could lead to protein alterations, and OsIDS1, 
OsFOR1, and DST were probably candidate genes in these 
three intervals. Considering the LOD scores of these QTLs, 
we found that OsIDS1 and DST were mapped in the major 
QTLs of SPB and SPP, respectively. Moreover, OsIDS1 
had a nonsynonymous mutation between the two parent 
sequences. Thus, we speculated that OsIDS1 was probably 
a functional locus in the DH population; however, more 
research is still needed to verify this.

Importantly, all of the genes were cloned from mutants, 
and they were not identified in the natural varieties. This 
provided an opportunity to explore the function and evolu-
tion of these genes in rice breeding. The largest QTLs for 
grain shape were qLWR7 and qGL7, which were located 
in the same interval (H7-13–H7-14). Additionally, GL7, 
which encodes a protein homologous to Arabidopsis 
thaliana LONGIFOLIA proteins, was also mapped in this 
region (Wang et al. 2015). Therefore, we are confident 
that GL7 is a functional locus in the H7-13–H7-14 inter-
val for two reasons. First, this interval had the major QTL 
for LWR and GL, which was consistent with the func-
tion of GL7. Second, it was previously reported that GL7 
widely existed in the tropical japonica, which was geo-
graphically distributed across the America, and one of the 
parents in our study, “Maybelle,” was original planted in 

the America. Besides GL7, some loci detected overlapped 
with other previously reported genes. For example, GS5 
(Xu et al. 2015) and SRS3 (Kitagawa et al. 2010) were 
anchored in the H5-4–H5-5 interval, which was respon-
sible for LWR, and there was also substantial variation 
between in these two genes the parents. In addition, “Bai-
yeqiu” showed higher GS5 expression than “Maybelle” 
(Fig. 5b). The high expression of GS5 resulted in large rice 
grains, which was consistent with the findings of previous 
research (Xu et al. 2015). Moreover, by combining the 
gene diversity results between “Maybelle” and “Baiye-
qiu,” we concluded that variations at the OsFOR1 and GS5 
promoters may cause differences in expression between 
the two parents. The consistency of these results partly 
supports the robustness of our QTL analysis.

Some novel QTLs were also detected in our research, 
which may be related to different genetic backgrounds 
and environments. qPL3, qPL4-2, qGL6, and qGW12 
displayed higher effective values than other novel QTLs, 
and explained approximately 10% of the phenotypic varia-
tion and had LOD scores greater than 4.5. These intervals 
should be fine-mapped by constructing a segregated popu-
lation and marker density should be increased. Other novel 
QTLs had minor effects and no major QTL was detected 
nearby. Some novel epistatic QTLs were also detected and 
might work together to influence phenotype. Therefore, 
the effects of minor and epistatic QTLs should also be 
considered in the future.

In our study, “Maybelle” was an improved variety, 
whereas “Baiyeqiu” was a local variety. The different per-
formances between these varieties might indicate that these 
traits were improved by selection. “Baiyeqiu” displayed 
larger panicles and grain size and enhanced rice produc-
tion, which may be preferential for breeding. However, in 
modern rice breeding programs, the panicle and grain sizes 
similar to “Maybelle” are always selected because of the 
grain plumpness in giant rice grains and the balance between 
source and sink. Moreover, genetic diversity analysis showed 
that many QTLs detected in our study displayed higher 
genetic diversity in local varieties than in improved varie-
ties, which indicated that some QTLs of panicle structure 
and grain shape from local varieties disappeared through 
human selection during rice breeding, and led to more suit-
able panicle structure and grain shape of improved varie-
ties in rice breeding programs. These findings provided new 
insights into the genetic domestication mechanisms of rice 
panicle structure and grain shape and a theoretical basis for 
future rice breeding.
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