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Abstract The cytoplasmic male sterility (CMS)
system is ideal for exploiting heterosis in crops such
as cotton. However, CMS-D2, which is based on
Gossypium harknessii cytoplasm, is still not widely
used for cotton production. In this study, we developed
an efficient marker-assisted selection method based on
insertion/deletion (InDel) markers that can identify
restorer lines carrying Rfl. Whole-genome resequenc-
ing was first completed for restorer [N(RfIRfI)] and
maintainer [N(rfIrfI)] lines with normal fertile cyto-
plasm (N). Comparisons with the TM-1 reference
genome sequence resulted in the identification of
292,065 and 183,657 InDels for the restorer and
maintainer lines, respectively. Most of the InDels in
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the restorer line were distributed on Chromo-
some_DO05, which carries RfI. Of the 12 InDel
markers near the Rf] target region that were further
validated, four co-dominant markers (i.e., InDel-1891,
InDel-3434, InDel-7525, and InDel-9356) co-segre-
gated with RfI, as verified by a segregation analysis in
an F, population. We subsequently used InDel-1891 to
determine the allele status at the RfI locus in a
backcross scheme for transferring RfI. In this study,
we developed new markers to increase the marker
density in the RfI target region, which will be useful
for the fine mapping of RfI. The development of
convenient and inexpensive co-segregating InDel
markers will facilitate the marker-assisted selection
of restorer lines carrying RfI.

Keywords CMS-D2 - Rfl - Whole-genome
resequencing - InDel - Marker-assisted breeding

Introduction

Cotton is an important fiber crop worldwide. As in
other crops, heterosis has been used to improve cotton
yield, quality, and stress resistance, and more than
90% of the cotton hybrids grown in China were
produced by artificial emasculation and pollination
(Yu et al. 2016). However, this procedure is time-
consuming, labor-intensive, and costly. Additionally,
there is no guarantee that the resulting hybrid seeds
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will be pure, which is an important limiting factor
associated with hybrid seed production. In other crops,
cytoplasmic male sterility (CMS) systems as an ideal
way for producing hybrid seeds have been widely used
to exploit heterosis during breeding. In cotton, CMS-
D2 and CMS-DS are the two main CMS systems, with
RfI and Rf2 as the restorer genes, respectively (Meyer
1975; Weaver and Weaver 1977; Zhang and Stewart
2001a, b). Considering the importance of the restora-
tion systems, random amplification of polymorphic
DNA (RAPD), simple sequence repeat (SSR),
sequence tagged site (STS), target region amplified
polymorphism (TRAP), and cleaved amplified poly-
morphic sequence (CAPS) markers linked to Rf7 have
been developed for molecular mapping studies (Guo
et al. 1998; Lan et al. 1999; Liu et al. 2003; Feng et al.
2005; Yin et al. 2006; Yang 2009; Wang et al. 2009;
Wu et al. 2014). These markers may be useful for the
molecular marker-assisted selection (MAS) of restorer
lines. However, the application of most of these
marker types requires complex experimental pro-
cesses and/or the markers exhibit low sensitivity.
Thus, additional markers that are sensitive and simple
to use must be developed to enable MAS for restorer
lines.

The InDel markers are based on the insertions and/
or deletions of DNA fragments at the same genomic
locus. Insertions/deletions occur frequently and are
widely distributed throughout genomes (Weber et al.
2002). These markers, especially those with large
insertions/deletions, can be designed as fragment-
length polymorphic markers, and are easily distin-
guished by agarose gel electrophoresis following a
polymerase chain reaction (PCR) amplification.
Because they are highly accurate and stable (Jander
et al. 2002), InDel markers have been widely used in
many areas, including analyses of germplasm
resources (Lu et al. 2009; Lv et al. 2017), genetic
mapping, map-based cloning (Srivastava et al. 2016;
Ye et al. 2016; Singh et al. 2017; Zhang et al. 2017,
Liu et al. 2017), and marker-assisted breeding
(Hayashi et al. 2006; Zhao et al. 2017).

In cotton, sequences from InDels have been used
for phylogenetic analyses (Grover et al. 2008), genetic
mapping (Li et al. 2014b; Wang et al. 2015), and
analyses of tetraploid cotton genetic resources (Shen
et al. 2017). However, most of these InDels have not
been validated, and no PCR-based InDel markers have
been developed to track a specific trait of interest
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during cotton breeding. The completely sequenced
genomes of three cotton species (Paterson et al. 2012;
Wang et al. 2012; Li et al. 2014a, 2015; Zhang et al.
2015) may be useful for developing genome-wide or
gene-derived InDel markers based on whole-genome
resequencing. Thus, in this study, a restorer (ZBR) line
and its near-isogenic maintainer (ZB) line of the CMS-
D2 system were re-sequenced, and InDel markers in
the RfI target region were identified according to the
results of a comparative InDel analysis. The InDel
markers tightly linked to RfI were subsequently used
for molecular breeding of restorer lines.

