Genetic analysis of grain shape and weight
after cutting rice husk
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ABSTRACT. Grain shape and weight are the most important components
of rice yield and are controlled by quantitative trait loci (QTLs). In this study,
a double-haploid population, derived from the cross of japonica CJ06 and
indica TN1, was used to analyze QTLs for grain shape and weight under
two conditions: normal growth with unbroken husk and removing partial
husk after flowering. Correlation analysis revealed that these traits, except
grain weight, had a connection between the two conditions. Twenty-nine
QTLs for grain shape and weight were detected on chromosomes 1 to 3; 6;
8 to 10; and 12, with the likelihood of odds value ranging from 2.38 to 5.36,
including 10 different intervals. Some intervals were specifically detected
after removing partial husk. The results contribute to the understanding of
the genetic basis of grain filling and growth regulation, and provide us some
assistance for improving grain plumpness in rice breeding.
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INTRODUCTION

Rice is one of the most important cereal crops in the world and for many years, increasing
yield has been set as the overriding objective of breeding (Miura et al., 2011). Rice yield is determined
by three major components: number of panicles per plant, number of grains per panicle, and grain
weight (Song et al., 2007). Among them, the most reliable trait is grain weight, which is measured as
the 1000-grain weight (KGW). Grain size and filling are important for rice yield potential, mainly for
KGW (Takeda and Matsuoka, 2008). Grain shape is composed of grain length, width, and thickness,
which are positively correlated with grain weight (Tan et al., 2000). Grain shape is an important factor
for market values of rice grain products (Huang et al., 2013). Long and slender grains are generally
preferred in Southern China, the USA, Europe, and Southeast Asian countries, whereas short and
round grains are preferred in Japan, Korea, and Northern China (Unnevehr et al., 1992).

To date, 13 genes associated with grain shape and grain weight have been cloned; these
can be divided into three groups on the basis of mutant phenotypes. The first group comprises dwarf1
(D1), D2, D11, and D61. Mutants resulted by those genes showed dwarf plants and detrimental
pleiotropic effects on organ growth, including a reduction in seed size (Ashikari et al., 1999; Yamamuro
et al., 2000; Hong et al., 2003; Tanabe et al., 2005). The second group appears to specifically affect
grain traits: GS3 plays important roles in grain length and grain weight (Mao et al., 2010); GW2,
GWS5, GS5, and GWS8/SPL16 affect grain width and weight (Song et al., 2007; Weng et al., 2008;
Li et al., 2011; Wang et al., 2012), and GIF1 is involved in grainfilling (Wang et al., 2008). The third
group includes the small and round seed genes (SRS). Mutations in SRS1, SRS3, and SRS5 affect
cell length of the rice flower lemma (Kitagawa et al., 2010; Li et al., 2010; Segami et al., 2012). In
the past 20 years, after the development of DNA markers and high-density marker linkage maps in
rice, quantitative trait locus (QTL) mapping was introduced as a method for understanding molecular
genetic mechanisms of rice grain shape and weight. More than 400 QTLs for rice grain shape and
weight have been detected and mapped on chromosomes. Over 167 QTLs for KGW, 103 for grain
length, and 95 for grain width were detected in previous studies with different parents and populations
(Huang et al., 2013). The cloned genes described above are located in those QTLs.

Rice grain is composed of husk and brown rice. Grain size and weight are determined by
both the storage capacity of the husk (sink), and supplying capacity of filling substance (source) (Ma
etal., 2009). Rice husk is considered the container of filling, and several studies have indicated that
the volume of hulled rice was closely related to that of paddy, the length, width, thickness, volume,
and weight of grains were increased with the increment of husk size (Wang et al., 1995; Wang et
al., 1998). In another hand, the husk size would limit grain filling because the sink capacity is not
enough for source (Zhou et al., 2002). The third group of mutants described above showed short
lemma length, resulting in small and round grain.

In this study, we cut partial husk at the filling stage, to eliminate the limitation of husk size on
filling. We then attempted to characterize the genetic basis of grain shape and weight, by analyzing
the QTLs of main and epistatic effects both with unbroken husk and removed husk at filling stage,
using a population of doubled haploid (DH) lines, derived from a cross between CJ06 and TN1.

