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Grain size and weight are important determinants of rice yield. The identification of beneficial genes from wild
rice that have been lost or weakened in cultivated rice has become increasingly important for modern breeding
strategies. In this study, we constructed a set of chromosome segment substitution lines (CSSLs) of wild rice,
Oryza rufipogon with the indica cultivar 9311 genetic background. Four grain-related traits, i.e., grain length
(GL), grain width (GW), length-width ratio (LWR), and thousand grain weight (TGW), were screened across
six environments. A total of 37 quantitative trait loci (QTLs) were identified in these environments and
mapped to 12 chromosomes. Sixteen QTLs were detected in at least two environments, and two QTL clusters
were observed on Chr. 4 and Chr. 8. Based on a comparative analysis with QTLs identified in previous studies,
the CSSLs between Oryza rufipogon accessions and 9311 had high genetic diversity. Among the sixteen stable
QTLs, seven for TGW, LWR, GL, and GW were not previously identified, indicating potentially novel alleles
from wild rice. These CSSLs provide powerful tools for functional studies and the cloning of essential genes
in rice; furthermore, we identified elite germplasm for rice variety improvement.
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Introduction

Rice (Oryza sativa L.) is one of the most important staple
foods in the world; half of the world population depends on
rice as the main food resource. The Food and Agriculture
Organization predicted that the human population will reach
9 billion in 2050, requiring a 60% increase in food produc-
tion to feed the population (Alexandratos and Bruinsma
2012). At present, rice breeding is challenged by a yield
plateau owing to the narrow genetic background. Common
wild rice (O. rufipogon Grift.), which is more genetically
diverse than O. sativa (Sun et al. 2001, Wang et al. 1992), is
considered the direct ancestor of cultivated rice (Wei et al.
2012). Transferring genes that control desirable traits from
wild relatives to cultivated rice has proven to be an impor-
tant strategy in rice breeding (McCouch et al. 2007, Xiao
et al. 1996).

Most agronomic traits of rice are controlled by multiple
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quantitative trait loci (QTL) (Yamamoto et al. 2009, Yano
and Sasaki 1997). Genetic populations such as the F,,
BC,F, generations, and some permanent populations, in-
cluding doubled haploid (Yoshida ef al. 2002) and recombi-
nant inbred lines, could be used for QTL analyses (Onishi et
al. 2007). Major QTLs are easily detected from those popu-
lations, but minor QTLs are not. Moreover, it is difficult to
make repeated observations using temporary populations.
Recently, chromosome segment substitution lines (CSSLs)
have been developed in rice (Ando et al. 2008, Ebitani ef al.
2005, Kubo et al. 2002, Shim et al. 2010) for the detection
of functionally important QTLs and the identification of
elite genetic resources. Each CSSL consists of one or a few
homozygous chromosome segments derived from a donor
parent in the genetic background of the recurrent parent, and
the effect of each substituted segment on a trait can be eval-
uated without genetic interactions among QTLs. The same
CSSL can be simultaneously and repeatedly planted in vari-
ous locations or in different years for diverse analyses.

The identification of QTLs that control grain production
is a primary step in rice cultivar improvement. Nearly 400
QTLs have been detected for grain traits (Huang et al.
2013), some of which have been fine mapped (Bai et al.
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2010, Wan et al. 2006, Xie et al. 2008). Additionally, some
genes related to grain size and weight have been cloned, in-
cluding GS3 (Fan et al. 20006), GS5 (Li et al. 2011), GL3.1
(Qi et al. 2012), GW2 (Song et al. 2007), and GW6a (Song
et al. 2015).

QTLs that impact breeding must be stable across differ-
ent environments and in different genetic backgrounds.
However, grain-related QTL analyses performed in multiple
environments have indicated that environmental conditions
contribute substantially to changes in rice grain-related
traits. Although the phenotypic characters of wild rice are
inferior to those of cultivated rice, modern molecular biolo-
gy studies have revealed that some genes hidden in wild rice
are essential to yield-related trait improvement (Tian et al.
2005). Some QTLs associated with rice grain traits have
been detected using wild rice introgression lines (Tan et al.
2008, Yuan et al. 2009). Therefore, the identification of sta-
ble QTLs associated with grain size and weight in wild rice
is critical for rice breeding.

In this study, we evaluated a set of CSSLs that carry the
chromosome segments of O. rufipogon from Hainan prov-
ince of China in the genetic background of the elite indica
cultivar 9311 to detect QTLs for rice grain size and weight
that were not specific to a particular environment and to
identify elite genetic resources for yield-related traits. Our
results will provide elite materials for rice breeding and
map-based cloning of desirable genes.