Materials and methods
Plant materials and DNA extraction

The ZBR restorer line (i.e., R line derived from the
backcross offspring of the ZB maintainer line through
eight generations of backcrossing) of CMS-D2 cotton
and its near-isogenic ZB maintainer line (i.e., B line)
with Upland cotton (AD1) cytoplasm were developed
and provided by the Institute of Cotton Research
(ICR), Chinese Academy of Agricultural Science,
Anyang, Henan, China. Plants were grown at the
Cotton Research Farm at the ICR. Young leaves were
collected from individual plants and immediately
frozen in liquid nitrogen. The leaf samples were stored
at — 70 °C until analyzed. Genomic DNA was
isolated from the leaves using a Plant Genomic DNA
kit (Tiangen Biotech, Beijing, China). The concentra-
tion of the purified DNA was determined using the
NanoDrop 2000C Spectrophotometer (Thermo Scien-
tific, Wilmington, DE, USA), while the quality was
evaluated by 1% agarose gel electrophoresis.

Whole-genome resequencing and data analysis

Using 5 pg genomic DNA as the template, paired-end
sequencing libraries with 250 and 300 bp inserts were
constructed for the R and B lines, respectively,
according to the manufacturer’s instructions (Illumina,
San Diego, CA, USA). The whole-genome sequencing
was completed at Biomarker Technologies (Beijing,
China) using the HiSeq 4000 system according to the
manufacturer’s instructions (Illumina). The raw reads
were filtered by removing low-quality reads (i.e., Q
value < 20), adapter sequences, and reads with > 5%
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ambiguous bases. The clean reads were then mapped
onto the TM-1 cotton reference genome (http:/
mascotton.njau.edu.cn/info/1054/1118.htm) using the
Burrows—Wheeler Aligner software package (Li and
Durbin 2009).

Identification of InDels

InDels were called using the default parameters of the
Genome Analysis Toolkit program (McKenna et al.
2010). The distribution of the InDels in the R and B
lines was visualized in maps constructed with the
default settings of the Circos software package (http://
circos.ca/). The InDels on Chromosome (Chr)_DO05
carrying the restorer gene Rfl (Wu et al. 2014) were
further filtered using the following criteria: minimum
read depth: < 10 (R line) or < 5 (B line); average base
quality: < 30. The identifical InDels detected in both
lines as compared to the reference sequences in the
TM-1 genome were removed, and the InDels detected
only in the R line near the RfI target region were
further validated.

InDel marker development and validation

To identify and validate the restorer-specific InDel
markers for future applications, 12 InDels with
insertions/deletions longer than 40 bp were used to
design flanking primers with the Primer Express
software (Applied Biosystems, Foster City, CA,
USA). Primers specific for an approximately 300 bp
region flanking an InDel marker were commercially
synthesized (Tianyi Huiyuan Biotechnology, Beijing,
China) (Online Resource 1). A 20 pl PCR mixture was
prepared consisting of 1x reaction buffer, 2.0 mM
MgCl,, 0.2 mM dNTPs, 0.5 mM each primer, 1 U Taq
DNA polymerase (Takara, Kusatsu, Shiga, Japan), and
50 ng DNA template. The PCR amplification condi-
tions were as follows: 25 cycles of 94 °C for 30 s,
56 °C for 30s, and 72 °C for 1 min. The PCR
products were analyzed by 2.0% agarose gel
electrophoresis.

The R and B lines as well as the commercial three-
line F; hybrid CRI83 were used to identify polymor-
phic InDel markers. We then assessed whether these
markers could be used to identify restorer lines
containing RfI in different genetic backgrounds (i.e.,
H46, H80, ZR, and DR) and normal lines lacking Rf1
(i.e., P1-4). The polymorphic markers were

subsequently used to characterize the genotype of
each plant in an BCgF; population (Wu et al. 2014).
According to the genotype and phenotype of each
plant, the genetic distances between RfI and the
associated markers were calculated.