MATERIAL AND METHODS
Plant material

A DH population consisting of 120 lines was developed via an anther culture of an F1
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hybrid between typical japonica CJ06 and indica TN1 rice cultivars. The two parents and all DH
lines seeds were grown with a planting density of 20 x 20 cm in the experimental farm of the Jiangxi
Agricultural University, Nangchang, during rice growing seasons in 2010. Two parents and each DH
line were applied with three replications. Each DH line was planted in four rows, with six plants in
each row. The plants in the middle were harvested individually to score grain length, width, and KGW.

Measurement of traits

The study was carried out under two conditions: normal growth with unbroken husk
and removing partial husk after flowering, and bagged the panicles. Approximately 40 days after
flowering, rice grains were harvested, air-dried, and brown rice obtained. Grain length and width
were calculated by vernier caliper. Grains were weighed to obtain KGW using an electronic scale
with three replications.

Data and QTL analysis

Population distribution and correlation analysis were performed using the SAS8.0 statistical
software (SAS Institute, Cary, NC, USA). The genetic linkage map was constructed using a total
of 178 simple sequence repeat (SSR) and sequence tagged site (STS) markers distributed evenly
on all 12 rice chromosomes, as previously described (Yang et al., 2014). The genetic linkage map
spanned 1674.8 cM, with the average interval of 9.4 cM between the two adjacent markers.

The QTLs were detected by interval mapping using the QTLMAPPER 1.6 software, which
was developed based on the mixed linear model approach (Wang et al., 1999). A likelihood of odds
(LOD) threshold of 2.5 was used to declare the presence of a putative QTL in a given genomic
region. Genetic parameters, additive effects, and accounted variation of each QTL were also
estimated. The relative contribution of a genetic component was calculated as the proportion of
phenotypic variance explained by the component in the selected model (McCouch, 2008).

RESULTS
Phenotypic variation in parents and DH lines

Grain shape and weight for parents (CJ06 and TN1) and the DH population are summarized
in Table 1. Without cutting the husk, grain length, width and weight did not differ significantly
between the two parents. However, after removing the husk, there was a large difference between
parents in grain shape and weight, especially in grain length and weight. The grain length in cutting
husk (GLC) was higher in TN1 (7.773 mm) than CJ06 (7.207 mm); a similar observation was
made for the 1000-grain weight in cutting husk (KGWC). However, a relatively small difference in
both grain length (GL) and 1000-grain weight (KGW) were observed between the parents without
cutting the husk. For example, the value of GL in CJ06 and TN1 was 5.517 mm and 5.697 mm,
respectively. These results indicated that changes in the grain shape and weight with and without
the treatment were larger in TN1 than in CJ06. After cutting the husk, the grain length of CJ06
increased by 30.6%, while it was 36.5% in TN1; the grain weight was up to 7 and 25.7% for CJ06
and TN1, respectively. All detected traits showed a continuous distribution in the DH population,
and transgressive variation was also seen in the DH population (Table 1; Figure 1).
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Table 1. Determination of grain shape and weight in the doubled haploid population and their parents.

Traits Parent Doubled haploid population
CJo6 TN1 Mean + SD Range
Grain length (GL; mm) 5.517 5.697 5.115+0.765 3.2-6.153
Grain width (GW; mm) 2.780 2.897 2.511+£0.587 1.45-4.853
1000-grain weight (KGW; g) 22.933 23.633 18.1+3.81 11.4-24.3
Grain length in cutting husk (GLC; mm) 7.207 7.773 6.433 + 0.964 4.03-8.03
Grain width in cutting husk (GWC; mm) 2.193 2.297 2.073 + 0.252 1.27-2.447
1000-grain weight in cutting husk (KGWC; g) 24.533 29.700 20.3 £ 4.762 11.1-33.7
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Figure 1. Distribution of grain shape and weight with and without cutting the husk in doubled haploid population. Grain

length (A); width (B); and weight (C).
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Phenotypic properties in the DH population

All 120 lines in the DH population were detected in all six traits. Most lines exhibited
elongated grain length and narrowed grain width. Because of the change of grain shape, grain
weight also changed correspondingly. There were six kinds of situations (shown in Table 2). There
was no line that showed shorter grain length and broader grain width. After cutting the husk,
there were 85 lines with increased grain weight. Among these, 67 lines displayed elongated grain
length and narrowed width and 18 lines showed increased grain length and width. Apart from the
increased grain weight, 35 lines exhibited decreased grain weight. Among these, most showed
elongated grain length and narrowed width. These results indicated that the rice husk usually
suppresses rice filling.

