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Abstract

pyramiding and interaction on phenotypic variation.

length, GWAS

Background: Detecting and mapping chromosomal regions that are related to quantitative phenotypic variation in
chromosome segment substitution lines (CSSLs) provides an effective means to characterize the genetic basis of
complex agronomic trait. CSSLs are also powerful tools for studying the effects of quantitative trait loci (QTLs)

Results: Here, we developed three sets of CSSLs consisting of 81, 55, and 61 lines, which were derived from
PAG4s x 9311, Nipponbare x 9311 and PA64s x Nipponbare crosses, respectively. All of the 197 CSSLs were
subjected to high-throughput genotyping by whole-genome resequencing to obtain accurate physical maps for
the 3 sets of CSSLs. The 3 sets of CSSLs were used to analyze variation for 11 major agronomic traits in Hangzhou
and Shenzhen and led to the detection of 71 QTLs with phenotypic effect that ranged from 7.6% to 44.8%. Eight
QTLs were commonly detected under two environments for the same phenotype, and there were also 8 QTL
clusters that were found. Combined with GWAS on grain length and expression profiles on young panicle tissues,
qGL1 detected in CSSLs was fine mapped within a 119 kb region on chromosome 1 and LOC_0Os01g537140 and
LOC_0s01g53250 were the two most likely candidate genes.

Conclusions: Our results indicate that developing CSSLs genotyped by whole-genome resequencing are powerful
tools for basic genetic research and provide a platform for the rational design of rice breeding. Meanwhile, the
conjoint analysis of different CSSLs, natural population and expression profiles can facilitate QTL fine mapping.
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Background

Most important agronomic traits of rice (Oryza sativa
L.), such as heading date, yield, plant height and grain
size, are controlled by quantitative trait loci (QTLs).
Although multiple QTLs have been reported over the
past few decades, few of them have been isolated or
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fine-mapped (Hu et al. 2015; Huang et al. 2009a; Ishi-
maru et al. 2013; Jiao et al. 2010; Konishi et al. 2006;
Song et al. 2007; Wang et al. 2015; Xue et al. 2008; Yano
et al. 2000). As the phenotypic manifestations of these
quantitative traits show continuous variation and are
always influenced by environmental factors and genetic
backgrounds, only suitable genetic populations can pro-
vide a strong foundation for genetic and genomic
research. To date, many types of genetic populations
have been developed for QTL research and utilization.
Primary genetic mapping populations, such as the F,
F,.3 and BC; populations, were often used for analyzing
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the genetic basis of QTL during early studies (Ahn et al.
1993; Li et al. 1995; Redona and Mackill 1996). However,
these types of genetic populations can only detect a few
major QTLs with large genetic effects due to complex
and unstable genetic backgrounds (Yamamoto et al.
2000). To further explore the genetic basis of complex
traits, some permanent mapping populations, such as re-
combinant inbred lines (RILs) and doubled haploid
(DH) have been developed. QTLs with minor effects can
also be detected by using these permanent populations,
but they are still inadequate for fine mapping and clon-
ing of QTLs (Yano 2001). As a permanent population,
chromosome segment substitution lines (CSSLs) can im-
prove the precise detection of QTL regulation of com-
plex traits and make it much easier for QTL fine
mapping and cloning (Mei et al. 2006; Takai et al. 2007).
Each line of CSSLs has the same genetic background as
its recurrent parent, except for a few substituted seg-
ments from a donor parent. CSSLs are ideal for mapping
genetic population for the elimination of most genetic
background noise and dissection of QTLs into the single
Mendelian factor (Xu et al. 2010). Although develop-
ment of CSSLs is laborious and time-consuming, more
and more CSSLs have been developed for their signifi-
cant advantages (Bessho-Uehara et al. 2017; Furuta et al.
2014; Hao et al. 2006; Kubo et al. 2002; Qiao et al. 2016;
Shim et al. 2010; Yoshimura 1997).

Marker-assisted selection (MAS) is a powerful tech-
nique of selecting target segments during CSSLs construc-
tion. With the publication of rice whole genome
sequences, many SSR (simple sequence repeat) markers,
Indels (insertions and deletions) markers and SNPs (single
nucleotide polymorphisms) markers have been exploited
for MAS. The density of molecular markers that are dis-
tributed in the whole genome determine the accuracy of
CSSLs. Low-density molecular makers may easily miss
small introgression segments and double-crossovers (Xu
et al. 2010). In fact, less than 200 molecular markers were
used to develop CSSLs because of laborious work (Bian et
al. 2010; Shim et al. 2010; Xu et al. 2007; Zhu et al. 2009).
Next-generation sequencing technology provides a
high-throughput genotyping method that can construct
high-resolution physical maps and calculate the length of
substituted segments in the construction of CSSLs.
Recently, several RILs and CSSLs have been exactly geno-
typed by whole-genome resequencing, and high-quality
linkage maps were constructed for QTL dissection (Gao
et al. 2013; Huang et al. 2009b; Xu et al. 2010; Zhang et al.
2011; Zhu et al. 2015b). Among the CSSLs that were
reported previously, few were developed by using the male
sterile line and were subjected to high-throughput geno-
typing by whole-genome resequencing to obtain accurate
physical maps. It will be necessary to develop novel CSSLs
with high-resolution physical maps.
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Previously, our lab dissected yield-associated loci using
an RIL derived from a cross between PA64s and 9311
(Gao et al. 2013). Since then, to facilitate QTL mapping
and cloning, 3 sets of CSSLs were developed and were
derived from three representative rice varieties: the first
genome-sequenced japonica cultivar Nipponbare, an
elite restore indica cultivar 9311, and a male sterile line
PA64s with a mixed genetic background of indica and
japonica. One set of CSSLs was developed from a cross
between PA64s as the donor and Nipponbare as the re-
cipient. The variety 9311 was used as recipient parent
for the other two sets of CSSLs with Nipponbare and
PA64s as donor parents, respectively. To obtain precise
physical maps for QTL detection, the three sets of
CSSLs were genotyped by high-throughput whole-gen-
ome resequencing. QTLs analysis for 11 major agro-
nomic traits of the 3 sets of CSSLs was performed using
the bin maps converted from the precise physical maps.

