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Construction of Secondary Single Segment Substitution 
Lines to Map QTLs on Grain Shape and Grain Weight in 

Rice (Oryza Sativa L.)

Research Article

Abstract
Single Segment Substitution Lines (SSSLs) had already been demonstrated as a powerful tool on QTL analysis. However, numerous current SSSLs carried with 
long substitution segments. In this paper, 18 primary SSSLs were used in construction of secondary SSSLs, which were with shorter substitution segments. The 
55 secondary SSSLs with an average size of 17.56 cm were achieved, which reduced markedly the size of primary substitution segments. Numerous overlapping 
substituted segments were detected to exist among these SSSLs, and then using these SSSLs QTLs on four traits of grain length, grain width, ratio of grain length 
to width, and 100-grain weight were mapped via overlapping substitution mapping. There were 12, 6, 13 and 15 QTLs to be primary identified on the four traits, 
involving in eight chromosomes, respectively. Their positions were located within given marker intervals with relative small lengths. About 10 QTL clusters 
were detected on the four traits, which might be responsible for the genetic correlations among grain shape and grain weight. The results improved greatly the 
precision of QTL mapping used by primary SSSLs, and provided credible information of QTLs and useful materials for further genetic analysis and pyramiding 
breeding on grain shape and grain weight in next research program.
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Introduction
By conventional mapping populations, such as mainly F2s, 

BC1F1s, Recombinant Inbred Lines (RILs) or Doubled Haploid Lines 
(DHLs), Quantitative Trait Loci (QTLs) with relatively large effects 
contributing to agronomic traits in various species can be detected 
[1]. However, with such populations it is difficult to differentiate 
QTL effects from background noise since a testing QTL is often 
affected by other QTLs [2]. An alternative strategy to identify QTLs 
had been proposed to construct novel mapping populations such 
as Introgression Lines (ILs) in tomato [3], Chromosome Segment 
Substitution Lines (CSSLs) in rice [4], recombinant chromosome 
substitution lines in barley [5], and backcross inbred lines in lettuce 

[6]. Single segment substitution lines (SSSLs) were suggested being a 
powerful tool not only to detect QTLs but also to assess gene actions 
at QTLs underlying complex traits [2,3,7].

In our laboratory, a library of 1,563 SSSLs on the recipient parent 
of Hua-jing-xian 74 (HJX74), an elite indica variety from South 
China, had been constructed [8], and then the large-scale QTLs 
identifications had also been done for almost all interesting traits 
using these SSSLs [9-12]. Recently, we reported interactions between 
QTLs and environments on rice panicle number [13,14], QTLs fine 
mapping [15,16], dynamics of QTLs on rice tiller number at different 
developmental stages under multi environments [17,18], QTLs 
epistatic analysis [10,12,15,18-20] and pyramiding breeding [21]. The 
results further demonstrated the validity of SSSLs applied to QTLs 
analysis and breeding practice. However, numerous SSSLs carried 
with long substitution segments, thus the assumption that each SSSL 
carried with only a single QTLs affecting a certain trait might fail to be 
established [2]. It was possible that several QTLs controlling one trait 
existed within a large chromosomal substitution segment in close 
linkage manner. Therefore, to precisely dissect complex traits into 
a single Mendelian’s factor and to finely map QTLs via overlapping 
substitution mapping, it will be necessary to develop secondary single 
segment substitution lines, which carries with smaller substitution 
segments than their parents of SSSLs.

In this paper we described the construction of a mapping 
population including abundant secondary SSSLs in rice. A total of 

Citation: Liu G, Li Y, Yang M, Xu P, Liu G, et al. Construction of 
Secondary Single Segment Substitution Lines to Map QTLs on Grain 
Shape and Grain Weight in Rice (Oryza Sativa L.). Ann Genet Genom. 
2018; 1(1): 1001.

Copyright: © 2018 Guanming Liu

Publisher Name: MedText Publications LLC

Manuscript compiled: December 18th, 2018

*Corresponding author: Guifu Liu, Guangdong Key Lab of Plant 
Molecular Breeding, South China Agricultural University, Guang-
zhou, 510642, China, Tel: 86-20-85281933; Fax: 86-20-85281175;  
E-mail: guifuliu@scau.edu.cn



© 2018 - MedText. All Rights Reserved. 02

Annals of Genetics and Genomics

2018 | Volume 1 | Article 1001

55 secondary SSSLs derived from 18 primary SSSLs were developed 
with an average size of 17.56 cm on secondary substituted segments 
and a great deal of overlapping substitution segments. The population 
consisted of both primary and secondary SSSLs were then used for 
QTL identification and fine mapping by overlapping mapping. Four 
important traits, grain shape including grain length, grain width 
and ratio of grain length to width, and grain weight, were selected as 
model traits to describe the process of QTL analysis in our lab.

The purposes of this paper were

1. To increase the quantity and quality in our library of SSSLs;

2. To identify QTLs and to precisely map for some QTLs on 
grain shape and grain weight;

3. To provide information and materials for further genetic 
analysis and pyramiding breeding to improve grain shape 
and grain weight in our next research scheme.

