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Abstract

The cytoplasmic male sterility (CMS) system is a useful tool for commercial hybrid cotton seed production. Two main CMS
systems, CMS-D8 and CMS-D2, have been recognized with Rf, and Rf; as the restorer genes, respectively. The develop-
ment of molecular markers tightly linked with restorer genes can facilitate the breeding of restorer lines. In this study, the
InDel-1892 marker was developed to distinguish Rf, and Rf; simultaneously. Sequence alignment implied that CMS-D8-Rf,
has a 32 bp insertion and that CMS-D2-Rf; has a 186 bp insertion at the InDel-1892 locus. The codominant marker was
co-segregated with Rf; and Rf,. Hence, this marker can be used for tracing Rf; and Rf, simultaneously and identifying the
allele status at the restorer gene locus. The results of this study will facilitate efficient marker-assisted selection for restorer

lines and hybrids of CMS systems.
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Introduction

Cotton (Gossypium hirsutum L.) is one of the most impor-
tant economic crops and is a key source of fiber and oil
worldwide. Hybrid breeding is an important way to improve
cotton yield. At present, there are two ways to produce cot-
ton hybrids, i.e. artificial emasculation and pollination
(AEP) and cytoplasmic male sterility (CMS) systems.
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However, it is difficult to ensure the purity of hybrid seeds
with emasculation by hand. CMS is a maternally inherited
trait that can produce nonfunctional pollen grains or sterile
male gametes in flowering plants [1]. The CMS system is an
efficient and economical way of producing hybrids without
the need for anther removal and has been widely utilized
for commercial F; hybrid seed production in many crops
[2—4]. In upland cotton, the CMS-D2 line and its restorer
line have been developed by introducing the cytoplasmic
and nuclear gene Rf; from wild diploid cotton G. harknessii
Brandegee (D2-2 genome) into cultivated tetraploid upland
cotton [5, 6], whereas the CMS-DS line and its restorer line
have an exotic cytoplasmic and nuclear gene Rf, from the
wild diploid species G. trilobum (DC.) Skovst (D8 genome)
[7, 8]. According to previous reports, genetic mutations in
the mitochondrial gene atpA are associated with CMS in
cotton [9, 10]. Previous studies showed that Rf; gene loci and
Rf, gene loci are not allelic, but these two genes are tightly
linked at a genetic distance of 0.93 ¢cM on chromosome
D05, and Rf; could restore the fertility of both CMS-D2
and CMS-D8 lines, while Rf, could only restore the fertility
of CMS-DS sterile line [11]. The Rf; gene functions in the
sporophyte, while the Rf, gene has a gametophytic restora-
tion system [8].
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Several studies have developed many markers linked with
the Rf; gene, including random amplification of polymor-
phic DNA (RAPD) markers (OPV_15, OPJ_11, R6952 and
R6861) [12, 13], cleaved amplified polymorphic sequence
(CAPS) markers (CAPS-R) [14], sequence tagged site (STS)
markers (UBC147,,y,, UBC6075,, and UBC679,,) [15],
and simple sequence repeat (SSR) markers [16]. Among
them, the SSR marker NAU211 was identified as being near
to the Rf; gene with a genetic distance of 0.163 cM [17];
another SSR marker NAU4047 has been verified to be linked
with the Rf; gene at a genetic distance within 1 cM [18].
Our previous study found that the nearest SSR markers on
both sides to Rf; are BNL3535 and NAU3652 with genetic
distances of 0.049 cM and 0.078 cM, respectively [14]. In
comparison, only a few molecular markers closely linked to
the Rf, gene have been reported in cotton. The STS marker
UBC188, linked with Rf,, was developed with a genetic dis-
tance of less than 2.9 ¢cM [19]. Three RAPD markers, the
CAPS-UBC722-Hpall marker, two AFLP markers, and the
SSR CIR179-250 marker, were developed, but these markers
are not tightly linked with Rf, [20]. In addition, molecular
markers can also be used to genotype different cytoplasmic
types. In cotton, the azpA sequence characterized amplified
region (SCAR) [9] and SSR160 markers [10] have been
developed to identify sterile and fertile cytoplasmic types
in individual plants.