Materials and Methods

Plant materials

The high-yield indica rice variety 9311, which has a
sequenced genome and is used as the recipient parent for
hybrid rice, was used as the recurrent parent. Wild rice
(O. rufipogon, laboratory preserved accession number
CWR274) from Hainan province, China was used as the
donor parent. The F, hybrid was backcrossed several times
consecutively to 9311. An advanced backcrossed population
was generated after three or four rounds of self-pollination.
Molecular markers that were polymorphic between the two
parents were used to select target lines to construct CSSLs
from the BC;F; plants and the subsequent backcross and
self-pollination generations.

Field experiments
The parental variety 9311 and 133 CSSLs were grown in
six environments (two years X three locations) (Table 1)
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using the randomized complete block design with two repli-
cations. Each plot consisted of rows with 10 plants. Forty
plants of each genotype in each plot were planted with a
spacing of 10 x 25 cm. Crop management and the control of
diseases and insect pests were performed as locally recom-
mended.

Phenotypic evaluation

At maturity, the grains of five plants of each CSSL were
harvested and all fully filled grains were selected and dried
in an oven at 40°C for 48 h. Then, 200-300 fully filled seeds
per CSSL were measured using an automatic seed analyzer
(Wanshen Detection Technology Co., Ltd., Hangzhou,
China, www.wseen.com). The automatic seed analyzer in-
strument contained a 5 million pixel resolution camera and
a backlight source grass plate. The grain length (GL), grain
width (GW), grain length and width ratio (LWR) were auto-
matically calculated via the automatic instrument. Seed
weights were detected using an analytical balance (Botoo
Electronic Technology Co., Ltd., Shenzhen, China) linked
with the automatic seed analyzer, and values were automati-
cally converted to thousand grain weights (TGW), all traits
were measured with three replications.

DNA extraction and SSR analysis

DNA was extracted from fresh leaves according to the
procedure described by Zheng et al. (1995). A polymor-
phism survey between the parents was conducted using
simple sequence repeat (SSR) markers, which were synthe-
sized according to published sequences (McCouch et al.
2002, Temnykh et al. 2000), and insertion/deletion (InDel)
markers, which were developed from a BLASTN alignment
between the genome sequences of japonica cv. Nipponbare
and indica cv. 9311. The genomic sequence was obtained
from the Gramene website (http://ensembl.gramene.org/
Oryza_sativa/Info/Index). Polymerase chain reaction (PCR)
primers were designed using Primer Premier 5.0. A 15 pL
reaction mixture was applied for PCR. The mixture was
composed of 50 ng of template DNA, 0.3 uL of 10 mM
each deoxynucleotide triphosphate (ANTP), 0.4 units of 7ag
DNA polymerase, 1.5 uL of 10x PCR buffer with Mg?*
(CWhbio, Beijing, China), and 1.2 uL of 10 pmol/L forward
and reverse primers. Amplification was carried out using
the following reaction conditions: initial denaturation at
94°C for 5 min, followed by 35 cycles of 30 s at 94°C,
30 s at 56°C, and 30 s at 72°C, with a final extension at
72°C for 10 min. PCR products were separated on 8%

Table 1. Test environments in which the CWR274 x 9311 CSSLs populations were evaluated

Environment  Replication Crop location Cropping season Seeding date Transplanting date
El 2 Changping, Beijing N40.20°, E115.51° May-Oct. 2014 April 22,2014 May 26, 2014
E2 2 Nanjing, Jiangsu N32.03°, E118.47° May-Oct. 2014 May 15, 2014 June 16, 2014
E3 2 Sanya, Hainan N18.15°, E109.3° Dec. 2013—May 2014 Dec. 04, 2013 Jan. 05,2014
E4 2 Changping, Beijing N40.20°, E115.51° May—Oct. 2015 April 28, 2015 June 02, 2015
ES 2 Nanjing, Jiangsu N32.03°, E118.47° May-Oct. 2015 May 11, 2015 June 13,2015
E6 2 Sanya, Hainan N18.15°, E109.3° Dec. 2014-May 2015 Dec. 01, 2014 Dec. 30, 2015
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polyacrylamide denaturing gels, and the bands were re-
vealed by the silver-staining protocol (Panaud et al. 1996).