Results

Development of the CSSLs

A total of 311 polymorphic molecular markers were
used to assist selection during CSSLs development
(Additional file 1). Among them, 136 markers denoted
as A, AB or AC were used for MAS in the population
derived from PA64sx 9311 crosses, and 162 markers
denoted as B, AB or BC were used for CSSL analysis on
the population derived from a cross between 9311 and
Nipponbare. Then, 138 markers denoted as C, AC or BC
were used for the population derived from PA64s x
Nipponbare crosses.

The development procedure for the 3 sets of CSSLs is
shown in Fig. 1. Hybrid F; plants, namely, LYP9, were
generated from a cross between maternal PA64s and pa-
ternal 9311. Then, F; plants were backcrossed twice with
9311 to produce BC,F; generation. The first MAS was
performed for BC,F; generation with 136 polymorphic
markers distributed on all 12 chromosomes, and 65
plants were selected from 93 individuals, in which a few
of heterozygous substituted segments came from PA64s,
while the major genomic regions were homozygous for
9311 alleles. Subsequently, the selected 65 plants from
BC,F; generation were backcrossed twice again with
9311 to generate BC4F;. Twelve individuals from each
BC;F; and BC,F; line were genotyped using the markers
on the target-substituted regions. In total, 54 plants from
BC,F; that had one to three heterozygous substituted
segments were self-crossed to produce BC,F,. Then, 12
individuals from each BC4F, were genotyped, and the
homozygous substituted individuals on target regions
were self-crossed to obtain 54 CSSLs. The remaining
BC,F; plants that had a few substituted segments that
were continuously backcrossed with 9311 to generate
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Fig. 1 Flowchart of the procession of developing 3 sets of CSSLs. a Precession of developing A set CSSLs. b Precession of developing B set CSSLs.
¢ Precession of developing C set CSSLs. The female parent is written in the front and the male parent in the back in hybrid combinations. The
red arrow indicates that the genotypes of plants were identified by MAS. Numbers under the red arrow represent the selected individuals of lines

by MAS. The green circle represents a self-cross

BCsF; and BCgF;. Then, 20 BCsF, plants and 7 BCgF,
plants that were selected using MAS were self-crossed
to obtain 27 CSSLs. Finally, a total of 81 CSSLs with a
few substituted segments were developed, which were
named A set CSSLs for easy description (Fig. 1la).
Similarly, the other two sets of CSSLs, including 55
lines and 61 lines, were obtained with the same tech-
nique using 162 and 138 polymorphic markers, re-
spectively (Fig. 1b and c¢). Meanwhile, 55 CSSLs with
major genomic regions from 9311 had a few
substituted segments from Nipponbare, which were
named B set CSSLs. Then, 64 CSSLs were named C
set CSSLs and contained a few substituted segments
from PA64s, in which the major genomic regions were
homozygous for Nipponbare.

Characteristics of the CSSLs

To obtain accurate physical maps for the 3 sets of
CSSLs, all of the CSSLs were subjected to high-through-
put genotyping by whole-genome resequencing. Physical
maps for the 3 sets of CSSLs were constructed using the
physical locations of filtered SNPs (Fig. 2). The A set
CSSLs containing 81 lines were found to carry 310
substituted segments, and there were at least 230
substituted segments in B set CSSLs and 367 substituted
segments in C set CSSLs (Table 1). The average number
of substituted segments was approximately 26, 19 and
31 per chromosome and ranged from 13 on chromo-
some 6 to 44 on chromosome 3, 10 on chromosome 6
to 30 on chromosome 3 and 5, and 24 on chromosome
5 to 38 on chromosome 4 for A, B and C sets of CSSLs,
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Fig. 2 Graphic genotypes of 3 sets of CSSLs. a Genotypes of A set CSSLs. b Genotypes of B set CSSLs. ¢ Genotypes of C set CSSLs. Different
colors represent different genotypes: red, 9311; blue, PA64s; green, Nipponbare. Each row represents a CSSL. Chr is short for chromosome

Chri2

respectively. Statistical data for segment lengths showed
that more than 61% segments were shorter than 2.00
Mb, while approximately 11% segments were longer
than 7.00 Mb (Fig. 3). The total length of substituted
segments was approximately 1152.61 Mb in A set CSSLs
and was approximately 868.10 and 1177.96 Mb in B and
C sets CSSLs, respectively (Table 1). The average length

of substituted segments varied little, with an average of
3.72, 3.77 and 3.21 Mb in A, B and C sets of CSSLs, re-
spectively. The total coverage length of substituted seg-
ments was 363.14 Mb in A set CSSLs, while that length
was 325.70 and 331.40 Mb in B and C sets of CSSLs, re-
spectively. The coverage rate of substituted segments
was 97.3% in the A set CSSLs, which varied from 88.1%

Table 1 Distribution of substituted segments on 12 chromosomes for 3 sets of CSSLs
Number of segments ~ Segments length (Mb) Average length (Mb)  Coverage length (Mb) Coverage rate
A B C A B C A B C A B C A B C

Chromosome

1 38 29 37 129.81 12345 11772 342 426 318 4200 3945 4072 971%  912%  94.1%
2 38 18 37 10845 7755 12926 285 431 349 3594 2837 3342  1000% 789% = 93.0%
3 44 30 37 13120 8161 10986 298 272 297 3616 3264 3641 993%  89.7%  100.0%
4 28 20 38 10089 9840 13639 360 492 359 3550 3550 2803 1000% 1000% 78.9%
5 24 30 24 11155 9562  84.14 465 319 351 2996 2486 2741 1000% 83.0%  91.5%
6 13 10 29 5740 4783 9120 442 478 314 2997 2105 2806 959%  673%  89.8%
7 25 23 30 10886  84.12 7546 435 366 252 2783 2350 2660 938% 792%  89.6%
8 24 13 25 90.06 5553 6297 375 427 252 2505 2709 1828 881% 952% 643%
9 15 14 30 7287 5625 7159 486 402 239 2301 2109 1790 1000% 91.7%  77.8%
10 19 15 26 7540 4002 8352 397 267 321 2320 2146 2320 1000% 925%  100.0%
1 26 17 26 84.54 5741 11419 325 338 439 2713 2713 2334 935%  935%  804%
12 16 11 28 80.58 4969 9938 504 452 355 2719 2350 2753 988% 854%  100.0%
Total 310 230 367 115261 86810 117796 372 377 321 363.14 32570 33140 973% 873%  88.8%