Marker-assisted breeding of restorer lines

The utility of the InDel markers for marker-assisted
selection was determined in a segregating population.
First, the restorer line Zhonghui 46 [N(RfIRfI)] was
crossed with the recurrent parent P16 [N(rf1rf1)], which
produces fine fibers. Beginning in the BC,F; genera-
tion, co-dominant InDel marker InDel-1891 was used
to track the restorer gene in each generation, and the
other markers were used for further verification. Only
those individuals verified by the markers were chosen
as the female parent for successive backcrosses. In the
BCsF, population 120 individuals were randomly
selected, and then InDel-1891 was used to do segrega-
tion analysis, the individuals that were verified by the
markers as homozygous at the restorer gene locus were
test-crossed with the sterile line ZBA S(rflrfl) to
determine the segregation of the fertility phenotype in
the offspring under field conditions.

Results
Whole-genome sequencing and mapping

A total of 238,495,943 and 102,560,619 300 and
250 bp paired-end raw reads generated for the R and
the B line, respectively. After filtering the raw reads,
237,038,051 and 102,560,619 clean reads were
obtained, representing 59,728,373,610 bases (i.e.,
approximately 22-fold sequencing depth of the tetra-
ploid Upland cotton genome) and 30,456,504,300
bases (i.e., approximately 12-fold sequencing depth)
for the two lines, respectively. About 98.6% and
99.2% of these clean reads were mapped to the TM-1
reference genome, which covered more than 98.1 and
92.8% of the complete R line and B line genomes,
respectively (Table 1).

Identification of InDels on chromosome_DO05

Based on the TM-1 reference genome sequence,
292,065 and 183,657 InDels were identified in the R
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Table 1 Summary of the

' Species
sequence data and mapping

R line

B line

statistics Total reads
Clean reads
Clean bases
Sequencing depth (fold)
Total reads mapped
Genome coverage (%)

238,495,943
237,038,051 (99.39%)
59,728,373,610

22

228,528,385 (96.41%)
98.12%

102,560,619
101,031,801 (98.51%)
30,456,504,300

12

95,838,766 (94.86%)
92.83%

and B lines, respectively. The genome distribution of
these InDels is presented in Fig. 1 and listed in Online
Resource 2. Most of the InDels in the R line were
detected on Chr_DO05, which carries the restorer gene
RfI. Following an additional filtering step, 29,131
InDels (approximately 10% of the total number of
InDels) were detected on Chr_DO05 of the R line
(Online Resource 3). In contrast, the corresponding
chromosome in the B line contained only 1956 InDels
(approximately 1% of the total number of InDels)
(Online Resource 4). There were 1253 InDels that
were common to both the R and B lines, as compared
to TM-1. These results suggest that a substantial
portion of the DNA from the RfI donor parent was
retained at the RfI locus even after eight generations of
targeted backcrossing.

Validation of InDel markers

Twelve InDel markers located near the RfI target
region of Chr_DO05 were further validated. There were
no differences in the PCR product size for eight
markers. However, four of these InDels (Online
Resource 5), which were named InDel-1891, InDel-
3434, InDel-7525, and InDel-9356 (i.e., named after
the marker type followed by the final four numbers of
the nucleotide position), were polymorphic. As com-
pared to the maintainer B line, the Rf]-carrying R line
had a 103 nt insertion in the InDel-1891 allele, a 40 nt
deletion in the InDel-3434 allele, a 95 nt deletion in the
InDel-7525 allele, and a 71 nt deletion in the InDel-
9356 allele, they were verified as co-dominant markers
in the R line, B line, and the three-line F; hybrid CRI83
according to PCR amplifications with the flanking
primers (Fig. 2). We confirmed that the four poly-
morphic InDel markers were able to distinguish
between lines containing RfI in different genetic
backgrounds and those without RfI (Fig. 2). Addi-
tionally, the results of genetic analyses in the BCgF,
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population revealed that all of the four InDel markers
co-segregated with Rf1 (i.e., based on 409 progenies in
the segregating population), indicating a genetic
distance below 0.25 cM between the RfI gene and
these four InDel markers.

Marker-assisted selection of restorer lines

As the size difference between the two alleles in the
InDel-1891 marker locus was the highest to distin-
guish B and R lines among the four InDel markers, the
co-dominant marker InDel-1891 was used for marker-
assisted selection of restorer lines exhibiting improved
agronomic traits. The BC,F; individuals that produced
two PCR products (Fig. 2) were considered heterozy-
gous for the restorer gene [N(RfIrfl)], and were
chosen for successive backcrossing in each generation
from BCF; to BCsF;. One hundred and twenty
individual BCsF, plants were randomly analyzed
using InDel-1891 (see Fig. 3 as an example). The
agarose gel electrophoresis results revealed three
different banding patterns. Plants that produced a
single large PCR product were considered homozy-
gous for the restorer gene allele [N(RfIRf1)], while
plants with a single small PCR product were consid-
ered to lack the restorer gene allele (rf1rfI). Plants that
produced both fragments were considered heterozy-
gous at the restorer gene locus [N(RfIrfI)]. The
segregating ratio followed a 1 (RfRf):2 (Rfrf):1 (rfrf)
(26 RfRf: 67 Rfrf: 27rfrf, %305 = 1.65 < 5.99) ratio, as
expected for a co-dominant marker. And those plants
with restorer gene chosen for further analysis in each
generation were all double confirmed by the other
three Indel markers.