Determination of the physical location of molecular markers

A physical map of the polymorphic SSR and InDel mo-
lecular markers was constructed to verify the density and
even distribution along the chromosomes. Using the online
NCBI BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi),
polymorphic markers were physically mapped to all twelve
chromosomes of rice Nipponbare pseudomolecules, which
were constructed by the International Rice Genome Se-
quencing Project (2005).

Data analysis and QTL mapping

The construction of graphical genotypes and calculation
of the percentage of the total genome in CSSLs were per-
formed using Graphical Genotypes (GGT) (van Berloo
1999). The underlying assumption of the GGT algorithm is
that if two neighboring loci come from the same parent, the
segment between them is likely to be from the same paren-
tal genome; in contrast, if the alleles at a pair of adjacent
loci are inherited from different parents, a recombination
event is assumed to have happened at the mid-point of the
interval.

To explore the genetic basis for the four grain traits in
different environments, a procedure of likelihood ratio test
combined with stepwise regression (RSTEP-LRT), devel-
oped for QTL mapping in non-ideal or ideal CSSL popula-
tions was used (Wang et al. 2006). In the method of RSTEP-
LRT, there are three steps. Firstly, a multiple linear model
for phenotypes and adjusted phenotypic values adopted in
RSTEP-LRT are summarized as follows. Assuming there
were n CSS lines with m marker segments, the averaged
phenotypic values for a quantitative trait in interest of the i
CSS line, y;, is represented by the following linear model,

yi=b +ijxij te (1)
=1

where i = 0 (background parent), 1, 2, ..., n, by is the inter-
cept, b; (j =1, ..., m) is the partial regression coefficient of
phenotype on the /™ marker segment, x; is the indicator var-
iable for the j marker segment in the i CSS line, and ¢; is
the random error. Considering the number of marker seg-
ments was always larger than the population size in plant
genetics, to avoid model overfitting, stepwise regression of
bidirectional selection was utilized in model (1) to select
important markers associated with the trait in interest, where
probabilities for marker segments entering into the model
(1) (PIN) was set as 0.001; and probabilities for marker seg-
ments moving out of the model (1) (POUT) was set as 0.002
for all the four traits used in this study. Secondly, to test if
there is a QTL linked with the j marker segment, the pheno-
typic values in model (1) can be adjusted by,

Ay; :yi_bo_zbkxik (2)

k=j

Qi, Sun, Li, Su, Zheng, Wang, Li, Yang and Qiao

where Ay; contained the QTL information on the current
segment, and at the same time excluded the genetic effects
from the other segments. Then, likelihood ratio test is con-
ducted for the adjusted phenotypic values to determine
whether a QTL exists in the testing segment. In this study,
1000 times of permutation test was used to determine LOD
thresholds to declare significant QTL (P < 0.05), and also to
calculate the genome-wide type I error for each QTL. Each
time we reshuffled the phenotypic data and conducted the
whole process of RSTEP-LRT. We define the P-value based
on the permutation test result as ‘genome-wide P-value’.
For example, if the value of LOD score corresponds to the
100th largest value in the permutation test of 1000 cycles,
the genome-wide P-value of the LOD score is regarded as
0.1. When the LOD score of QTL is larger than the maxi-
mum of 1000 LOD scores from permutation tests, P-values
was set as 0.001, while the LOD score of QTL is smaller
than the minimum of 1000 LOD scores from permutation
tests, P-values was set as 1. The QTL detection by RSTEP-
LRT, the calculation of phenotypic variation explained by
each QTL, and the estimation of QTL additive effects, were
implemented by software QTL IciMapping v4.1 (Meng et
al. 2015). QTL nomenclature followed the recommenda-
tions of McCouch (2008).

A combined analysis of variance (ANOVA) over the six
environments (lines X environments) was used to estimate
the variance components, as described by Liu ef al. (2016).
The phenotypic variation of the four grain traits was esti-
mated and a correlation analysis was performed to detect
the association between grain traits based on the CSSL pop-
ulation data using SPSS19.0.

Development of CSSLs

A total of 435 SSR markers and 175 InDel markers dis-
tributed across the 12 rice chromosomes were examined for
polymorphisms between CWR274 and 9311; 119 SSR
(27.3%) and 62 InDel (41.3%) polymorphic makers were
used for the CSSL analysis (Supplemental Table 1). Selec-
tion of the CWR274 substitution lines in the 9311 back-
ground was achieved using these markers.