A, B and C represent A set CSSLs, B set CSSLs and C set CSSLs, which derived from a cross between PA64s and 9311, Nipponbare and 9311, and PA64s and
Nipponbare, respectively
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Fig. 3 Distribution of the lengths of the substituted segments in the 3 sets of CSSLs. A, B and C represent A set CSSLs, B set CSSLs and C set

on chromosome 8 to 100.0% on chromosomes 2, 4, 5, 9
and 10. The coverage rate of substituted segments was
nearly the same in B and C sets of CSSLs; it was 87.3%
and 88.8%, respectively, and ranged from 67.3% to
100.0% on each chromosome.

Phenotypic Variation

The phenotypic variations of 11 traits were observed be-
tween the 3 sets of CSSLs and their parents for QTL
analysis. The t-test revealed that the differences between
PA64s and Nipponbare were extremely significant con-
cerning the panicle number (PN), primary panicle
branch number (PPB), secondary panicle branch number
(SPB), spikelet number per panicle (SN), grain length
(GL), grain width (GW) and 1000-grain weight (TGW)
in Shenzhen, as well as all traits but plant height (PH)
and panicle length (PL) in Hangzhou. Both 9311 and
Nipponbare showed significant differences in all traits
but the flag leaf length (FLL) in Hangzhou and Shenzhen
(Additional file 2: Table S1). The correlation of trait vari-
ation is shown in Additional file 2: Tables S2 to S7. The
results show that extremely significant positive correla-
tions were detected between the grain number and the
secondary panicle branch number with the highest
correlation coefficient, 0.8883 on average. In both
Hangzhou and Shenzhen, 1000-grain weight showed an
extremely significant positive correlation with grain
length and grain width in the 3 sets of CSSLs, whereas it
was negatively correlated with the spikelet number per
panicle. Extremely significant positive correlations were
also detected between plant height and panicle length in

the 3 sets of CSSLs, except the B set CSSLs in Shenzhen.
The phenotypic values of the 11 traits in the 3 sets of
CSSLs were all found to be continuous and exhibited
normal or skewed distribution patterns across both envi-
ronments, indicating quantitative inheritance of the 11
characters and satisfying the demands for QTL analysis
(Additional file 3: Figure S1).

QTL Analysis for 11 Traits Based on CSSLs
To conduct the QTL analysis, resequencing-based phys-
ical maps of the 3 sets of CSSLs were converted into bin
maps. A total of 71 QTLs for 11 traits in 3 sets of CSSLs
were detected in both Hangzhou and Shenzhen and
were distributed on 11 chromosomes, except for
chromosome 10 (Fig. 4 and Table 2). Among the 34
QTLs that were detected in Shenzhen and the 37 QTLs
in Hangzhou, 35 QTLs were detected in A set CSSLs
under both environments, as well as 13 and 23 QTLs in
the B and C sets of CSSLs, respectively. Eight QTLs
were commonly detected in both Shenzhen and
Hangzhou for the same phenotype, and 4 QTLs had
overlapping interval locations in different populations.
There were also 8 QTL clusters that were detected, in-
cluding FLL and PPB, SPB and SN, GL and TGW, and
GW and TGW, which coincided with significant correla-
tions (Table 2, Additional file 2: Tables S2 to S7).
Compared with the previously identified QTLs by
physical location, 22 of the 71 QTLs were reported in
the previous studies, and the remaining 49 QTLs were
unique. Among the 22 reported QTLs, the interval
regions of the four QTLs overlapped with the locations
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Fig. 4 The positions of QTLs located on each chromosome. Markers for CSSLs development are shown in left. HZ and SZ represent Hangzhou
and Shenzhen, respectively

of four known genes (Additional file 4: Figure S2). For
the QTL with the largest effect on plant height in C set
CSSLs, gPHI1-2 can explain 26.3% of the phenotypical
variation and was located in the region from 38.0 to
38.5Mb on chromosome 1, which contained sdI, the
rice green revolution gene that is responsible for rice
semi-dwarfness (Sasaki et al. 2002). In the B set CSSLs,
the Nipponbare alleles increased the flag leaf width at

gFLW4 under two environments, which overlapped with
the location of Nall/ LSCHL4 that controlled leaf width
and yield (Fujita et al. 2013; Qi et al. 2008; Zhang et al.
2014). For the secondary panicle branch number,
qSPB1-2 was mapped to the region that ranged from
35.1 to 36.2 Mb on chromosome 1, while LAXI, a gene
controlling panicle branch development, was previously
cloned (Komatsu et al. 2003). Finally, the major QTL
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Table 2 QTLs for 11 traits detected in 3 sets of CSSLs in Shenzhen (5Z) and Hangzhou (HZ)
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Trait Site Populations QTL Chromosome Location (Mb) LOD PVE (%)? AddP® Known QTL/ gene

PH SZ C qgPHI-1 chrl 30.0-30.5 50 22.8 -532

PH SZ C qPHI1-2 chrl 38.0-384 6.3 26.3 5.88 sdl

PH HZ C qgPH5-1 chr5 0.8-1.3 37 19.1 7.53

PH SZ A gPH5-2 chr5 18.6-19.1 38 18.0 —4.42

PH SZ C qPH9 chr9 12.2-13.7 29 10.7 -293

PH SZ A gPHT1 chr1l 3.0-4.1 25 114 —4.88

FLL SZ A gFLLI-1 chrl 34.9-356 35 159 1.75

FLL HZ C gFLL1-2 chrl 42.0-43.2 2.5 16.8 -6.72 gfll1(Yan et al. 1999)
FLL HZ B gFLL2 chr2 27.9-293 34 248 8.75 gFLL5(Wang et al. 2011)
FLL SZ A gfLL6 chr6 9.6-10.5 33 14.8 3.05