Marker-assisted selection (MAS) is one of the most effec-
tive methods for accurate breeding, which can use molecular
markers to track functional genes associated with excellent
agronomic traits [21, 22]. In addition, MAS helps breed-
ers obtain plants with a recurrent parent genome that only
requires two or three generations in the breeding process
[23]. However, the application of the reported markers shows
limited efficiency in MAS breeding because of inappropriate
genetic distances and tedious application procedures, which
require extensive time and labor. Insertion-deletion (InDel)
markers are highly stable and accurate and occur frequently
based on the InDel of DNA fragments at the same genomic
locus [24]. InDel markers have proven convenient and effi-
cient in molecular breeding because they are easy to amplify
with polymerase chain reaction (PCR) and can be detected
through agarose gel electrophoresis. More recently, many
studies have attempted to develop InDel markers with differ-
ent approaches. InDel markers have been successfully used
in many domains including marker-assisted breeding [25,
26], genetic fine mapping, map-based cloning [27-31], and
analyses of germplasm resources [32, 33]. The release of the
upland cotton genomic sequence [34-36] has made it pos-
sible to explore InDel markers in upland cotton. Thus, InDel
makers highly linked with target genes could be developed
at a low cost to facilitate MAS in cotton breeding. Currently,
four InDel markers tightly linked with the Rf; gene have
been successfully developed in cotton [37].
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Unfortunately, no suitable PCR-based InDel markers were
identified to distinguish both restorer genes (Rf; and Rf;). In
the present study, we developed a PCR-based codominant
marker (InDel-1892) that could distinguish both Rf; and Rf,
in cotton. Furthermore, sequence analysis was conducted
at the InDel-1892 marker locus, and sequence variation
was validated between the CMS-D2 and CMS-D8 systems.
Finally, we used the InDel marker for restorer lines and com-
mercial hybrid cotton in accurate MAS breeding.

Materials and methods
Plant materials and DNA extraction

In our study, three lines (i.e., male sterile, maintainer, and
restorer lines) of two sets of cotton CMS systems, includ-
ing CMS-D8-Rf, BC F, and CMS-D2-Rf; F, populations,
were used, which were 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 from each plant were collected and immedi-
ately frozen in liquid nitrogen. The leaf samples were stored
at -80 °C until use. The total genomic DNA of each plant
was isolated from cotton leaves using a modified cetyltri-
methylammonium bromide (CTAB) method [38]. The con-
centration of DNA was calculated using a NanoDrop 2000C
spectrophotometer (Thermo Scientific, Wilmington, DE,
USA), whereas the quality of DNA was estimated by 1.2%
agarose gel electrophoresis. The DNA extraction and fertil-
ity survey of the CMS-D2-Rf; BC,F, population had been
completed by our team previously [14].

Development of InDel markers for restorer genes

InDel markers linked to fertility restorer genes were selected
based on our earlier report [37]. Here, the InDel markers
that are closely linked to the CMS-D2 restorer gene (Rf;)
were used to screen the male sterile, maintainer and restorer
lines of CMS-D8 system, including InDel-3434, InDel-7525,
InDel-9356, InDel-7138, and InDel-1892 (Table 1, InDel-
3434, InDel-7525 and InDel-9356 have been reported [37]).
These primers were designed using Oligo7 software [39] and
synthesized commercially (TSINGKE Biological Technol-
ogy, Zhengzhou, China). A total of 20 pL. of PCR mixture
was prepared that contained 1Xreaction buffer, 2.0 mM
MgCl,, 0.2 mM dNTPs, 0.5 mM each primer, 1 U Tag DNA
polymerase (Takara, Japan), and 50 ng DNA template. The
PCR amplification conditions were as follows: 35 cycles of
denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s,
and extension at 72 °C for 30 s. Then, the reaction was held
at 4 °C. The genetic analyses were conducted in the BC,F,
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Table 1 List of InDel markers used in this study

Primer name  Primer sequence 5°-3’ Remark

InDel-3434-F TTACCCATAAAACTGTTGAGACC [37]

InDel-3434-R  CATAATTCATACTATTACTAG
GGAC

ATCTATAGCGATTAAAATTTA [37]
CGAT

AAATTAAACGGTATAAACAAT
CCTT

CTTAAACTTCTACATTCTTTG [37]
GTGG

AGCTGAAACAAATTTTATTAT
GGTG

InDel-7138-F TTACCCGTAAACTATTGAGACCA

InDel-7138-R  CATAATTCATACTATTACTTG
GGAC

InDel-1892-F ACTCAACTGTCTTCCTCTTCTCA

InDel-1892-R - TGGGAGCCTAATATATGTAAT
GGTG

InDel-9356-F
InDel-9356-R

InDel-7525-F
InDel-7525-R

Unpublished

Unpublished

population (500 progenies) of CMS-D8 and the F, popula-
tion (500 progenies) of CMS-D2 that were produced in our
previous study.