To identify the CSSLs, the F, plant derived from a cross
between CWR274 and 9311 was backcrossed to 9311 three
times to produce 324 BC;F, plants. The candidate BCsF,
individuals were selected using 181 polymorphic markers
based on the following criteria: (i) a single, relatively large
chromosomal segment from CWR274 substituted into the
target chromosome; (ii) a high level of residual homozygo-
sis of 9311 alleles in non-target chromosomal regions; and
(iii) partially overlapping segments in the chosen lines in
order to cover all 12 rice chromosomes. These plants were
backcrossed continuously by MAS following the same cri-
teria and were then self-pollinated several times. Finally, we
selected 36 lines from BC;F,, 59 lines from BC4F3, and 38
lines from BCsF3, to construct the CSSL population. The
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Fig. 1. Breeding scheme for the development of CSSLs carrying
CWR274 segments in the 9311 background.

procedure of CSSL development is schematically described
in Fig. 1.

Genotypes of the CSSLs

Graphical genotypes of the 133 CSSLs were generated
using the linkage map of 119 SSR and 62 InDel markers
(Fig. 2). The substituted chromosome segments covered
most of the 12 chromosomes, except for seven gaps on
Chr. 1 (defined by RM449 and RM543), Chr. 6 (defined by
RM276, RM527 and RM3827), and Chr. 10 (defined by
RM216 and RM239). The numbers of substituted chromo-
some segments among the CSSLs ranged from 1 to 14, with
an average of 4.8 segments per CSSL. The roughly estimat-
ed lengths of the substituted segments ranged from 0.1 Mb
to 7.9 Mb, with an average of 2.06 Mb per segment. The
segment coverage was approximately 93.24% of the whole
wild rice genome.

Phenotypic evaluations of the four rice grain-related traits
in CSSL populations across six environments

The phenotypic variation of the four grain-related traits
among the six environments is summarized in Table 2.
Compared with the recurrent parent 9311, high phenotypic
variation was detected in four grain-related traits in the
CSSL populations in six environments. The highest degree
of variation was observed for TGW, with a range of 24.43 to
39.58 g in ES. The mean TGW for 9311 differed among the
six environments, ranging from 31.83 to 33.66 g, and the
coefficient of variation ranged from 6.15% to 7.10%. In ad-
dition, all four grain-related traits showed continuous distri-
butions and had ultra-parental genetic types in the CSSL
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populations, the results show that segment from CWR274
had positive and negative effect in the four traits, suggesting
that these traits were quantitatively inherited and polygenic.

Correlations among the rice traits for the six conditions
are summarized in Table 3. The positive correlations be-
tween TGW and the other three grain-related traits were
significant (P <0.01), the correlation between GL and GW
was not significant.

The results of the ANOVA for TGW, GL, GW, and LWR
of the CSSL populations across the six different environ-
ments are summarized in Table 4. Significant effects of
lines, environments, and their interaction (lines X environ-
ments) were observed for the four traits. The analysis of
variance for grain traits in the CSSL population across two
years X three locations is also summarized in Supplemental
Table 2. Significant effects of CSSL, Site, Year, CSSL x
Site, CSSL x Year, Site x Year, and their interaction (CSSL
x Site x Year) were observed for the four traits.

QTL analyses for grain traits

Thirty-seven QTLs for the four traits were identified in
the six environments and then mapped to twelve chromo-
somes (Table 5, Fig. 3). For TGW, the QTL ¢7GW4 was
consistently detected across three environments, with an
average phenotypic variation explained (PVE) of 10.2%,
and the wild rice allele at the g7GW4 locus decreased TGW
by an average of 2.24 g. For LWR, gLWRS8 were observed in
three environments, with average PVE of 11.13%. gLWRI.2,
qLWRI.1, gLWR2.2, qLWRG6, and gLWRI12 were consis-
tently observed in two environments. For the QTLs of GL,
qGL3.2, qGL4, qGLI12.1, and qgGL12.2 were consistently
detected across two to four environments, and ¢GL12.2 was
mapped to chromosome 12 with a PVE of 16.54%. The wild
rice allele at the gGL12.2 locus increased GL by an average
of 0.28 mm. For the GW QTLs, gGWS.1, qGW9, qGW1.2,
qGW4, and gGWS8.3 were identified in two to three environ-
ments, with a PVE of 5.33-18.16%. For all QTLs that were
detected in one or two environments, the performance of 37
QTLs in six environments were listed in Supplemental
Table 3.