FLW SZ A gFLW1 chrl 19.4-204 34 179 -0.11

FLW HzZ B gFLW4 chr4 31.0-31.7 33 187 -0.21 LSCHL4

FLW Sz B qFLW4 chr4 31.0-31.7 44 19.2 —-0.25 LSCHL4

FLW SZ B qFLW9 chr9 145-14.6 33 243 0.36

PL HZ A gPL2 chr2 26.5-26.5 43 12.7 -0.77

PL HZ C gPL3 chr3 30.0-304 44 27.5 1.20 gPL-3(Shen et al. 2009)
PL HZ A qPL4 chr4 283-28.7 75 244 -0.72 qPL-4-2(Guo and Hong 2010)
PL HZ A gPL9 chr9 0.0-5.7 44 13.2 0.60

PL HZ A gPL12 chr12 25.8-26.2 32 9.2 -1.02

PN HZ C gPNT chrl 18.8-19.2 3.1 20.2 0.75

PPB HZ B qPPB2-1 chr2 27.9-293 7.1 44.8 267

PPB SZ A qPPB2-2 chr2 284-28.7 30 135 0.56 gPPB3(Gao et al. 2013)
PPB HZ A gPPB3-1 chr3 09-14 34 17.2 0.56

PPB SZ @ qPPB3-2 chr3 35.0-364 33 20.7 -0.75

PPB SZ B gPPB3-3 chr3 334-356 34 245 -0.88

PPB SZ A qPPB4 chr4 19.6-20.7 26 11.6 0.52

SPB SZ B qSPBI1-1 chri 0.0-0.5 4.0 28.7 -7.95

SPB HZ A qSPBI1-2 chrl 35.1-36.2 35 154 5.64 LAX1

SPB SZ A qSPBI1-2 chri 35.1-36.2 37 163 5.90 LAX1

SPB HZ C qSPB4 chr4 228-234 4.0 305 357

SPB HZ A qSPB8 chr8 26.2-279 30 134 3.01

SPB HZ A qSPB12 chr12 57-69 26 1.0 2.09

SN SZ B qSNT chr1 0.0-0.5 28 210 —-2521

SN HZ B qSN2 chr2 279-293 26 198 47.00 qGW-2b (Wang et al. 2011)
SN HZ A gSN12 chr12 57-69 27 14.1 6.61

GL HZ A qGL1-1 chri 28.5-30.0 36 273 030

GL SZ B qGL1-2 chrl 28.1-30.0 35 20.1 0.26

GL HZ B qGL1-2 chrl 28.1-30.0 33 196 022

GL SZ A qGL1-3 chri 37.7-380 36 104 0.21

GL SZ A qGL2 chr2 26.5-274 33 93 -0.28

GL HZ A qGL3-1 chr3 159-182 35 13.6 0.14

GL SZ A qGL3-1 chr3 159-18.2 4.0 163 026

GL HZ C qGL3-2 chr3 30.0-316 35 177 0.16

GL SZ A qGL3-3 chr3 31.1-325 43 17.8 -0.32
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Table 2 QTLs for 11 traits detected in 3 sets of CSSLs in Shenzhen (SZ) and Hangzhou (HZ) (Continued)

Trait Site Populations QTL Chromosome Location (Mb) LOD PVE (%)? AddP® Known QTL/ gene

GL SZ C qGL5 chr5 184-189 48 175 0.31

GL HzZ C qGL6—-1 chr6 6.6-7.1 34 17.0 0.16

GL SZ C qGL6-2 chré 21.1-221 45 76 0.13 qGL6.2(Bian et al. 2010)
GL SZ C qGL7 chr7 0.5-2.1 49 83 0.16 qGL7(Bian et al. 2010)
GL HZ A qGL9 chr9 154-16.1 33 8.8 -0.21 qGL9.1(Bian et al. 2010)
GL SZ A qGL11 chrn 29-58 3.1 8.7 -0.21

GL HZ A qGL11 chr 29-58 4.1 29.2 -0.26

GL HzZ A qGL12 chr12 19.8-20.6 52 14.8 -0.30

GW SZ C qGW3 chr3 79-86 30 1.5 0.06 qGW3(Wang et al. 2011)
GW HZ B qGW5 chr5 42-55 35 254 =012 GWs5

GW SZ B qGW5 chr5 42-55 48 333 -0.14 GW5

GW HzZ C qGW5 chrs 53-55 48 44.8 0.14 GW5

GW Sz C qGW5 chrs 53-55 63 276 0.11 GW5

GW SZ A qGW8 chr8 170-17.7 43 21.1 -0.06

GW HZ C qGW9 chr9 214-219 26 157 -0.13

GW HZ A qGW12 chr12 45-55 30 12.1 -0.04

TGW HZ A qrGW1 chrl 28.5-30.0 4.0 120 140

TGW HZ C qlGW3-1 chr3 0.0-1.12 36 144 -0.98

TGW SZ C qrGW3-1 chr3 0.0-1.12 46 23.7 -1.34

TGW SZ C qrGW3-2 chr3 79-86 32 158 1.06

TGW HZ @ qlGW5 chr5 53-55 49 209 137 GW5

TGW HZ C qiGWe chré 11.7-194 6.3 285 146

TGW SZ A qrGW8 chr8 8.6-8.7 44 19.2 -1.21

TGW HZ A qlGW9 chr9 154-16.1 6.7 220 -2.35

TGW SZ A qrGwii chr 29-58 38 16.0 -1.73 qTGW11.1(Bian et al. 2010)
TGW HZ A qrGwii chr 29-58 55 17.3 -1.41 qrGWi1.1

TGW HZ A qlGWi2 chr12 57-69 32 93 -1.07

“The percentage of phenotypic variation explained by the detected QTL

PAdditive effects; The positive value indicates that alleles from recurrent parent increase the effect

qGWS5 with Nipponbare alleles that increased the grain
width was detected in B and C set of CSSLs under two en-
vironments, while GW5/GSE5 was located in the region
by previous studies (Duan et al. 2017; Liu et al. 2017).