Analysis of gene sequences of the InDel-1892
marker locus

To determine the sequence difference between the two
restorer lines on the InDel-1892 marker locus, target seg-
ments were cloned. In the cloning process, we used the
TaKaRa MiniBEST DNA Fragment Purification Kit Ver.
4.0, pEASY-T5 Zero Cloning Kit (TRANSGEN BIOTECH,
Beijing, China) and DH5a Chemically Competent Cell
kit (TRANSGEN BIOTECH, Beijing, China). In the end,
four centrifuge tubes of DH5a containing the target frag-
ment were sent to Sunya Company (www.biosunya.com)
for Sanger sequencing. Multiple sequence alignments were
analyzed by Mega7 and Genedoc (http://www.nrbsc.org/gfx/
genedoc).

Marker-assisted selection of restorer lines

Restorer lines were used as the male parent to cross with
the female parent line, which has excellent agronomic traits
no containing restorer genes. Subsequently, four succes-
sive backcrosses were performed using that female parent
as the recurrent parent. During the backcrossing process,
marker InDel-1892 was used in each generation for marker-
assisted selection of those plants carrying the restorer gene
with improved agronomic traits for further backcrossing.
After the fourth backcross generation, we obtained the
BC,F, population of CMS-D8 and the BC,F, population

of CMS-D2. During anthesis, visual fertility investigations
were performed three times on each individual of these two
populations. Specifically, fertile flowers exhibit plenty of
pollen grains, while sterile flowers have no visible pollen
grains. In addition, these two populations were all screened
with the InDel-1892 marker.

Identification of the CMS hybrids

The InDel-1892 marker is used for genotyping the CMS-
D8 hybrid, CMS-D2 hybrids (CCRI83, CCRI99), and con-
ventional commercial hybrid varieties (CCRI29, CCRIS52,
CCRI54). The atpA SCAR marker we identified previously
[9] is used to distinguish the CMS cytoplasm from other
types of cytoplasm.

Results

Identification of the InDel-1892 marker
and validation of InDel markers

In this study, five previously developed InDel markers
(Table 1), closely linked to the Rf; gene, were used to screen
the male sterile, maintainer and restorer lines of CMS-D8
system, including InDel-3434, InDel-7138, InDel-7525,
InDel-9356, and InDel-1892. Interestingly, among the five
InDel markers, only InDel-7138 and InDel-1892 markers
were also polymorphic among the corresponding male
sterile, maintainer, and restorer lines of CMS-D8 system
(Fig. 1a). Obviously, for these two InDel markers, there
was no difference in the size of the PCR product between
the male sterile line and the maintainer line, whereas the
restorer line showed another larger band (Fig. 1a). However,
our further analysis of the InDel-7138 marker based on PCR
amplification and agarose gel electrophoresis found that the
InDel-7138 marker could not simultaneously distinguish
these two fertility restoration loci (Rf; and Rf,) in cotton
(Supplementary Fig. S1). Therefore, we mainly focus on the
analysis of another marker InDel-1892 and its application
in two cotton CMS systems. The results of genetic analyses
revealed that the InDel-1892 marker co-segregated with both
Rf, and Rf, genes based on the marker-trait co-segregation
analysis. Moreover, we also provided a rough physical map
to show the distribution of the InDel markers used in this
study on the D05 chromosome and their relationship with
the Rf; and Rf, loci (Fig. 1b).