QTL clusters on chromosomes

Of 37 additive effect QTLs affecting four grain traits, 16
were detected under at least two environments and two QTL
clusters were observed on Chr. 4 and Chr. 8 (Fig. 3). Near
the RM280 marker on Chr. 4, one cluster harboring two
QTLs (¢qTGW4 and qGL4) controlled TGW and GL, near
the closely linked markers RM126 (¢GWS.1 and gLWRS)
and InDel8-3 (TGWS8) on Chr. 8 has two QTLs affected GW
and TGW.

Comparison of TGW between CSSLs and 9311 to select an
elite resource

Based on the mean improvement in TGW across six en-
vironments, to select several high TGW lines for rice breed-
ing, and detect QTLs in these lines that confirm the results
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Fig. 2. Graphical representation of the CSSLs developed in this study. Each row represents a candidate CSSL line and each column represents a
marker locus. Black bars indicate homozygous regions from CWR274; white bars indicate the 9311 genetic background; gray regions indicate
heterozygous regions.

Table 2. Statistics of grain traits of 9311 and CSSLs in the six environments

Trait and 0311 CSSLs Trait and 9311 CSSLs

environments Mean = SD Range CV (%) environments Mean + SD Range CV (%)

TGW (g) GL (mm)
El 32.89 30.01 £2.11 22.97-36.36 7.04 El 9.77 9.74 +0.53 7.97-11.39 5.46
E2 31.83 31.35+1.93 24.28-36.44 6.15 E2 9.69 9.68 +0.43 8.26-11.38 4.49
E3 31.94 30.48 £2.11 24.00-36.38 6.94 E3 9.62 9.74+0.35 8.52-10.85 3.55
E4 32.36 30.24 £2.02 23.57-36.22 6.67 E4 9.46 9.47+0.36 8.19-10.62 3.77
E5 33.66 32.90+£2.34 24.43-39.58 7.10 ES 9.58 9.66 +0.36 8.32-10.99 3.73
E6 325 31.17£2.01 23.38-36.93 6.45 E6 9.57 9.64 £0.39 8.21-10.85 4.03

LWR (mm) GW (mm)
El 3.40 3.48+£0.22 2.76-4.16 6.40 El 2.88 2.80 +0.09 2.52-3.00 3.33
E2 3.44 3.46+£0.20 2.84-4.05 5.89 E2 2.81 2.80 +0.09 2.44-3.01 3.29
E3 3.42 3.46+0.17 3.00-4.01 4.82 E3 2.81 2.82+0.10 2.49-3.08 3.43
E4 3.38 3.43+0.17 2.85-4.01 5.09 E4 2.81 2.78 £0.10 2.48-3.10 3.66
E5 3.41 345+0.17 3.06-4.03 5.05 ES 2.82 2.81+0.10 2.42-3.07 3.64
E6 3.35 3.38+0.17 2.82-3.96 5.13 E6 2.85 2.86 +0.09 2.58-3.06 3.23

TGW: thousand grain weight; GL: grain length; LWR: length-width ratio; GW: grain width; CV: coefficient of variation; SD: standard deviation.
Naming of six environments is the same as Table 1.
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Table 3. Correlations among grain-related traits in combined environ-
ments
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Table 4. Analysis of variance for grain traits of the CSSL population
across combined six environments

TGW LWR GL GW
TGW 1
LWR 0.165* 1
GL 0.550%* 0.769%** 1
GW 0.382%* —0.662%* —0.033 1

The abbreviations for the four traits (TGW, LWR, GL and GW) are the
same as Table 2. Asterisks indicate significant correlation coefficients:
*, P<0.05; **, P<0.01.

of the QTL analysis, three highest-TGW CSSLs, CSSL85,
CSSL126, and CSSL132, were selected (Table 6). Com-
pared to 9311, these CSSLs exhibited increases in TGW by
8.11-10.44%, on average, in the six environments. In addi-
tion, four lowest-TGW CSSLs, CSSL21, CSSL31, CSSL35,
and CSSL82, showing the most decreases in TGW com-
pared to 9311 in six environments were selected. Compared
to 9311, these CSSLs showed apparent decreases in TGW
by 17.79-23.85%. Both high-TGW and low-TGW CSSLs
carried positive and negative QTLs, respectively. Due to the
positive correlation index between TGW and GL, LWR, and
GW, the high-TGW CSSLs were selected as elite resources
for rice breeding.