Materials and Methods
Parental materials

A total of 32 primary SSSLs based on the recipient parent 
HJX74, an elite Indica cultivar in South China, were used in this 
trial. Substitution segments in various SSSLs derived from 15 donor 
parents, respectively. They involved in all chromosomes except for 
chromosome 11, with an average size of 28.39 cm ranged from 2.0 cm 
to 89.5 cm. The estimated length and the molecular marker intervals 
for each substitution segment were given in Supplemental Table 1. 
Of these materials, 18 SSSLs with relative large substitution segments 
more than 13.8 cm in size, were applied to develop secondary single 
segment substitution lines.

Field trials and traits evaluated
Phenotype experiments were similar to previous studies [13,17]. 

Trails were conducted at the experimental farm in South China 
Agricultural University, Guangzhou (at ~113° east longitude and 
~23° north latitude), China since 2015.

To develop secondary SSSLs, HJX74 and 18 primary SSSLs were 
grown in field and crossing among them were conducted to yield F1 
seeds in the early cropping season (from March to July), 2015. F2 
seeds for each F1 cross were obtained in late cropping season (from 
July to November), 2015. Various F2 generations were grown and 
evaluated during the early season in 2016. Sequent generations were 
produced by selfing of heterozygotes selected by Marker Assisted 
Selection (MAS) in succession. All homozygotes selected by MAS 
from various generations since F2 were retained as secondary SSSLs 
if they were surveyed to carry with shorter substitution segments than 
their parents of SSSLs.

To performance QTL identification and overlapping substitution 
mapping, HJX74 and all SSSLs (including both the primary SSSLs 
and the secondary SSSLs) were grown in the late season, 2017. 
Seeds of main panicle from each of 15 plants in the center of plot 
were harvested to investigate target traits. After drying in the sun, 
seeds with 14% moisture were measured on grain shape and grain 
weight. 10 grains selected randomly from each plant were in line, 
end-to-end arrangement or side-to-side setup. The total length or 
width of 10 grains was measured in millimeter (mm) by the digital 
display callipers with degree of accuracy 0.01 mm, made in Hangzhou 
Gutting Tools Co., China. Then Grain Length (GL) and Grain Width 
(GW) were averaged and scored, and Ratio of Grain Length to Width 

Table 1: Secondary single segment substitution lines developed from 18 
primary SSSLs.

Secondary 
SSSLs Chr Marker interval Position 

(cm)
Length 

(cm)
W14-10-08-

01-04 1 RM5-RM246-RM297-RM315 98.5-
143.7 45.2

S1   RM246-RM315 114.1-
143.7 29.6

S2   RM5-RM297 98.5-
132.0 33.5

W22-11-04-
07-05 2 RM109-RM485-RM211-RM279-

RM423 0-17.6 17.6

S1   RM485-RM211 4.7-8.9 4.2

S2   RM485-RM423 4.7-17.6 12.9

S3   RM485-RM279 4.7-13.4 8.7

S4   RM485-RM423 4.7-17.6 12.9

S5   RM109-RM211 0-8.9 8.9

S6   RM109-RM279 0-13.4 13.4
W08-15-

08-15 2 RM183-RM497-RM6 90.6-
125.6 35

S1   RM183-RM497 90.6-
122.8 32.2

W08-15-
08-28 3 RM473-PSM379-RM156-

RM6146-RM3646-RM16-RM503
77.6-
119.7 42.1

S1   RM16-RM503 94.9-
119.7 24.8

S2   RM3646-RM16 87.9-94.9 7

S3   RM156-RM3646 85.2-87.9 2.7

S4   RM6146-RM16 86.0-94.9 8.9

S5   RM6146-RM503 86.0-
119.7 33.7

S6   RM473-RM6146 77.6-86.0 8.4

S7   PSM379-RM503 80.0-
119.7 39.7

S8   RM473-RM3646 77.6-87.9 10.3
W13-30-49-

10-17 3 RM282-PSM378-RM16-RM5626-
RM168-PSM130

55.8-
130.7 74.9

S1   RM16-RM5626 94.9-99.0 4.1

S2   RM16-RM168 94.9-
122.8 27.9

S3   PSM378-RM168 73.5-
122.8 49.3

W20-20-05-
05-11 3 RM503-RM135-RM55-PSM132-

RM520-RM293
120.4-
141.5 21.8

S1   RM55-RM293 128.0-
141.5 13.5

S2   RM135-PSM132 120.4-
137.6 17.2

S3   RM135-RM520 120.4-
139.5 19.1

S4   RM135-RM293 120.4-
141.5 21.1

W07-07-02-
03-02 5 RM574-RM289-RM598-RM31 27.0-

116.5 89.5

S1   RM574-RM598 27.0-63.4 36.4

S2   RM289-RM31 49.4-
116.5 67.1

W18-07-06-
05-02 5 PSM363-RM430-PSM384-RM31 42.2-

116.5 74.3

S1   RM430-PSM384 70.5-89.6 19.1



© 2018 - MedText. All Rights Reserved. 03

Annals of Genetics and Genomics

2018 | Volume 1 | Article 1001

(RGLW) was also calculated for single grain. Random 50 grains per 
plant were weighted in g and weight of 100 grains (HGW) was scored. 
Each plant was repeatedly measured three times and so a total of 45 
measurement values existed in each plot.