Sequence analysis of the InDel-1892 marker locus
The sequences of the target regions amplified by the InDel-

1892 marker among the two cotton CMS systems were
subsequently selected for multiple sequence alignment
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Fig.1 a Screening and identification of polymorphic InDel markers
based on PCR amplification in cotton CMS-D8 system. M: DL2000
DNA marker; A: CMS-D8-sterile line; B: CMS-D8-maintainer line;
R: CMS-DS8-restorer line. b A ough physical map showing the distri-
bution of InDel markers on the DO5 chromosome and their relation-
ship to the Rf; and Rf, loci. The green and red bar segments highlight
the locations of the Rf; and Rf, genes, respectively. The purple and
bold InDel-1892 is a newly developed InDel marker co-isolated with
both Rf, and Rf, genes. (Color figure online)

with the cotton TM-1 reference genome [36]. Compared
with the genomic sequence of cotton TM-1, the male
sterile lines and maintainer lines of the two cotton CMS
systems were found to have the same sequence length at
the target region (376 bp), except for a few base differ-
ences (Fig. 2). Interestingly, the sequences of the restorer
lines of CMS-D8 and CMS-D2 showed different lengths
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of insertions and/or mutations at the target region, includ-
ing a 32 bp insertion in the restorer line of CMS-D8 (408
bp) and a 186 bp insertion in the restorer line of CMS-D2
(562 bp) (Fig. 2).

Marker-assisted selection of restorer lines of two
cotton CMS systems

Considering the different sequence sizes at InDel-1892
marker locus among the three lines (i.e., male sterile, main-
tainer, and restorer lines) of two sets of cotton CMS systems
(Fig. 2), the co-dominant marker InDel-1892 can be used
for simultaneous marker-assisted selection breeding of two
types of CMS restorer lines with improved agronomic traits.
The BC,F, individuals that produced two PCR products, that
is, a 376 bp product and a 408 bp product for CMS-D8 and a
376 bp product and a 562 bp product for CMS-D2 (Fig. 3),
were considered heterozygous for the restorer genes Rf, and
Rf, respectively, and were chosen for successive backcross-
ing in each generation.

Subsequently, we randomly selected 96 individual plants
from the BC,F, population of CMS-DS8 to analyze the geno-
type with the InDel-1892 marker. Based on visible fertil-
ity investigations, individual phenotypes are distinguished
into fertile and sterile types. Clearly, the results of agarose
gel electrophoresis showed two different banding patterns.
The sterile plants that produced a single small PCR prod-
uct were considered homozygous and lacked the restorer
gene allele [S (rf,rf,)], whereas the fertile plants that pro-
duced two fragments were considered heterozygous at the
restorer gene locus [S (Rf,rf,)]. Furthermore, the segre-
gating ratio followed a 1 (Rf,rf5):1 (rforf,) (50 Rforf,: 46
1f5rfs, X005 =0.1667 < 3.841) ratio, and this result was
consistent with the results of fertility investigations in the
field (see Fig. 4a as an example). Similarly, 96 individual
plants were taken from the BC,F, population of CMS-D2
at random and analyzed by PCR amplification and agarose
gel electrophoresis using the InDel-1892 marker. The seg-
regation ratio of three different banding types followed a 1
(Rf 1R )2 (Rfyrf =1 (rfyrf)) (25 RfiRfy: 47 Rfjrfy: 24 1f irf
X20.05 =0.9692 <5.991) ratio (see Fig. 4b as an example),
which was in accordance with the results of field fertility
surveys in our previous study [14]. Taken together, we pro-
pose that the newly developed InDel marker InDel-1892
can be effectively used for simultaneous marker-assisted
selection breeding of the restorer lines of two cotton CMS
systems in the future.

The utility of the InDel-1892 marker for CMS hybrid
identification

InDel-1892 was further used to distinguish the CMS hybrids
from other conventional commercial hybrid varieties. The
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Fig.2 Sequence alignment of the InDel-1892 marker locus between different materials. A8: CMS-D8-sterile line; B8: CMS-D8-maintainer line;
R8: CMS-D8-restorer line; A2: CMS-D2-sterile line; B2: CMS-D2-maintainer line; R2: CMS-D2-restorer line

Fig.3 Polymorphic analysis of M Aps
the InDel-1892 marker in the
CMS-D8 and CMS-D2 systems

500bp—>

250bp—>

a

500bp >
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Fig.4 An analysis of CMS-D8-Rf, BC,F, plants (a) and CMS-D2-Rf; BC,F, plants (b) based on PCR amplification using the InDel-1892
marker. M: DL2000 DNA marker; A: heterozygous fertile plants; B: sterile plants without restorer gene; C: homozygous fertile plants

hybrids of the CMS-D8 system have two bands at 376 bp
and 408 bp, and the hybrids of the CMS-D2 system, CCRI
83 and CCRI 99, have two bands at 376 bp and 562 bp,
respectively. However, the conventional commercial hybrid
varieties produced by artificial emasculation and pollination,