Previous studies have shown that O. rufipogon from southern
China is the ancestor of current rice cultivars; more than 20%
of alleles in the wild species have been lost during the do-
mestication of rice (Huang ef al. 2012, Sun et al 2001). The
exploitation and utilization of favorable alleles from wild
rice that were lost in current cultivars have become increas-
ingly important. Some CSSLs have been utilized to identify
new QTLs that may improve existing rice cultivars (Adachi
et al. 2010, Marzougui et al. 2012), and many positive
QTLs related to yield have been identified from common
wild rice collected from various locations (Fu ef al. 2010,
Furuta et al. 2014, Septiningsih et al. 2003, Tan et al. 2007).
In this study, we developed 133 CSSLs harboring chromo-
somal segments from the donor parent CWR274 collected
from Hainan island of China, which has unique morpholog-
ical and ecological characteristics that are primitive and
distinguishable from those of cultivated rice. The common
wild rice from that area is rarely used for genomics re-
search, but is an important and unique genetic resource for
rice genome and domestication studies (Qi et al. 2013).

Graphical genotypes of the 133 CSSLs were generated
using a linkage map of 181 molecular markers. There were
seven gaps in the population, possibly because MAS was
performed from the BC; generation, other biological fac-
tors, such as genetic hybrid sterility and both the complexity
and instability expression of photo-thermo-sensitive genes,
offer an explanation for this observation.

Grain size and weight play important roles in the evolu-
tion and domestication of cultivated rice. The grains of wild
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SOD Line Environment L.me ) BIOCk
Environment (Environment)
df 133 5 665 6
TGW 61.46%* 506.51%* 5.37%* 1.88
LWR 101.33%%* 99.827%%* 5.40%* 1.1
GL 63.14%** 120.86** 4.94%* 1.75
GW 52.03%* 104.24%* 3.39%* 46

SOD: sources of difference. df: degrees of freedom. The abbreviations
for the four traits (TGW, LWR, GL and GW) are the same as those in
Table 2. Asterisks indicate significance levels: *, P <0.05; **,
P<0.0L.

relatives are usually small and round in shape; these traits
are often favored under natural selection because they are
associated with high fertility and are advantageous for dis-
persal by natural vectors. Using data for the CSSL popula-
tion from six environments, a total of 37 QTLs for TGW,
GL, GW, and LWR located on 12 chromosomes were iden-
tified in this study (Table 5).

A combined analysis of variance (ANOVA) of grain
traits across years and locations showed that these traits
were significantly influenced by genotype and environment,
as well as genotype X environment interactions (Table 4).
The interaction between environmental factors, year and
location, also significantly influenced the performance of
grain traits (Supplemental Table 2). The data indicated that
minor QTL with low PVE effects are affected by environ-
mental conditions.

Sixteen major QTLs were detected across more than two
environments, among them, seven positive QTLs (¢LWR1.2,
qLWRS, qLWRI.1, qLWR6, qLWRI2, qGLI2.2, and
qGL12.1) for grain size were identified from common wild
rice accessions. Most of these QTLs appear to coincide to
loci that were described previously (www.gramene.org).
Two QTLs for TGW (¢TGW3 and ¢TGW5) were identified
and located in the vicinity of QTLs detected in previous
reports (Bian ef al. 2010, Tian et al. 2005). Four loci asso-
ciated with GL and LWR (¢GL3.2, qGL4, qLWRS, and
qLWR2.2) were probably the same locus described by Fan
and other research teams (Fan et al. 2006, Jing et al. 2011,
Wan et al. 2006). Three GW QTLs (¢GW8.1, gGW8.3, and
qGW9) may share the same location as those detected in
other populations (Aluko et al. 2004, Jing et al. 2011,
Nagata et al. 2015, Redona and Mackill 1998). As suggest-
ed by Tanksley (1993) and Zhuang ef al. (1997), QTLs with
major effects are more likely to be stable across multiple
environments and various genetic backgrounds. For exam-
ple, ¢GL3.2 in the local InDel3-17 on chromosome 3
(Fig. 3), which was associated with GL, shared the same
location as GS3, which has been identified in other interspe-
cific crosses (Fan et al. 2006, Zhang et al. 2012). These re-
sults suggested that our CSSLs are an efficient population
for grain-related QTL identification.