Validation and Fine-Mapping of qGL1

qGL1 had a stable effect in B set CSSLs under both en-
vironment and was also detected in A set CSSLs in
Hangzhou (Fig. 4 and Table 2). As CSSL-A8, CSSL-A29
and CSSL-B54 had overlapped regions on ¢GLI location,
the interval of gGL1 could be narrowed to the region of
2.1 Mb which ranged from 28.503 Mb to 30.611 Mb on
chromosome 1 (Fig. 5a). To identify genes associated
with grain length and further reduce the interval of
qGL1, we performed GWAS by analyzing a natural rice
population, consisting of 317 rice varieties that were col-
lected from the 3000 Rice Genomes Project (Wang et al.
2018). Using the efficient Mixed-Model, 8 SNPs at gGLI

location on chromosome 1 were identified to be signifi-
cantly associated with grain length. Then, we used pair-
wise linkage disequilibrium (LD) correlations to estimate
a candidate region from 30.492Mb to 30.652 Mb for
qGL1I (Fig. 5b). Hence, both our GWAS and CSSLs results
confirmed that the interval of gGL1 could be narrowed to
a 119 kb region ranged from 30.492 Mb to 30.611 Mb.
There were 18 annotated genes within this 119 kb inter-
val based on Rice Genome Annotation Project Website
(http://rice.plantbiology. msu.edu/) (Additional file 2:
Table S8). Among the 18 genes, 3 genes expressed differ-
ent significantly between 9311 and PA64s in young panicle
tissues based on RNA-seq data. The expression of
LOC_0s01g53140 and LOC_Os01g53220 in 9311 were
higher than that in PA64s, while the expression of
LOC _0s01g53250 was significantly higher in PA64s
(Fig. 5d). Moreover, sequence variations of those genes
between 9311 and Nipponbare were identified and
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Fig. 5 Fine mapping of gGL1. a the interval of gGLT detected in A set CSSLs and B set CSSLs. Different colors represent different genotypes: red,
9311; blue, PA64s; green, Nipponbare. Dashed lines indicate the overlap regions in different CSSLs. b Local Manhattan plot (top) and LD heatmap
(bottom) surrounding the peak on chromosome 1. Dashed lines indicate the candidate region for the peak. ¢ variation of grain length between
9311 and 3 CSSLs. HZ and SZ represent Hangzhou and Shenzhen, respectively. Error bars are s.d. * and ** indicate the least significant difference
at 0.05 and 0.01 probability level compared with the recurrent parent in SZ or HZ, respectively. d Differential gene expression and annotation.
2rpkm s short for Reads Per Kilobase per Million mapped reads; Pinformation refers to its Arabidopsis homologs at The Arabidopsis Information

expressions at RNA level were also analyzed in young
panicles between 9311 and CSSL-B54 (Additional file 6:
Figure S4). Both 9311 and Nipponbare had amino acid
variations of these three candidate genes, which were
caused by SNPs on exons. Nipponbare and CSSL-B54
showed lower expression level on LOC_0s01g53140 and
LOC_0s01g53220 compared with 9311, which was coin-
cided with the RNA-seq data. Similarly, the expression of
LOC_0Os01g53250 was higher in Nipponbare and
CSSL-B54 than that in 9311. LOC_0Os01g53220 has previ-
ously been designated as OsHsfC1b, which is a heat shock
transcription factor and plays a role in ABA-mediated salt
stress tolerance in rice (Mittal et al. 2009; Schmidt et al.
2012). LOC_0Os01g53250 product is a NADPH reductase
whose homologous gene in Arabidopsis is ATR3. ATR3 is
NADPH-dependent diflavin oxidoreductase 1, which is in-
volved in embryo development ending in seed dormancy
and oxidation-reduction process (Varadarajan et al. 2010).
The product of LOC_Os01¢g53140 is an expressed protein.
Its homologous protein in Arabidopsis is a neuronal
acetylcholine receptor subunit alpha-5 which is subunit of

mitochondrial respiratory chain complex I and is involved
in photorespiration (Jennifer et al. 2010). Collectively, on
the basis of our results, we suggest that gGLI is located in
a 119 kb region on chromosome 1 and LOC_0Os01g53140
and LOC_0s01g53250 are the two most likely candidate
genes for gGL1

Discussion

CSSLs are the ideal population for detecting the precise
QTLs that control complex traits by eliminating genetic
background noise (Nadeau et al. 2000; Qiao et al. 2016;
Tian et al. 2006; Ye et al. 2010; Zhou et al. 2017). On
the other hand, because CSSLs contain a few substituted
chromosome segments from donor parent, they can be
used as NILs themselves or used to develop NILs with
additional cross with the recurrent parent, which are fast
and powerful tools for QTL validation and isolation
(Ebitani et al. 2005; Mulsanti et al. 2018; Zhu et al.
2017). Under a certain condition, CSSLs are limited for
QTL detection. Because serval CSSLs carry some
long-substituted chromosome segments that can range
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between 10 and 20 Mb, they can hardly detect the QTLs
that are close to each other with opposite effects. Here,
we developed 3 sets of CSSLs using repeated elite par-
ents, which may be much easier for QTL detection and
mutual authentication.