In all experiments, germinated seeds were sown in a seedling 
bed and seedlings were transplanted to a paddy field 20 days later, 
with single plant per hill spaced at 16.7 cm × 20.0 cm. Each plot 
consisted of five long rows with 35 plants, and all plots were arranged 
in a completely randomized block design with three replications. The 
management of the field experiments was in accordance with local 
standard practices.

Development of secondary SSSLs
The procedure to develop secondary SSSLs was shown in Figure 

1. HJX74 (as female parent) was crossed with each of 18 SSSLs that 
carried with large substitution segments, and F1 plants were selfed to 
yield F2 generations. F2 plants for each cross were then genotyped 
using SSR markers in target segment regions. In F2, homozygous 
plants with smaller single substituted segments were selected as 
secondary SSSLs derived from parent SSSLs, and heterozygous plants 
were further selfed to produce F3 descendants. Similar selections and 
selfing occurred also in F3 and subsequent progenies.

DNA marker analysis
DNA marker analysis was performed according to the method 

described by Xi et al. [22]. These markers included three types, 
Simple Sequence Repeats (SSR) markers with designation of Rice 
Microsatellite (RM)-series, Oryza Simple Sequence Repeats (OSR)-
series and Position Specific Microsatellite (PSM)-series. They were 
developed in Cornell University, USA, by Akagi et al. [23] and in our 
lab, respectively. DNA extraction referred to the CTAB method [24]; 
2 cm long of rice leaf at seedling was crushed in a 2 ml microfuge 
tube containing 1,100 TPS of 100 mM/L Tris HCl, 1 M/L KCl, and 
10 mM/L EDTA. The DNA in the centrifuged supernatant was 
precipitated with isopropanol and the pellet was redissolved in 50 
of 0.1 × TE buffer (10 mM/L Tris HCl, and 1 mM/L EDTA). PCR 
amplification was conducted according to Panaud et al. [25] with 
minor modifications. 20 reaction volume contained 0.15 solution of 
each primer, 200 of each dNTP, 1 × PCR buffer (50 mK/L KCl, 10 
mM/L Tris HCl, 1.5 mM/L MgCl2, and 0.01% gelatin), 50 ng~100 
ng template DNA, and 1U Taq DNA polymerases. Amplification was 
performed for 35 cycles (1 min at 94°C, 55°C and 72°C respectively) 
followed by 5 min at 72°C. To detect polymorphism, the PCR products 
were resolved through electrophoresis on 6% polyacrylamide gel. 
Bands were revealed using a silver staining process.

Estimation of the lengths of chromosomal substituted 
segments in SSSLs

The lengths of chromosomal substituted segments in SSSLs were 
estimated based on graphical genotypes described by Young and 