More importantly, seven QTLs for TGW, LWR, GL, and



B S Breeding Science
Vol. 67 No. 5 Qi, Sun, Li, Su, Zheng, Wang, Li, Yang and Qiao

Table 5. QTLs affecting four grain-related traits detected using CSSL population across six environments

Trait QTL Marker Chr. Environment ~ LOD Threshold LOD PVE (%) Add
TGW qTGWw4 RM280 4 E2 3.03 3.05 8.17 -1.85
E5 3.11 3.67 11.18 -2.62

E6 3.32 3.87 11.26 -2.27

qTGWS5 Indel5-10 5 E3 2.87 3.65 12.38 -1.33
qTGW3 RM411 3 El 3.06 5.82 16.53 -3.53
qTGWS8 Indel8-3 8 El 4.72 12.44 2.50
LWR qLWRS RM126 8 E3 3.10 4.54 7.58 0.08
E4 3.16 6.31 11.14 0.10

E5 3.14 6.20 14.66 0.11

qgLWRI.1 RM3740 1 El 3.04 4.59 1291 0.20
E6 3.11 3.86 9.19 0.14

qLWR6 RM30 6 E2 297 4.57 13.49 0.15
E5 3.14 6.74 0.09

qLWRI.2 RM128 1 E3 3.38 5.69 0.12
E6 3.49 8.37 0.15

qLWR2.2 Indel2-9 2 E4 3.60 6.06 —0.06
E5 5.44 12.69 —0.09

qLWRI2 RM28621 12 E3 3.11 5.08 0.07
E4 3.51 5.89 0.08

qLWR3.2 Indel3-11 3 E4 3.58 6.11 —0.10
qgLWRI.3 Indell-16 1 E4 6.18 10.89 0.14
qgLWR2.1 Indel2-8 2 E3 7.05 12.79 —0.11
qLWR3.1 Indel3-3 3 El 3.97 11.06 —-0.17
qLWR3.3 Indel3-17 3 E4 432 7.25 -0.16
qLWR9 RMS53 9 E3 4.30 6.99 0.09
GL qGL12.2 RM28621 12 E2 3.35 6.40 19.87 0.34
E4 3.14 3.24 7.14 0.17

E5 3.41 9.70 24.29 0.32

E6 3.17 5.94 14.85 0.27

qGL3.2 Indel3-17 3 E3 3.11 5.90 11.94 —-0.38
E4 5.41 12.09 —0.41

E6 3.02 7.22 -0.35

qGL4 RM280 4 E4 3.41 7.53 -0.33
E5 3.76 8.48 -0.35

E6 3.86 9.30 —-0.40

qGLI12.1 RM277 12 E3 5.65 11.39 0.25
E4 4.19 9.17 0.23

qGL3.1 Indel3-3 3 El 2.95 428 12.50 —0.43
qGL2 Indel2-8 2 E3 6.71 14.47 -0.23
qGLI10 RM171 10 E3 5.90 11.90 0.24
GW qGW4 RM119 4 E4 3.15 3.82 7.66 —0.12
ES5 3.49 6.40 12.62 -0.15

E6 3.14 3.84 8.41 -0.11

qGW9 RM553 9 El 2.84 3.74 7.86 -0.05
E2 3.32 5.13 11.14 —-0.06

E3 3.08 3.03 8.60 —-0.06

qGW1.2 Indell-16 1 E4 8.35 18.16 -0.10
E6 6.90 15.97 -0.09

qGW8.1 RM126 8 El 4.71 10.15 -0.05
E5 6.10 11.96 —-0.06

qGW8.3 Indel8-11 8 ES 3.35 6.26 —0.06
E6 4.06 8.94 —-0.06

qGW1.1 RM3740 1 E4 4.74 9.67 —-0.08
qGW?2 RM110 2 E5 5.94 11.61 -0.20
qGW3.1 Indel3-26 3 E6 3.33 7.23 0.05
qGW3.2 RM85 3 El 4.07 8.70 -0.07
qGW6 RMS589 6 E4 3.27 6.48 0.11
qGW8.4 RM264 8 E3 3.85 8.39 —-0.11
qGW8.2 RM6008 8 E2 5.75 12.27 -0.19
qGW11 RM27074 11 E4 3.66 7.53 0.07
qGW12 RM7119 12 E2 4.20 8.72 0.06

GW that were detected across more than two environments  related to GL showed positive effects. One QTL associated
have not previously been identified, indicating potentially =~ with GL (¢GLI2.2) was stably detected with positive
novel alleles from common wild rice. Two of the alleles effects in four environments, actually it can be detected
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Fig. 3. Map locations of identified QTLs for 1000-grain weight (TGW), grain length (GL), grain width (GW), and length-width ratio (LWR) of
the CSSL population, detected in six environments. 4Es represents QTLs detected in four environments, and the same terminology is used for all
of the following QTLs; i.e., 1 Es represents one environment; 2Es, two environments, etc.