CCRI 29, CCRI 52 and CCRI 54, have only one band at 376
bp and lack the two restorer genes (Fig. 5a). The InDel-1892
marker could not only identify whether the plants contained
a restorer gene but also distinguish the Rf; or Rf, restorer
genes at the same time. Next, the plants were scanned with
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Fig.5 Molecular identification of the CMS system hybrids and cotton varieties with InDel-1892 (a) and arpA SCAR (b) markers. M: DL2000
DNA marker; 83: CCRI 83; 99: CCRI 99; 29: CCRI 29; 52: CCRI 52; 54: CCRI 54; S: sterile cytoplasm; N: fertile cytoplasm

an atpA SCAR marker [9], as the hybrids of the CMS-D8§
system and CMS-D2 system (CCRI 83 and CCRI 99) have
sterile cytoplasm, and a 611 bp fragment was amplified
(Fig. 5b). Therefore, the CMS hybrids with heterozygous
restorer gene sites and sterile cytoplasm were differentiated
by the genotyping of restorer genes and the identification of
cytoplasm type.

Discussion

Hybrid breeding could greatly increase the productivity of
major crops by utilizing the phenomenon of heterosis. CMS
systems serve as an important pollination control tool in
hybrid cotton seed production for saving labor and time com-
pared with artificial emasculation and pollination (AEP).
The efficiency of CMS systems largely depends on restorer
lines [40]. Maintaining the genetic purity of the parental
lines (male sterile lines, maintainer lines, and restorer lines)
and the F, seeds is important because it directly affects the
yield of “three-line”” hybrid cotton. Many studies with differ-
ent types of molecular markers have been performed to map
restorer genes in cotton [14—16, 41]. However, these mark-
ers are difficult to apply to marker-assisted selection (MAS)
breeding and cannot ensure accurate breeding. The percent
heritability of the markers and their lower cost are the main
factors supporting the utilization of these markers in cot-
ton breeding programs [42]. For example, simple sequence
repeat (SSR) markers provide low polymorphic levels and
require complicated analytical procedures. High-throughput
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analysis of single nucleotide polymorphism (SNP) mark-
ers requires costly procedures [43], e.g., genotyping-by-
sequencing, because cotton has a relatively large genome.
Furthermore, there is still an urgent need for closer, more
versatile, and codominant markers linked to Rf; and Rf,.

Recently, the release of the cotton genome sequence [44,
34-36, 45] has promoted the discovery of more polymor-
phisms within cotton cultivars. Highly reproducible and
abundant InDel markers were exploited based on the BLAST
analysis of cotton genomic sequences. High-throughput
sequencing technologies have reduced the cost of develop-
ing InDel markers in recent years [46]. In addition, InDel
markers, especially those with large insertions/deletions, are
more stable and can be easily amplified and analyzed on
agarose gels compared with other kinds of molecular mark-
ers. Therefore, InDel markers present a feasible option for
efficient and accurate MAS breeding and tracking restorer
genes in CMS cotton. Accurate MAS breeding can select
restorer genes using closely linked markers at the genome
level and shorten the breeding period compared with the
conventional method of “grow-out testing” [47, 48].

The newly developed InDel-1892 marker is the first
InDel marker that can be used for tracing Rf; and Rf,
simultaneously and identifying the allele status at the
restorer gene locus in two sets of cotton CMS systems.
Therefore, the application of InDel-1892 marker can
improve the accuracy of MAS breeding for cotton restorer
lines. Furthermore, the InDel-1892 marker is more reli-
able, efficient, and economical compared with SSR,
CAPS and STS markers in tracing Rf; and Rf, genes. The
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developed InDel-1892 marker would empower effective
selection in CMS system breeding programs and can be
used (I) to genotype each plant from any CMS segregation
population at any stage of cotton growth, if necessary; (II)
to identify the selfing progenies of heterozygous plants as
an alternative to test crossing, which requires at least two
years and additional labor for field work; (II) to identify
CMS hybrids in combination with cytoplasmic genotyp-
ing; and (IV) as a foreground marker to create new restorer
lines containing Rf; or Rf,. Fine-mapping at the molecular
and physical levels using InDel-1892 will facilitate the iso-
lation of the two restorer genes. Our study provides valu-
able information for MAS and promotes the application of
a simplified hybrid seed production technique in cotton.
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