W11-17-08-
33-03 7 RM51-PSM139-RM481-PSM142 0.8-26.0 25.2

S1   PSM139-RM481 2.5-11.0 8.5

S2   PSM139-PSM142 2.5-26.0 23.5
W15-12-

08-37 7 PSM139-RM481-RM2 2.5-44.1 41.6

S1   RM481-RM2 11.0-44.1 33.1
W19-18-

09-06 7 RM51-PSM142-RM214 0.8-49.7 48.9

S1   PSM142-RM214 26.0-49.7 23.7
W09-38-60-

07-18-04 8 RM210-RM80-OSR7-RM502-
RM447-PSM396

86.7-
121.2 34.5

S1   RM210-OSR7 86.7-
102.1 15.4

S2   RM447-PSM396 109.3-
121.2 11.9

S3   RM210-RM502 86.7-
108.5 21.8

S4   RM210-PSM396 86.7-
121.2 34.5

S5   RM80-PSM396 96.6-
121.2 24.6

W20-02-
04-07 10 RM596-RM258-RM228-RM590 35.1-83.5 48.4

S1   RM258-RM590 48.8-83.5 34.7

S2   RM228-RM590 83.0-83.5 0.5

S3   RM596-RM228 35.1-83.0 47.9

S4   RM258-RM228 48.8-83.0 34.2

S5   RM258-RM590 48.8-83.5 34.7

S6   RM228-RM590 83.0-83.5 0.5
W23-07-06-

08-07 10 RM271-RM147-RM228 45.1-83.0 37.9

S1   RM147-RM228 68.6-83.0 14.4

W23-19-06-
06-11 10

PSM162-RM596-RM271-RM258-
PSM169-RM147-PSM407-

RM496
19.0-83.0 64

S1   RM258-RM147 48.8-68.6 19.8

S2   RM271-PSM169 43.0-61.4 18.4

S3   PSM162-RM258 19.0-48.8 29.8

S4   RM596-PSM169 35.1-61.4 26.3

S5   PSM169-RM496 61.4-83.0 21.6

S6   RM271-PSM407 43.0-73.7 30.7

S7   PSM162-PSM407 19.0-73.7 54.7
W11-15-07-

17-09 12 PSM183-RM19-RM453-RM247 12.2-26.0 13.8

S1   PSM183-RM19 12.2-13.3 1.1

S2   PSM183-RM453 12.2-14.0 1.8

S3   RM19-RM247 13.3-26.0 12.7
W15-14-08-

10-05 12 RM101-RM511-RM235 48.2-10 
3.1 54.9

S1   RM511-RM235 61.6-
103.1 41.5

W20-15-01-
06-01 12 PSM182-PSM419-PSM188 13.3-86.5 73.2

S1   PSM419-PSM188 30.0-86.5 56.5
SSSL and Chr were the abbreviations of Single Segment Substitution Lines 
and Chromosomes, respectively. Substituted segment was indicated by 
marker interval, and length estimated was obtained by the method described 
in materials and methods above.

Figure 1: Schematic diagram to develop Secondary Single Segment 
Substitution Lines (SSSSLs) by MAS. SSSLi represented ith single segment 
substitution line. Fi was ith selfing generation. Homozygous plants and 
heterozygous plants in each generation were distinguished by MAS, which 
were as materials of SSSLs and sequential selfing, respectively. Signs of 
× and   represented crossing between parents and selfing of individuals, 
respectively.
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Tanksley [26], Paterson et al. [27]. A chromosomal segment was 
considered as donor type (DD) if its flank markers were derived from 
donor, and half donor type (RD or DR) if one of its flank markers 
were from donor. The estimation lengths of chromosomal substituted 
segments in SSSLs were calculated by the length of DD adding half of 
both RD and DR (Figure 2).

QTL mapping
SSSL effect compared with the control HJX74 was calculated by, 

which significance was tested by two tails of T-test in less than 0.05 
or 0.01 alpha level. Where were the estimations of genetic effects for 
jth SSSL and HJX74, respectively. The effect estimations and their 
significant tests were performed by lm() function of R language 
(https://www.r-project.org/).

For overlapping substitution mapping, QTLs might locate in 
the non-overlapping region M1M2 if significant difference only 
existed between SSSL1 and the control. Otherwise it might drop 
into the overlapping region M2M3 if both SSSL1 and SSSL2 differed 
significantly from the control (Figure 3) [28,29].

Results
Characteristics of the secondary SSSLs

A total of 55 secondary SSSLs were developed from 18 primary 
SSSLs, involving in 8 chromosomes of 1, 2, 3, 5, 7, 8, 10 and 12 (Table 
1). The number of secondary SSSLs produced from each primary 
SSSL differed from 1 to 8. The lengths of substituted segments 
were markedly reduced compared with their primary SSSLs. Their 
average size reduced to 22.7 cm on secondary substituted segments 
from 37.5 cm on primary segments. 38 secondary SSSLs (occupying 
69.1%) were determined with substituted segments shorter than 30 
cm in size. All secondary substituted segments were shorter than 
50 cm with several exceptions, ranged from 0.5 cm to 67.1 cm. To 
evaluate the uniformity of the genetic background in these secondary 
SSSLs, re-examinations for the genetic background were carried 
out in F3 generation or descendants with polymorphic markers. All 

secondary SSSLs were ensured to carry with only single chromosomal 
substitution segments. Numerous overlapping substitutions existed 
among primary SSSLs and their secondary SSSLs, which were useful 
materials in fine mapping via overlapping substitution mapping. For 
example, primary SSSL of W14-10-08-01-04 on chromosome 1 was 
overlapped with its secondary SSSLs of S1 and S2 by segments of 
RM246-RM315 and RM5-RM297, respectively. S1 and S2 possessed 
the overlapping segment of RM246-RM297. Secondary SSSLs reduced 
largely the size of substitution segments, enhancing the quantity and 
the quality in our library of SSSLs and providing abundant SSSLs with 
overlapping substitution segments.

Variation of phenotypic traits
All SSSLs, including 32 primary SSSLs (Supplemental Table 1) 

and 55 secondary SSSLs (Table 1), along with the control HJX74 
were used to identify QTLs on grain shape and grain weight in rice. 
On four traits of GL, GW, RGLW and HGW, HJX74 was observed 
with the phenotypic values of 8.43 mm ± 0.11 mm, 2.69 mm ± 0.09 
mm, 3.14 g ± 0.07 g and 2.16 g ± 0.09 g respectively. Compared with 
these values, 16 out of 32 primary SSSLs and 38 out of 55 secondary 
SSSLs were tested with significant effects on these four traits (Table 
2). 9 of SSSLs detected to have significant effects associated with only 
single trait, but the remaining SSSLs controlled at least two traits. 
The phenomena of pleiotropy or close linkage of genes was further 
confirmed by SSSLs.