Table 6. Number of high-TGW and low-TGW CSSLs and QTLs included in the substituted segments

Numbers Thousand grain weight (TGW) (g) . .
of CSSLs El B2 B3 4 Es 6 Positive QTL Negative QTL
High-TGW
85 3547 3644 34.07 3344 3783 3398 ¢gGLI2.1,qGLI12.2,qLWRI2
126 3333 357 33.87 36.22 39.58 36.93 qLWRG6, qLWRI12, qGL12.2,qGL12.1
132 33.78 35.55 3496 34.09 3742 3521 qGL12.2,qLWRI2
Low-TGW
21 28.37 27.15 24 26.9 27.68 26.37 qLWR3.2, qGL4, gTGW4, qTGWS,
qLWR2.2, qLWR2.1, qGL2
31 25.6 27.03 2759 254 28.13  26.33 qLWR3.2,qGL3.1, qGL3.2
35 2542 2697 2522 2638 2633 25.66 qLWR3.1,qLWR3.3, qGL3.2, qGL3.1
82 2737 2428 2557 2357 2443 2338 qTGW4, qGL4

Naming of six environments (E1-E6) is the same as Table 1.

in five environments while the threshold was LOD > 2.5
(Supplemental Table 3), gGL/2.2 with PVE of 16.54%
was near RM28621 on Chr. 12. The wild rice allele at locus
qGL12.2 increased GL by an average of 0.28 mm. These
data showed that gGL12.2 is a novel QTL for modification
of rice grain shape.

The traits of GW and GL have high heritability and are
stably expressed; however, some QTLs were detected in
one or two environments, and minor QTLs providing a
small contribution rate were easily affected by environmen-
tal conditions. Significant interaction effects of lines and
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environments were observed throughout this study. Several
QTLs in this study were inconsistent between different en-
vironments. Since the CSSL contained more than one intro-
gression segment, the genetic background was also an im-
portant factor to influence the stability of QTLs and similar
multi-environmental results have previously been reported
by Wang et al. 2006.

We performed a comparative analysis of high-TGW and
low-TGW CSSLs. Compared to 9311, most of the highest-
TGW CSSLs carried positive QTL and lowest-TGW CSSLs
generally carried negative QTL (Table 6); three high-TGW
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CSSLs carried the same positive QTL, ¢gGL/2.2. In future
studies, the CSSLs harboring the positive QTLs (¢GL12.2),
such as CSSL132, will be backcrossed to 9311, and second-
ary F, populations will be exploited for fine mapping and
positional cloning of the QTL. Given that cultivar 9311 is
an elite variety and has been planted on a large scale in
China, some elite lines in CSSL population could be used
for rice breeding.

Many QTLs affecting related traits were mapped to simi-
lar genomic regions (Fig. 3); the high trait correlations like-
ly reflected pleiotropic genetic basis. There was no signifi-
cant correlation between GL and GW, and both were
positively correlated with TGW, accordingly, the QTLs as-
sociated with GL or GW might affect TGW in the same di-
rection. The correlation was consistent with previous results
(Lee et al. 2005, Wan et al. 2005). Given that LWR was
positively affected by GL and negatively affected by GW,
three QTL clusters, RM3740 (gLWRI and ¢GWI.I) on
Chr.1, RMI126 (¢gLWRS and qGWS8.1) on Chr. 8 and
RM28621 (qLWRI2 and gGL12.2) on Chr. 12, might actual-
ly control a single trait, GW or GL.

Although many studies have already reported the devel-
opment of CSSLs for O. rufipogon (Fu et al. 2010, Furuta et
al. 2014, Marri et al. 2005), the use of different accessions
of O. rufipogon may lead to the discovery of novel QTLs. In
this study, 37 grain-related QTLs on 12 chromosomes were
detected, among which 16 QTLs were detected in at least 2
environments. Seven novel QTLs were identified and
qGL12.2 was stably detected with positive effects in four
environments. These novel QTLs identified in wild rice will
facilitate fine mapping and functional studies. Our CSSL is
not perfect as a single segment substitution line or as NIL;
improvements are still required as well as backcrossing with
the recipient parent to eliminate genetic noise. However, the
advantage of the CSSL in this study was also clear; we have
detected several QTLs using this population, and more im-
portantly, this population provides a germplasm resource for
rice breeding and a platform for wild rice genomic research.
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