Because there are different genetic backgrounds
among lines or individuals, the epistatic effects between
QTLs for many quantitative traits estimated by using
conventional experimental materials are confounded
with other genetic factors (Zhu et al. 2015a). Due to the
single segment substitution, CSSLs may be ideal mate-
rials for verifying and researching the interaction
between two QTLs in the additive effect and the epi-
static effect by a cross between two related CSSLs. In
rice, a number of QTLs and their epistasis on traits,
such as plant height, heading date, and yield compo-
nents, have been well analyzed by using CSSLs or
secondary F, populations that were derived from CSSLs
(Chen et al. 2014; Kubo et al. 2008; Wang et al. 2017;
Yang et al. 2018; Zhu et al. 2015a). On the other hand,
CSSLs can also be used for QTL pyramiding in plant
breeding. Gnla can increase the grain number and im-
prove rice yield simultaneously through inhibiting
OsCKX2 gene expression in the inflorescence meristem,
while the green revolution gene sdl reduces bioactive
gibberellin (GA) abundance, which results in semi-
dwarfism to resistant to lodging. NIL-sd1 + Gnla gener-
ated by crossing NIL-Gnla and NIL-sdl obtains an
increased grain number but decreased plant height com-
pared with Koshihikari, which provides a new strategy
for improving crop vyield through QTL pyramiding
(Ashikari et al. 2005). The rational design rice which
pyramided the good appearance genes GS3 and gSW5
from 9311 and the superior quality genes Wx and ALK
from Nipponbare showed significantly improved grain
appearance and quality compared with Teqing (Zeng et
al. 2017). GW5/GSES5 is a major QTL that regulates
grain width and weight predominantly by influencing
cell proliferation in spikelet hulls (Duan et al. 2017; Liu
et al. 2017). NAL1/LSCHL4, which regulates the devel-
opment of the vascular bundle conferred leaf width,
enhances the grain productivity of indica cultivars by in-
creasing the number of secondary panicle branches and
the spikelet number per panicle with declines in the
seed-setting rate and in the 1000-grain weight (Fuyjita et
al. 2013; Qi et al. 2008; Zhang et al. 2014). In this study,
the confidence intervals of gFLW4 and gGWS5 that were
detected in the B set CSSLs overlapped with the
locations of Nall and GWS5, respectively (Table 2). The
grain width performance of CSSL-B35 and CSSL-B36,
which carried Nipponbare alleles segments at gGWS5,
showed significant differences compared with 9311 in
across two environments, as well as the flag leaf width of
CSSL-B10 at gFLW4 (Additional file 4: Figure S2 D and
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E). The increasing effects of Nipponbare alleles at both
sites suggested a possibility of improving the 9311 yield
by pyramiding the good appearance QTL gFLW4 and
qGWS5 from a cross between CSSL-B10 and CSSL-B35
or CSSL-B36.

PCR-based molecular markers are useful tools for se-
lection during CSSLs development. However, they can
hardly detect the small substituted segments or deter-
mine the length of substituted segments because the
number of polymorphic markers used for selection is
limited. Resequencing-based high-throughput genotyp-
ing technology can overcome these shortcomings by im-
proving the resolution of the physical map accurately
and reducing laborious and time-consuming work com-
pared with the conventional molecular marker-based
genotyping method (Watanabe et al. 2018; Xu et al
2016; Zhang et al. 2011; Zhu et al. 2015b). As illustrated
in Additional file 5: Figure S3, double-crossovers in
CSSL-A35, CSSL-A44 and other CSSLs were detected
based on throughput resequencing technology, while
these double-crossovers can hardly detect by PCR-based
molecular markers for the limited number of molecular
markers. In this study, we developed 3 sets of CSSLs by
molecular markers for selection and constructed
high-density physical maps of the 3 sets of CSSLs by the
whole-genome resequencing approach for high-through-
put genotyping. A total of 197 lines were selected by 311
molecular markers for the development of the 3 sets of
CSSLs. The coverage rates of substituted segments were
97.3%, 87.3% and 88.8% in the A, B and C sets of CSSLs
respectively (Table 1). The number and length of
substituted segments in 3 sets of CSSLs were also
counted precisely using high-throughput genotyping
data (Fig. 3), which provided a platform for genetic
research and molecular rice breeding.

Due to significant phenotypic variations and the strong
potential for heterosis between indica and japonica sub-
species, many populations included some CSSLs that
were derived from crosses between indica variety and ja-
ponica variety have been constructed for QTL mapping
and gene cloning (Song et al. 2007; Wei et al. 2010;
Zhou et al. 2016). To facilitate QTL detection and isola-
tion, we developed 3 sets of CSSLs from three types of
rice varieties: a typical japonica cultivar Nipponbare, an
elite indica cultivar restore line 9311, and a middle type
cultivar PA64s with a mixed genetic background of
indica and japonica. To evaluate the potential advan-
tages of the 3 sets of CSSLs for QTL detection, the
phenotypic variations of 11 agronomic traits were
observed between the 3 sets of CSSLs and their parents
in Hangzhou and Shenzhen. Among the 71 QTLs de-
tected in the 3 sets of CSSLs for 11 agronomic traits, 22
QTLs, including 4 known genes, were located in the
vicinity of QTLs that affect these traits detected in the
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other populations, which suggested less epistatic effects
of these QTLs in varied genetic backgrounds (Fig. 4 and
Table 2). Because of the pleiotropic effects or the tight
linkage of genes, multiple QTLs affecting related traits
were mapped to the same region to form QTL clusters,
such as gSPB12, gTGWI12 and gSNI2 on chromosome
12 in A set CSSLs and gFLL2, gPPB2—-1 and gSN2 on
chromosome 2 in B set CSSLs, which also coincided
with significant correlations, thus indicating that the re-
lationship among these quantitative traits was intricate.