Genetic correlations among four traits
Coefficients of genetic correlation among grain shape and grain 

weight were estimated by conventional quantitative genetic analysis 
method (Table 3). All traits appeared significantly correlation each 
other. HGW exhibited positively correlation with GL, GW and 
RGLW, with the correlation coefficients of 0.6684, 0.5540 and 0.2616, 
respectively. The result indicated that enhancing anyone of three 
traits could improve grain weight. An interesting finding was that the 
features of correlation appeared among three grain shape traits. Long 
GL was always companied with narrow GW and large RGLW, and 
wide GW surely resulted in small RGLW. The result really revealed 
the actual relationships among the three traits. Genetic base of 
correlation might attribute to pleiotropy or close linkage of genes. In 
Table 3, opposite effects on the same SSSLs existed often on between 
GL and GW, GW and RGLW, but the directions of effects on between 
GL and RGLW were always consistent. The results might provide 
cases for the assumption to explain genetic correlation.

Overlapping substitution mapping of QTLs
Since lots of overlapping substitution segments existed among 

the primary SSSLs and the secondary SSSLs, it is possible to locate 
QTLs carried with SSSLs on a smaller fragments via overlapping 
substitution mapping. For example, SSSL W08-15-08-15 and its 
secondary SSSL W08-15-08-15-S1 had significant effects on GL 
(Table 2), suggesting that this QTLs resided in their overlapping 
substitution region RM183-RM497 on chromosome 2. SSSL W23-
07-06-08-07 had significant effect on GL, but it secondary SSSL W23-
07-06-08-07-S1 didn’t , then suggesting that this QTLs positioned 
in their no-overlapping substitution region RM271-RM147 on 
chromosome 10 (Table 1). Some primary SSSLs as W14-10-08-01-04 
on chromosome 1 and W11-17-08-33-03 on chromosome 7, etc., had 
significant effects on traits investigated (Table 2), but all secondary 
SSSLs from them didn’t, thus suggesting that no suitable positions 
were for these QTLs.

Figure 2: Estimation of the length of substituted chromosome segments in 
single segment substitution lines (SSSLs). The white section represented 
genetic background of recipient genome, and the black section did 
substitution segment. R and D indicated molecular markers derived from 
recipient and donor parents, respectively. The estimation lengths of 
substituted chromosome segments in SSSLs were calculated by the length 
of DD added half of both RD and DR.

Figure 3: Two single segment substitution lines, SSSL1 and SSSL2, with 
partial overlapping substitution segment. Bar in black indicated substituted 
segment. M1M2 and M2M3 denoted the non-overlapping region and 
overlapping region between two substitution segments, respectively.
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Similar analysis leaded to detection of 12, 6, 13 and 15 QTLs on 
GL, GW, RGLW and HGW, respectively (Figure 4). These QTLs 
were located within marker intervals with given lengths. A total of 
8 chromosomes were determined to carry with QTLs controlling 
these traits investigated. It can be seen that these QTLs distributed 
in clusters on chromosomes. Approximately, 10 QTLs clusters were 
formed on the four traits. These regions summarized might be hot 
spots of genetics for these traits. QTLs controlling different traits 
within a cluster might be in close linkage or pleiotropy, which were 
responsible for the genetic correlations among grain shape and grain 
weight.

Discussions
Implication to construct secondary SSSLs

Since Eshed and Zamir [3], constructed the first complete set of 
substitution lines in tomato, the strategy of constructing substitution 
lines to map QTLs has been rapidly developed in many plant species 
[4,5,30-32]. Using these materials numerous authors have widely 
conducted QTLs analysis and fully demonstrated that these materials 
were powerful tools for the identification of new genes [33,34]. We 
have constructed a library of SSSLs in rice and then have conducted 
QTLs analysis. However, numerous SSSLs applied in those studies 

Table 2: Effects of SSSLs compared with the control Hua-jing-xian 74 (HJX74) on the four traits.