The fertility results were verified via a progeny test.
Ten N(RfIRfl) homozygous BCsF, plants as male
were test-crossed with CMS-D2 line ZBA to produce
300 plants in the field for the fertility investigation. All
of the 300 offspring were genetically heterozygous for
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Fig. 2 An analysis of polymorphic InDel markers based on a PCR amplification and 2.0% agarose gel electrophoresis. B maintainer
line ZB, R restorer line ZBR, F; three-line hybrid CRI83, P1, P2, P3, and P4 lines without Rfl, H46, H80, ZR, and DR restorer lines
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Fig. 3 BCsF; plants were screened with InDel-1891. M marker, A RfI homozygous plants, B RfI heterozygous plants, C plants lacking

the restorer gene Rf/

Rf1, and they were also fertile according to the field
testing results, suggesting that the newly developed
InDel markers can be used for marker-assisted breed-
ing of restorer lines carrying Rf1.

Discussion

Similar to its use in other crops, the CMS system may
be ideal for exploiting heterosis in cotton. However,
because of the limited availability of suitable restorer
line resources, it is still not widely used. Cotton
breeders have been attempting to improve the charac-
teristics of restorer lines using traditional breeding
methods. Beginning with the BC,F, generation, plants
in each generation must be backcrossed with a sterile
line, and then planted in the field to assess the fertility
of the offspring to confirm the restorer gene remains in
the genome. Thus, this procedure is labor-intensive,
time-consuming, and expensive. Furthermore, if the
restorer line is contaminated by material lacking Rf],
some sterile F; plants will be produced, which will
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considerably decrease cotton yields. To improve the
efficiency of restorer line breeding, different types of
molecular markers tightly linked with Rf/ have been
developed (Guo et al. 1998; Lan et al. 1999; Liu et al.
2003; Feng et al. 2005; Yin et al. 2006; Yang 2009;
Wang et al. 2009; Wu et al. 2014). However, there are
disadvantages to these markers, which limit their
utility. For example, some simple sequence repeat
markers are nonspecific or very weak. Single nucleo-
tide polymorphism (SNP) markers can be used for
high-throughput analyses (e.g., microarray hybridiza-
tion, allele-specific PCR detection, and primer exten-
sion; (Kim and Misra 2007; Garvin et al. 2010; Byers
et al. 2012), but these procedures are costly. The
results generated by SNP markers may be verified with
CAPS markers (Thiel et al. 2004) and allele-specific
PCR primers (Liu et al. 2012), but only in low-
throughput analyses. Genotyping-by-sequencing is a
high-throughput option, but it is very expensive for
cotton, which has a large genome. In contrast, InDel
markers are highly accurate, stable, distributed
throughout the genome, and occur frequently (Weber
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et al. 2002). With the exception of SNPs, InDels are
the most common marker in the rice genome, with one
InDel every 953 bp (Shen et al. 2004). The InDel
markers, especially those with large insertions/dele-
tions, can be easily amplified and analyzed on agarose
gels. Thus, these markers are easy to use and
inexpensive. However, developing genome-wide
InDel markers is difficult for crops with an incom-
pletely sequenced genome. Because the cotton
genome has been fully sequenced (Paterson et al.
2012; Wang et al. 2012; Li et al. 2014a, 2015; Zhang
et al. 2015), InDel markers may be a viable option for
genome-wide investigations. In this study, whole-
genome resequencing was used to identify the InDels
in a restorer line. Combining the molecular mapping
results for RfI, we focused on the InDels located on
Chr_DO05. Finally, 29,131 InDels were identified in the
R line. Four of 12 InDel markers located near the RfI
target region could be used to track RfI and assess the
allele status at the Rf7 locus. The application of these
markers may considerably improve the marker-as-
sisted breeding of cotton restorer lines.

Draft genome sequences usually contain several
assembly errors and gaps. Therefore, to identify
reliable InDel markers, a maintainer line was also re-
sequenced and used to minimize the number of errors.
In this study, we identified only 1956 InDels on
Chr_DO05, including 1253 that were also in the R line.
When using draft cotton genome sequences to identify
InDel markers, it is important that an efficient method
of verifying the utility of many InDel markers is
developed.
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