Table 2. Phenotype character in doubled haploid population.

Grain length Grain width Grain weight No. of lines
+ + + 18
+ - + 67
+ - - 27
8
+ + 0]
+ - 0

(+) Dates were increased after cutting the husk of rice; (-) dates were decreased after cutting the husk of rice.
Correlation analysis of grain shape and weight-related traits

Correlation analysis (Table 3) suggested that KGW exhibited a significant positive
correlation to other traits, especially GL and grain width (GW). It was not difficult to understand that
KGW depended on GL and GW, with the correlation coefficients 0.7874 and 0.7722. Similarly, the
correlation coefficients among KGWC, GLC, and the grain width in cutting husk (GWC) showed a
high significance. However, KGWC had no correlation with GL and GW. In addition, GLC and GWC
showed a significant positive correlation to that without cutting the husk. Altogether, these results
demonstrated that grain shape had a connection between that before and after cutting the husk.
Nevertheless, grain weight after cutting the husk did not have a significant correlation to the grain
shape before cutting the husk.

Table 3. Correlation analysis of grain shape and grain weight.

GLC GwWC KGWC GL GW
GWC 0.8454*
KGWC 0.7526** 0.7964*
GL 0.4362* 0.4125* 0.2781
GwW 0.4747* 0.3805* 0.3413 0.7388"**
KGW 0.621* 0.5697* 0.6206™* 0.7874* 0.7722**

*,**Represent significant at the level 5 and 1%, respectively. For abbreviations, see Table 1.
QTL analysis for grain shape and weight

Twenty-nine QTLs for grain shape and weight were detected in the DH population (Table
4; Figure 2). These distributed on chromosomes 1, 2, 3, 6, 8, 9, 10, and 12. Of these QTLs,
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six for GL were detected on chromosomes 1, 2, 3, 8, 9, and 10, and were named qGL1, qGL2,
qGL3, qGL8, qGL9, and qGL10, respectively. These QTLs had the LOD score of 2.38 to 3.02
and explained variation of 9.96 to 18.43%. Among them, a major QTL for GL was qGL8, which
located in the interval of RM1376 and 4085, on chromosome 8 at the position 26.3 cM, with the
highest LOD value and 18.43% phenotypic variation. The loci gGL2, gGL8, and qGL9 showed a
negative additive effect, indicating that the allele from TN1 could increase grain length. However,
after cutting the husk, there were seven QTLs for GLC. These had the LOD score of 2.41 to
4.72 and explained phenotypic variation of 7.56 to 19.82%. A major QTL for GLC, qGLC8, was
located in the interval of RM1111 and 310 on chromosome 8, with the highest LOD 4.72 and
explained phenotypic variation (19.82%). All of the QTLs exhibited a negative additive effect, with
the exception of qGLC10. For example, the additive effect of qGLC8 was -1.6873, indicating that
the allele from TN1 could increase grain length by 1.6873 mm after cutting the husk.

Table 4. QTL analysis for grain shape and weight in the doubled haploid population.