SSSL Chr GL GW RGLW HGW SSSL Chr GL GW RGLW HGW

W14-10-08-01-04 1 -0.31*       W11-17-08-33-03 7 1.29**   0.45** 0.29**

S1           S1         0.23**

S2           S2          

W22-11-04-07-05 2   -0.27** 0.46** -0.45** W19-18-09-06 7       -0.26**

S1         -0.22* S1          

S2   0.67**   0.52** -0.35** W09-38-60-07-18-04 8 0.57** -0.19** 0.45** -0.31**

S3   0.81**   0.42**   S1   0.95**   0.36** 0.29**

S4   1.22** -0.25** 0.82**   S2   -0.33*      

S5       0.38**   S3   1.38** -0.24** 0.86**  

S6   0.45**       S4          

W08-15-08-15 2 0.84**   0.46** 0.22** S5   0.29* -0.17** 0.31**  

S1   1.06**   0.52** 0.23** W20-02-04-07 10 0.59** -0.15** 0.41** 0.22**

W08-15-08-28 3 0.61** -0.12* 0.38**   S1   0.97**   0.33** 0.45**

S1   1.18** -0.16** 0.66**   S2   1.34**   0.53** 0.40**

S2   0.45** -0.22** 0.46** -0.49** S3   0.56**   0.41**  

S3           S4   0.90**   0.68**  

S4   1.03**   0.56** 0.29** S5   1.14**   0.60** 0.34**

S5   0.99** -0.13* 0.52**   S6          

S6   0.29* 0.15**     W23-07-06-08-07 10 -0.57**   -0.21* -0.23**

S7   1.49** -0.28** 0.97**   S1          

S8   0.50**   0.35** -0.31** W23-19-06-06-11 10 -0.30*     -0.26**

W13-30-49-10-17 3 0.82**   0.31** 0.18* S1   1.23**   0.69**  

S1           S2   -0.61**     -0.34**

S2   0.28*       S3   0.44**      

S3   1.24**   0.43** 0.34** S4   0.90**   0.64**  

W20-20-05-05-11 3 1.22**   0.53** 0.34** S5   1.08**   0.48** 0.33**

S1           S6   -0.59**     -0.42**

S2   1.19**   0.52** 0.32** S7          

S3   1.47**   0.67** 0.36** W11-15-07-17-09 12   -0.23** 0.26** -0.36**

S4   1.16**   0.49** 0.31** S1       0.29** -0.24**

W07-07-02-03-02 5 -0.55** 0.23** -0.44** 0.17* S2     -0.20** 0.35** -0.35**

S1   -0.44**   -0.26**   S3          

S2           W20-15-01-06-01 12       0.17*

W13-30-45-04-20-02 6 1.05**   0.34** 0.60** S1          

SSSL and Chr. were the abbreviations of Single Segment Substitution Line and Chromosome, respectively. GL, GW, RGLW and HGW represented Grain 
Length, Grain Width, Ratio of Grain Length to Width, and weight of 100 Grains, respectively. * and ** denoted the significance of effects departed from zero at 
P<0.05 and P<0.01, respectively.
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carried with long substitution segments. The size of substituted 
segments in the SSSLs ranged from 0.15 cm to 109.7 cm with an 
average of 19.3 cm [8]. These long SSSLs to be used QTLs analysis 
might result in the assumption that each SSSL carried with only a single 
QTLs affecting a certain trait fails to be established [2]. A substitution 
segment might include more than one QTL, and thus the effect of 
SSSL estimated might be mixture of several QTLs effects. This paper 
indicated, for example, that primary SSSL W08-15-08-28 consisted of 
three QTLs, qGL3-1, qGL3-2 and qGL3-3, identified by overlapping 
substitution mapping. To overcome this disadvantage, construction 
of secondary SSSLs with short single substitution segments will be 
necessary, which was already placed on the agenda, and more and 
more secondary SSSLs were developed in our lab. As an example, the 
process of using 18 primary SSSLs to construct secondary SSSLs were 
described in this paper. A total of 55 secondary SSSLs were developed 
with an average size of 17.56 cm on secondary substituted segments. 
Their size was markedly reduced compared with their primary SSSLs, 
and 15 secondary SSSLs were with substituted segments shorter than 
10 cm in size. The results enriched greatly the quantity and quality 
of SSSLs in our lab. A significant characteristic of these secondary 
SSSLs was that numerous overlapping substituted segments existed 
between primary SSSLs and their secondary SSSLs, which were useful 

materials to conduct overlapping substitution mapping for QTLs. 
A total of 55 QTLs were identified on four traits investigated, 42 of 
which were located within given marker intervals less than 10 cm in 
size. The results improved greatly the precision of QTL mapping using 
primary SSSLs, and will provide useful information and materials for 
further genetic analysis and pyramiding breeding in next research 
program.

Methodology to construct secondary SSSLs
Sequencing of the entire rice genome has made remarkable 

progress, which has played an important role to dissect quantitative 
traits at molecular level [35]. Establishing series of chromosomal 
substitution lines covered over the whole genome is helpful to 
comprehensively understand genetic bases of quantitative traits. 
Several sets of secondary mapping populations, such as introgression 
lines, chromosome segment substitution lines, backcross 
recombinant inbred lines and nearly isogenic lines have already 
been developed [3,30,36,37]. These materials however were obtained 
by RFLP marker-assisted selection. It is often difficult to conduct 
large-scale RFLP analysis since severe quality to DNA samples and 
expensive costs of investment for this technology. Simple sequence 
repeat (SSR) was extensively used to construct SSSL population in 
our lab. It greatly simplified the techniques, improved the efficiency 
and reduced cost in our molecular marker analysis. We have the 
working ability to continually extend the primers of SSR, such as 
those with serial numbers of PSM in Figure 4, to fill the necessary 
for increasing density of markers in target regions. A library of 1,563 
primary SSSLs has been developed by assistance of SSR analysis, 
some of which were further dissected into secondary SSSLs by simple 
crossing between SSSLs and HJX74, and several generations of selfing 
since F1s. The size of substitution segments on SSSLs tends to more 
and more narrow. To eliminate residual chromosomal segments or 
non target chromosomal segments from donors and to evaluate the 
uniformity of genetic background of the SSSLs, re-examination for 
the genetic background were carried out in next generations with 
polymorphic markers for the candidate lines. The quality of SSSLs 
used in this paper was creditable. The high level of uniformity of the 
genetic background and the smaller size of substituted chromosome 
segments in the SSSLs will facilitate the detection of QTLs in rice. 
Additionally, 15 donor parents were used to provide chromosomal 
substitution segments for SSSLs in this paper. This implies that there 
was a wealth of naturally occurring allelic variations in the mapping 
population applied. All alleles derived from different donors in the 
population at the loci of interest will be effectively distinguished and 
further applied by using of the SSSLs.