Although CSSLs are powerful tools for QTL detection,
the intervals of QTLs are often too large, which are de-
termined by the length of substituted segments. GWAS
based on large-scale resequencing provide a powerful
platform for finding genetic variants that can be directly
used for crop improvement (Yano et al. 2016). In this
study, the interval of gGLI was located to the region of
2.1 Mb by two CSSLs. In parallel, we also found 8 associ-
ated SNPs at gGLI location through GWAS and esti-
mated a candidate region from 30.492 Mb to 30.652 Mb
for gGL1 by LD correlations. As the confidence interval
resulted from GWAS is overlapped with the CSSLs loca-
tion, the interval of gGLI was narrowed to the region of
119 kb which ranged from 30.492 Mb to 30.611 Mb on
chromosome 1. The expression profiles of the diverse
varieties of the collection in a particular tissue can more
accurately aid in the determination of candidate genes,
and annotation of candidate gene in the local region can
also provide evidences for gene function (Xuehui et al.
2012). In this study, 3 genes expressed different sig-
nificantly in the candidate region in young panicle
tissue between 9311 and CSSL-B54. Among the 3
differentially expressed genes, LOC_Os01g53140 and
LOC_0s01g53250 are the two most likely candidate
genes for gGLI, as they may be involved in embryo
development and energy metabolism, respectively,
according to homologous alignment and gene func-
tion annotation.

Conclusions

In this study, three sets of CSSLs were developed con-
taining 81, 55 and 64 lines, respectively, which provided
a platform for basic genetic research and offered ideal
materials for molecular rice breeding. High-throughput
whole-genome resequencing strategy made the physical
maps for the 3 sets of CSSLs more accurate for precise
information on location and length of substituted seg-
ments, which facilitated novel QTLs discovery. Com-
bined with GWAS on grain length and expression
profiles on young panicle tissues, gGLI detected in
CSSLs was fine mapped within a 119kb region on
chromosome 1 offering a new gene resource for improv-
ing grain shape.
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Methods

Plant Materials

Nipponbare was the first map-based sequenced japonica
cultivar. Restorer line 931land photothermo-sensitive
male sterile line PA64s are the parents of pioneer super
hybrid rice LYP9, which has been widely cultivated for
commercial production in China. MAS was used for the
development of three sets of CSSLs during crossing and
backcrossing. Three parents and the populations derived
from the three parents were grown annually at the
experimental farm of China National Rice Research In-
stitute in Hangzhou (119°54" E, 30°04" N) and Lingshui
(110°00" E, 18°31" N).

DNA Extraction and Molecular Analysis
CTAB method was used for the extraction of genomic
DNA from fresh young leaves of each individual (Rogers
and Bendich 1988). The DNA amplification was per-
formed by PCR (Polymerase Chain Reaction) with the
protocol as follows: predenaturation at 94 °C for 4 min;
38 cycles of denaturation at 94°C for 30s, annealing at
55-60°C for 30s and extension at 72 °C for 30's, with a
final extension at 72°C for 5min. The reactions were
carried out in 96-well PCR plates in 10 pl volumes con-
taining 50-100ng template DNA, 0.2 pmol/L of each
primer and 5pul of 2x Taq Master Mix (Vazyme Inc.).
Electrophoresis of the amplification products were car-
ried out on 4% agarose gels and photographed using
GelDoc XR Gel Documentation System (Bio-Rad Inc.).
Most polymorphic molecular markers used for MAS
were SSR markers that were selected from the Gramene
Markers Database (McCouch et al. 2002; Project IRGS
2005). The other markers used were InDels markers
developed from a BLASTN alignment between the gen-
ome sequence of three parents. Primers were designed
on Primer3 web (http://primer3.ut.ee/).

High-Throughput Genotyping by Whole-Genome
Resequencing

At least 1pg of genomic DNA from each sample of
CSSLs was used for resequencing with HiSeq PE150
strategy on Illumina HiSeq Xten. All DNA samples had
backups for verification. Approximately 10x coverage
sequence reads were generated for each CSSL. The O.
sativa cv. Nipponbare IRGSP 1.0 reference genome was
used for alignment (Kawahara et al. 2013). SNP calling
was carried out with SAMtools (Li et al. 2009). A hidden
Markov model was used to impute genotypes of recom-
binational chromosome fragments based on the
observed genotypes of SNPs, following the previous
method (Xie et al. 2010). The recombinational fragments
less than 300 kb were identified as missing data in our
study, and a crossover was defined between two adjacent
blocks with different genotypes. An interval between
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two adjacent crossovers in the whole CSSL population
was regarded as a bin (Zhou et al. 2015).

Phenotypic Assessment for CSSLs

The 3 sets of CSSLs and their parents were grown for
phenotypic assessment at the experimental farm in
Hangzhou (119°54" E, 30°04" N) and Shenzhen (114°03"
E, 22°32" N) in 2017. Twenty-five-day-old seedlings of
each line were transplanted into an eight-row plot with
six plants per row and spacing of 20 x 20 cm. The field
management followed normal agricultural practice. The
measurements of the plant height, panicle number, flag
leaf length and flag leaf width were performed directly in
the field at 25 days after heading. For all those traits, five
plants of each line were sampled from the middle of
each plot, and the main culm of each plant was chosen
for trait measurement. At maturity, the main panicles of
the individuals were harvested from 5 plants in the mid-
dle of each plot to measure the panicle and grain-related
traits in the laboratory. For the five main panicles of
each line, panicle length was measured with rulers; the
primary panicle branch number, secondary panicle
branch number and spikelet number per panicle were
counted manually. Fully filled grains per panicle were
used to calculate the grain length, grain width and
1000-grain weight using the WinSEEDLE Analysis
System (Regent Instruments Inc.). Basic statistical ana-
lysis and correlation analysis were conducted with SAS
8.0 (SAS Institute). Five replications were performed for
each trait.