Traits Locus Position (cM) Chr. Marker interval LOD H? (%) Additive
GL qGL1 121.6 1 RM1297-RM1061 2.61 12.54 0.7844
qGL2 75.0 2 RM341-RM263 2.45 13.92 -0.9437
qGL3 94.9 3 RM6266-RM2334 2.38 13.92 0.8395
qGL8 26.3 8 RM1376-RM4085 3.02 18.43 -0.8197
qGL9 721 9 RM242-RM278 2.88 12.76 -0.7941
qGL10 1.7 10 RM5271-RM216 2.47 9.96 0.737
GW qGW2 75.0 2 RM341-RM263 3.15 15.46 -0.6194
qGW3 20.3 3 RM489-RM545 4.70 21.18 0.978
qGW6 56.3 6 RM527-RM3 2.8 13.97 -0.576
qGW8 357 8 RM4085-RM1111 3.33 15.90 -0.6082
qGW10 1.7 10 RM5271-RM216 2.48 10.84 0.533
KGW qGWT1 116.5 1 RM1232-RM1297 2.07 8.02 3.45
qGWT2 75.0 2 RM341-RM263 4.03 21.67 -5.64
qGWT6 56.3 6 RM527-RM3 4.26 15.04 -4.75
qGWT8 26.3 8 RM1376-RM4085 5.36 18.77 -5.25
qGWT10 1.7 10 RM5271-RM216 2.89 11.00 4.28
GLC qGLC1 20.2 1 RM5302-RM1 2.55 7.56 -1.058
qGLC2 75.0 2 RM341-RM263 2.49 10.97 -1.2851
qGLC3 122.8 3 RM504-RM426 2.60 10.45 -1.309
qGLC6 56.3 6 RM527-RM3 243 11.54 -1.293
qGLC8 36.0 8 RM1111-RM310 4.72 19.82 -1.6873
qGLC10 17 10 RM5271-RM216 2.41 9.1 1.209
qGLC12 80.0 12 RM270-RM17 2.45 9.63 -1.169
GWC qGWC8 36.0 8 RM1111-RM310 2.97 26.2 -0.3808
qGWC10 1.7 10 RM5271-RM216 2.49 16.7 0.321
KGwC qGWTC2 75.0 2 RM341-RM263 2.80 12.81 -5.24
qGWTC3 122.8 3 RM504-RM426 2.51 13.20 -5.53
qGWTC8 36.0 8 RM1111-RM310 3.96 21.65 -6.65
qGWTC12 80.0 12 RM270-RM17 2.60 17.03 -5.86

For abbreviations, see Table 1.

Seven QTLs for grain width with and without cutting the husk (GW and GWC) were
identified. Among them, there were five for GW and two for GWC. These QTLs distributed on
chromosome 2, 3, 6, 8 and 10, with the LOD score of 2.48 to 3.33 and explained phenotypic
variation of 10.84 to 26.2%. For GW, the QTL with the highest LOD value was qGW3, which was
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located in the interval of RM489-RM545 on chromosome 3 and explained phenotypic variation
of 21.18%. Moreover, the additive effect of qGW3 was 0.978, which suggested that the allele
from CJ06 could play an important role in grain width. Two QTLs for GWC, named qGWC8 and
qGWC10, were mapped on chromosomes 8 and 10, with explained variations of 26.2 and 16.7%,
respectively. In addition, both gqGW10 and gGWC10 were mapped in the same interval of RM5271-

RM216 on chromosome 10.
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Figure 2. Chromosomal locations of QTLs for grain shape and weight with and without cutting the husk on the linkage

map. For abbreviations, see Table 1.
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There were five QTLs, gKGW1, gKGW2, gKGW6, gKGW8 and gKGW10, for grain
weight without cutting the husk (KGW). These were detected on chromosomes 1, 2, 6, 8, and 10,
respectively, with LOD values ranging from 2.07 to 5.36 and the phenotypic variance explained from
8.02 to 21.67%. gKGW8 was identified between RM1376 and RM4085 on chromosome 8, and can
explain phenotypic variance of 18.77% with the LOD value of 5.36. gKGW86, another major QTL
for KGW, mapped in the interval of RM527-RM3, and can explain phenotypic variance of 15.04.
The allele of gKGW6 and gKGW8 from TN1 can increase the grain weight for 0.0475 and 0.0525,
respectively. After cutting the husk, four QTLs for KGWC were anchored on chromosomes 2, 3, 8,
and 10, with the LOD value from 2.6 to 3.96 and the phenotypic variance from 12.81 to 21.65%.
One QTL for KGWC, gKGWCS8, was located in the interval of RM1111-RM310 on chromosome 8.
The allele from TN1 increased the grain weight by approximately 6.65 g. In addition, the additive
effect of all QTLs for KGWC exhibited negative value, which suggested that the alleles from TN1
play a great role in increased grain weight.