Genetic bases of grain shape and grain weight in rice
Grain shape is one of important factors to decide exterior quality 

and grain weight [38]. Grain length, grain width, and ratio of grain 
length to width influenced directly their sell prices in market [39]. 
Grain weight is one of three yield components, which plays an 
important role in rice production. Plentiful genetic studies have been 
carried out for grain shape and grain weight in rice, and abundant 
QTLs associated with these traits have been reported during past 
twenty years [40-44]. However, these researches used mainly 
conventional mapping populations such as F2, BCF1, RILs and 
DHLs, which results might be disturbed by background noise [2]. 
Previously, we identified QTLs on grain shape and grain weight by 
using primary SSSLs (unpublished degree paper). In this paper, we 
summarized QTLs for the four traits of grain shape and grain weight 
via overlapping substitution mapping. The results indicated that 12, 

Figure 4: The distributions of QTLs on chromosomes (chr) for the four traits 
investigated. QTL was nominated by qGL, qGW, qRGLW or qHGW followed 
chromosomal number-serial number, respectively. GL, GW, RGLW and 
HGW represented grain length, grain width, ratio of grain length to width, 
and weight of 100 grains, respectively. Markers and their genetic distance 
(cm) were listed at the left and the right of corresponding chromosomes, 
respectively. The vertical lines at the right of chromosomes represented 
QTLs on the four traits, respectively.

Table 3: Genetic correlations estimated among four traits. * and ** indicated 
statistically the significances at P<0.05 and P<0.01 respectively.

Trait GW RGLW HGW

GL -0.5071** 0.9101** 0.6684**

GW   -0.8195** 0.5540**

RGLW     0.2616*

GL, GW, RGLW and HGW represented Grain Length, Grain Width, Ratio 
of Grain Length to Width, and Weight of 100 Grains, respectively. * and ** 
denoted the significances of effects departed from zero at P<0.05 and P<0.01 
respectively.
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6, 13 and 15 QTLs were detected on GL, GW, RGLW and HGW, 
respectively. They distributed on nine chromosomes in clusters 
(Figure 4). Close linkage of QTLs was a universal phenomenon 
for these traits, and about 10 QTLs clusters were detected. QTLs 
effects were estimated by average effects over SSSLs involved in, 
more reasonably reflecting the influences of QTLs to traits. Genetic 
correlations among these four traits were statistically significant, 
which contributed to close linkages or pleiotropies of QTLs. The 
results listed in Table 3 indicated the effect directions of SSSLs always 
were consistent between GL and RGLW, but opposite between GW 
and GL or RGLW, which might be the genetic cause of positive or 
negative correlations among them, respectively. Although similar 
consistencies didn’t occur between HGW and one of the remaining 

three traits, QTLs in clusters might be responsible of their significant 
positive correlations. Genetic bases of correlation between traits are 
complex, which depends on close linkages or pleiotropies of QTLs. 
Our simulation researches indicated that numbers in clusters of 
QTLs, effect size, directions and types of relative QTLs, genetic 
distances between linkage QTLs etc. influenced the nature and size of 
genetic correlations among traits (data unpublished).

Advantages using secondary SSSLs to map QTLs
This paper is the first time to attempt QTL mapping by combining 

primary SSSLs with secondary SSSLs. Apart from having advantages 
of primary SSSLs, secondary SSSLs yielded novel features, narrower 
and more overlapping substitution segments. Regions of QTLs 

Supplemental Table 1: Donor parent, Chr, length (cm) and marker interval of 32 primary single segment substitution lines (SSSLs) applied.