QTL Analysis for 11 Major Agronomic Traits Based on
CSSLs

Bin maps were converted from the physical maps of 3
sets of CSSLs for QTL analysis. Most donor segments
between or among the different lines of each CSSL have
a little overlap. To perform QTL analysis easily and pre-
cisely, the overlapping chromosome segments of the
CSSLs were utilized to delineate smaller segment sizes
that were described as bins (Huang et al. 2009b). The
QTL analysis was performed from these bins that served
as genetic markers using QTL IciMapping V4.0 (www.
isbreeding.net/software/). The likelihood ratio test based
on stepwise regression for the additive QTL (RSTEP-LR-
T-ADD) method was employed for power analysis. The
mapping parameters of probability in stepwise regression
was set at 0.001, and the multicollinearity control by
condition number was 1000 as the default. The LOD
threshold for each dataset was set based on a permuta-
tion test (1000 permutations, P = 0.05). When the QTL
LOD score was larger than 2.5, the QTL was designated
having a major effect.
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Genome-Wide Association Study and Linkage
Disequilibrium

A total of 317 varieties are selected from 3010 diverse
accessions of Asian cultivated rice and the SNPs infor-
mation was acquired in public database (Wang et al.
2018). GWAS for the grain length were carried out using
Efficient Mixed-Model Association eXpedited (EMMAX)
software package (Hyun Min et al. 2010). The LD between
SNPs in the 317 varieties was evaluated using squared
Pearson’s correlation coefficient (%) as calculated with the
-* command in the software PLINK. The LD heatmap
surrounding peaks in the GWAS was constructed using
LDheatmap R package (Shin et al. 2006).

RNA-Seq Analysis

We extracted total RNA from the 2-5cm long young
panicle tissues of rice plants with an RNA extraction kit
(Trizol reagent, Invitrogen). The libraries were sequenced
on a HiSeq. PE150 paired-end reads were generated. The
sequencing reads were aligned to the Nipponbare (Oryza
sativa L. spp. japonica) reference genome (http://rice.
plantbiology.msu.edu, TIGR Version 7). A gene was con-
sidered expressed if the reads per kilobase of transcript
model per million mapped reads was > 0.4. Differential
gene expression between sample groups was analyzed
using Cufflinks software for each gene. Genes were
considered differentially expressed if the |log2(fold
change)| =1 and FDR (false discovery rate) < 0.05.

Quantitative Real-Time RT-PCR Analysis

Total RNA was isolated from the 2cm long young
panicle tissues in Shenzhen with an RNA extraction
kit (Trizol reagent, Invitrogen). cDNA was synthesized
using a Rever Tra Ace® qPCR-RT kit (TOYOBA). Real
time PCR amplification mixtures (10 pl) contained 50
ng template cDNA, 2 x SYBR Green PCR Master Mix
(invitrogen), and 200 nM forward and reverse primers.
Reactions were run on a StepOnePlus™ Real-Time
PCR System (Thermo Fisher Scientific). The relative
expression level of each transcript was obtained by
comparing to the expression of the OsActinl gene.
Primers for candidate genes and OsActinl are listed
in Additional file 2: Table S9.

Additional files

Additional file 1: Primers used for MAS during CSSLs development.
(XLSX 35 kb)

Additional file 2: Table S1. Eleven traits of Nipponbare, PA64s and
9311 observed in Shengzhen (SZ) and Hangzhou (HZ). Mean + SD. (n =5).
*and ** indicate the least significant difference at 0.05 and 0.01
probability level compared with Nipponbare in SZ or HZ, respectively.
Table S2. Correlation analysis of 11 traits for A set CSSLs in Hangzhou
(HZ). P values are shown below and bolds mean P < 0.01. Table S3.
Correlation analysis of 11 traits for A set CSSLs in Shenzhen (SZ2). P values
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are shown below and bolds mean P < 0.01. Table S4. Correlation analysis
of 11 traits for B set CSSLs in Hangzhou (HZ). P values are shown below
and bolds mean P < 0.01. Table S5. Correlation analysis of 11 traits for B
set CSSLs in Shenzhen (SZ). P values are shown below and bolds mean P
< 0.01. Table S6. Correlation analysis of 11 traits for C set CSSLs in
Hangzhou (HZ). P values are shown below and bolds mean P < 0.01.
Table S7. Correlation analysis of 11 traits for C set CSSLs in Shenzhen
(SZ). P values are shown below and bolds mean P < 0.01. Table S8.
Candidate genes in the 119 kb interval for gGL1. Bolds indicate differential
expressed genes based on RNA-seq data. Table S9. Primers used for se-
quence identification. (DOCX 45 kb)

Additional file 3: Figure S1. Variation of the phenotypic traits in 3 sets
of CSSLs. (TIF 1322 kb)

Additional file 4: Figure S2. Sequence difference and phenotypic
variations on four reported genes. A. Difference sites between the related
two parents. The difference sites are shown in red. Amino acids variations
are listed in parenthesis. Empty blocks and blue blocks represent non-
coding regions and exons, respectively. B-E. Phenotypic variation
between CSSLs individuals and their recurrent parents. B. CSSL-A9 and
CSSL-A53 harbor Lax1 of PA64s allele at gSPB1-2 locus. C. CSSL-C19
harbors SdT of PA64s allele at gPH1-2 locus. D. CSSL-B35 and CSSL-B36
harbor GW5 of Nipponbare allele at gGW5 locus. E. CSSL-B10 harbors
Nall of Nipponbare allele at gFLW4 locus. Error bars are s.d. * and **
indicate the least significant difference at 0.05 and 0.01 probability level
compared with the recurrent parent in SZ or HZ, respectively. NPB
represents Nipponbare. (TIF 211 kb)

Additional file 5: Figure S3. Double-crossovers in CSSLs. Different
colors represent different genotypes: red, 9311; blue, PA64s; green,
Nipponbare. Double-crossovers were shown in black panes. (TIF 1447 kb)

Additional file 6: Figure S4. Quantitative real-time RT-PCR analysis and
Sequence variations of predicted genes. A-C.RNA relative expression level
of 9311, Nip and CSSL-B54 in young panicle for LOC_Os01g53140,
LOC_0s01g53140 and LOC_0s01g53250, respectively. D-F. Sequence
variations between Nip and 9311 for LOC_0s01g53140, LOC_Os01g53140
and LOC_0s01g53250, respectively. Values represent means + SD of three
independent assays. ** indicate the least significant difference at 0.01
probability level compared with 9311. NPB represents Nipponbare. SNPs
on the exons are shown in bold and Amino acids variations are listed in
parenthesis. (TIF 3099 kb)
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