DISCUSSION

Rice husk has two known functions. First, it provides mechanical protection to rice filling.
Second, during rice filling, the husk maintains humidity, preventing water loss from brown rice grains;
blocks ultraviolet light; and ensures the smooth development of rice grain (Zhou et al., 2002). In our
study, after hulling at the following time, 8 lines showed decreased grain length and width, which led
to decreased grain weight. Furthermore, 27 lines also exhibited reduced grain weight, which may be
due to the water loss or the affection of grain development after cutting the husk. Rice husk could
limit grain development and grain filling could be suppressed by rice husk size and shape. Table 1
showed that most of the lines increased grain weight after cutting the husk. This suggests that rice
husk was essential for grain development, or that the husk could hinder grain filling.

It is known that grain weight is dependent on grain shape; this was reconfirmed in the
current study. Correlation analysis showed a tight connection between KGW and grain shape
(GL and GW). The same results were observed among KGWC, GLC and GWC. However, no
correlation was detected between KGWC and grain shape without husk removing (GL and GW),
which indicated that GL and GW were not necessary for the formation of grain weight with cutting
the husk. This finding suggests that the rice husk have great limitation to grain development in the
DH population derived from a cross between CJ06 and TN1.

In this study, we identified 29 QTLs for rice grain shape- and weight-related traits
distributing in 10 different intervals. Many intervals clustered two or more QTLs, suggesting
that there may be connections among some traits. Identified QTLs showed a certain degree of
specificity; some loci contributed to several traits; and some specifically contributed to a single
trait. For example, the interval of RM341-RM263 on chromosome 2 was detected both under the
two conditions including qGL, qGW, gKGW, qGLC, and gKGWC, whereas the QTL mapped in
the interval of RM489-RM545 on chromosome 3 was found only in GL. In addition, the interval of
RM1297-RM1061 was detected in traits with intact husk. Some exclusive QTLs for traits in husk-
removed conditionsalso be detectedin the interval of RM504-RM426. All these results indicated
that the genetic mechanisms to regulate grain shape and weight differed under the conditions of
normal growth and husk removal.

Many QTLs for grain shape and weight had been previously reported; some were located
in the region detected in this study. GL3.1, which encodes a Ser/Thr family protein phosphatase,
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accelerates cell division and result in longer grains and a higher yield (Qi et al., 2012). The gene
was located in the interval of RM6266-RM2334, and overlapped the region of gGL3. In addition, two
genes that have been previously associated with grain width, GW6a and TGW86, were anchored
in the region from RM527 toRM3in our study (Ishimaru et al., 2013; Song et al., 2015). Li et al.
(2003) reported a QTL for grain length, named qGL-6, located in the same interval of RM527-
RM3. In this study, this interval on chromosome 6 harbored three QTLs, named qGW6, gKGW6
and qGLC®6, involved in the formation of grain length, width and weight. Therefore, the overlapped
intervals can verify the results of QTL analysis in our study, to a certain extent. Some novel QTLs
were also detected. For instance, the interval of RM270-RM17 was not detected without cutting
the husk, but the QTLs qGLC12 and gKGWC12 were anchored to the RM270-RM17 interval on
chromosome 12, which affected the grain length and weight after cutting the husk. These results
suggest that this interval played an important role in grain development without the husk. It is
reported that the protein phosphatase with Kelch-like repeat domain (PPKL) can regulate grain
length, such as GL3.1/0OsPPKL1, OsPPKL2 and OsPPKL3 (Zhang et al., 2012). Interestingly,
OsPPKL3 was anchored in the interval of RM270-RM17, and regulated the grain length and grain
weight. Therefore, OsPPKL3 may be responsible for qGLC12 and gKGWC12; further research
is underway to verify this conclusion. All of the overlapped regions for grain shape and weight
suggested a universal regulatory mechanism of grain development when grain filling.

Rice husk is an important component of the grain and provides grain filling and fixes grain
shape. Grain shape plays a critical role in rice yield, but giant rice grain has not been widely utilized
in rice breeding owing to the grain plumpness. In this study, we conducted a comparison of QTL
analysis under two conditions to explore the genetic basis of grain shape and weight regulation.
The results in this study can be beneficial to rice breeding by improving grain plumpness of giant
rice grain and increasing rice yield. The QTL analysis herein provides a theoretical basis to grain
filling and growth regulation.
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