SSSL Chr Marker interval Position (cm) Length (cm) Donor parent 

W14-10-08-01-04# 1 RM5-RM315 98.5-143.7 45.2 Lianjian 33 

W14-10-10-05 1 RM5-RM212 98.5-136.1 37.6 Lianjian 33 

W08-15-08-15# 2 RM183-RM6 90.6-125.6 35 IR64 

W22-11-04-07-05# 2 RM109-RM423 0-17.6 16.8 Khazar 

W08-15-08-28# 3 RM473-RM503 77.6-119.7 42.1 IR64 

W11-07-02-07-11 3 PSM127-RM520 94.9-139.6 44.7 Basmati 370 

W13-30-49-10-17# 3 RM282-PSM130 55.8-130.7 74.9 Jiangxi-Si-Miao 

W15-05-07-15 3 RM156-PSM129 85.2-98.0 12.8 Amrican jasmine

W20-20-05-05-11# 3 RM503-RM293 119.7-141.5 21.8 Chenglongshuijingmi

W11-09-06-28 4 PSM356-RM471 0-44.0 44 Basmati 370 

W23-03-08-05-03 4 PSM115-RM559 108.2-129.6 21.4 Lemont 

W07-07-02-03-02# 5 RM574-RM31 27.0-116.5 89.5 Suoyunuo

W18-07-06-05-02# 5 PSM363-RM31 42.2-116.5 74.3 IRAT 261 

W13-30-45-04-20-2 6 RM190-RM217 7.4-15.5 8.1 Jiangxi-Si-Miao 

W15-05-01-02-05 6 PSM389-RM400 95.4-110.6 15.2 Amrican jasmine

W20-15-01-01-10 6 PSM387-RM510 0-11.5 11.5 Chenglongshuijingmi

W11-17-08-33-03# 7 RM51-PSM142 0.8-26.0 25.2 Basmati 370 

W15-12-08-37# 7 PSM139-RM2 2.5-44.1 41.6 Amrican jasmine

W19-18-09-06# 7 RM51-RM214 0.8-49.7 48.9 KYEEMA 

W27-18-02-02-09-3 7 PSM147-RM172 102.3-118.6 16.3 IAPAR 9 

W07-14-10-04 8 RM556-OSR7 86.7-102.1 15.4 Suoyunuo

W09-38-60-07-18-4# 8 RM556-PSM396 86.7-121.2 34.5 Basmati 385 

W20-17-05-11 8 PSM394-PSM396 66.5-121.2 54.7 Chenglongshuijingmi

W02-08-08-01-06 9 RM285-PSM157 0.8-30.6 29.8 Amol 3 (Sona) 

W12-11-22-03-10 9 RM245-RM205 91.5-93.5 2 IR58025B 

W20-02-04-07# 10 RM596-RM590 35.1-83.5 48.4 Chenglongshuijingmi

W20-02-04-10 10 RM258-RM590 48.8-83.5 34.7 Chenglongshuijingmi

W23-07-06-08-07# 10 RM271-RM228 45.1-83.0 37.9 Lemont 

W23-19-06-06-11# 10 PSM162-RM496 19.0-83.0 64 Lemont 

W11-15-07-17-09# 12 PSM183-RM247 12.2-26.0 13.8 Basmati 370 

W15-14-08-10-05# 12 RM101-RM235 48.2-103.1 54.9 Amrican jasmine

W20-15-01-06-01# 12 PSM182-PSM188 13.3-86.5 73.2 Chenglongshuijingmi

Mean       37.2  
SSSL and Chr. were the abbreviations of single segment substitution lines and chromosomes, respectively. # indicated the SSSLs which were used as materials 
to develop secondary SSSLs. Substituted segment was indicated by marker interval, and length estimated was obtained by the method described in materials 
and methods above.
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identified were narrowed since substitution segments on SSSLs 
were shortened. Once QTLs on the substituted segments have been 
identified the SSSLs will be excellent materials for genetic analysis 
and candidate lines for selection in practical breeding. Some of SSSLs 
have been used in QTLs analysis. In practical breeding, some of SSSLs 
identified with favorable alleles have also been applied in pyramiding 
different substitution segments in the same genetic background 
through marker-assisted selection, leading to have already produced 
some superior varieties over recipient parent HJX74 [21]. Credibility 
for the results in this paper was greatly increased since putative QTLs 
were repeatedly detected on SSSLs with overlapping substitution 
segments. Some exceptions that QTLs differed among SSSLs with 
common substitution segments also occurred in the results. The 
probable cause might be the mistake on the assumption that only 
one QTL existed in single substituted segment. Suppose two QTLs 
located on a primary SSSL, the effect estimated for putative QTLs was 
in fact the summation both accumulating effect and interaction effect 
of the two QTLs. It is certain to cause change of QTLs when the two 
QTLs were splitted into single QTLs on two secondary SSSLs. In this 
paper, we have demonstrated that a primary SSSL might have several 
QTLs. Another marked character in this paper is to detect close 
linkage QTLs on a trait via overlapping substitution mapping. Two 
close linkage QTLs were differentiated if they located on two different 
SSSLs with enough short substitution segments, respectively. It is also 
easy to distinguish from close linkages to pleiotropies of QTLs. QTLs 
for two traits should be pleiotropic if they were always concomitant 
with the shortening of substituted segment on secondary SSSLs, or 
they might be in close linkage once the two QTLs appeared on two 
secondary SSSLs.
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