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Abstract Marker-assisted selection (MAS) can accelerate
the process of plant breeding, and sequence-tagged site
(STS) markers are highly specific for regions of DNA
being used for MAS. The objective of this research was
to develop STS markers tightly linked with Rf;, the
fertility restoring gene for cytoplasmic male sterility
(CMYS) in cotton (Gossypium hirsutum L.). Bulked seg-
regant analysis was employed to screen for Rfj-linked
RAPD markers in a backcross population. Four RAPD
markers were identified, three of which co-segregated
with Rf] (UBC]471400, UBC607500, and UBC679700)
Another fragment, UBC169gy9, co-segregated with the
previously reported UBC1697, in repulsion phase at a
distance of 4.5 cM from Rf|. A marker published by
others (UBC659,509) mapped to 2.7 cM from Rf| and 1.8
cM from UBC169gg9. Four sets of STS primer pairs were
designed based on the RAPD fragment sequences. The
primer pairs from the UBCI47,49 and UBC6075,
fragments both amplified a single fragment specific to
fertile plants. The UBC6797990 and UBC6595090 STS
primer pairs each amplified one fragment specific to
fertile plants and a monomorphic fragment. These four
Rfi-linked STS markers were also present in the Rf
donor species G. harknessii (D,.,). The three primer
pairs that produced co-segregating STS markers also
amplified fragments from G. trilobum (Dg). However,
the Dg fragment amplified by the UBCI47;400 STS
primers was larger than that from D,.,, and G. trilobum
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does not restore fertility to CMS-D2-2 lines. These STS
markers will be useful in the development of restorer
parental lines in cotton CMS breeding efforts.

Introduction

A cytoplasmic male sterility (CMS) system greatly sim-
plifies the development of hybrid lines and production of
hybrid seed. Two main CMS systems, i.e., CMS-D,.,
and CMS-Dg, have been developed in cotton (Gossypium
hirsutum L.) by transferring exotic cytoplasm from
G. harknessii Brandegee (D,.,) (Meyers 1975) and
G. trilobum (DC.) Skov. (Dg) (Stewart 1992) into upland
cotton nuclear backgrounds. Male fertility can be re-
stored to CMS lines by their corresponding restorer
genes transferred from the wild diploid nuclear genomes.
One dominant gene was found to control fertility res-
toration in each CMS system (Weaver and Weaver 1977;
Zhang and Stewart 2001a). The Rf] gene from D,; can
restore fertility to both CMS-D,, and CMS-Dg lines,
but the Rf> gene from Dg can only restore fertility to
CMS-Dg lines (Zhang and Stewart 2001b). Genetic
analysis indicates that Rf; and Rf, are tightly linked with
an average genetic distance of 0.93 cM (Zhang and
Stewart 2001b). Although Rf; and Rf, are linked, the
linkage is in repulsion. Zhang and Stewart (2004) report
that the markers they identified are Rf allele-specific.
Baral et al. (2004) found that in a [(Rf; X Rf5)F; X rfi]
population, two STS markers were associated with fer-
tile plants containing the Rf; gene allele, but they were
absent in sterile plants containing the Rf; allele.

The Rf; gene in cotton functions sporophytically,
whereas Rf> functions gametophytically. However, res-
toration by Rf] is environmentally sensitive and often
produces F; plants with poor pollen shed, leading to
distorted segregating ratios in the F, (Zhang and Stew-
art 2001b; Liu et al. 2003). Pollen grains from F; plants
restored by Rf> appear normal, but only 50% of the
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pollen grains are functional (Zhang and Stewart 2001a).
Presently, it is unknown whether F; plants pyramiding
the two restorer genes would function sporophytically or
gametophytically. Based on phenotype, it is not possible
to differentiate plants containing Rf; and Rf> genes from
plants with only the Rf; gene. Molecular markers tightly
linked to these two Rf genes (in repulsion) will enable us
to distinguish between plants with these two genotypes
in a timely manner.

Marker-assisted selection (MAS) can be used with
high efficiency for indirect selection of both qualitative
and quantitative traits by selection of molecular markers
that are tightly linked with genes controlling the target
traits (Mohan et al. 1997). In several crops, fertility
restoration genes have been tagged with various types of
molecular markers, such as RFLP (Jean et al. 1997,
1998; Kamps and Chase 1997; Delourme et al. 1998;
Laporte et al. 1998; Tan et al. 1998;), AFLP (Bentolila
et al. 1998), and RAPD (Jean et al. 1997, 1998; Zhang
et al. 1997; Bentolila et al. 1998; Delourme et al. 1998;
Laporte et al. 1998; Shen et al. 1998). In radish (Brown
et al. 2003; Koizuka et al. 2003), petunia (Bentolila et al.
2002), and rice (Akagi et al. 2004; Komori et al. 2004),
specific restorer genes have been identified and cloned.
With this initial success, no doubt the restorer genes
from additional species will soon be identified and
cloned. However, for practical use the need remains for
molecular markers, based either on the specific restorer
gene or closely associated with it.

Techniques based on RFLP and AFLP are robust
and generally repeatable, but they are often not suitable
for MAS in plant breeding programs because of
expensive and lack of technical expertise. RAPD tech-
niques are fast and simple but may be unreliable or
variable between laboratories. Sequence-tagged site
(STS) markers have the advantages and few of the dis-
advantages of other marker types. STS markers have
been used in comparative genetic mapping and to con-
struct genetic maps, so it is feasible for them to be used
in MAS (Ribaut et al. 1997). Because of this, RFLP,
AFLP, and RAPD markers are often converted into
STS markers for MAS (Bentolila et al. 1998; Klein et al.
2001; Matsui et al. 2001; Nakajuma et al. 1999). In
cotton, several RAPD markers have been found linked
with restorer genes Rf; and Rf>. Zhang and Stewart
(2004) found an RAPD marker, UBCI1885, linked to
Rf>, with an average genetic distance of 2.9 cM. Guo
et al. (1998) reported an RAPD marker (OPV15-300)
linked with Rf}, with a recombination value of 13.0%,
and Lan et al. (1999) identified one RAPD marker
(UBC6592) that was 2.3 cM from Rf;. This latter marker
was cloned and partially sequenced, but the authors
converted it into an RFLP marker that was subse-
quently mapped at 6 cM from Rf;. Zhang and Stewart
(2004) converted this marker, renamed as UBC659, 50,
and another RAPD marker, UBCI169;y, into STS
markers. Recently, Liu et al. (2003) reported three SSR
markers and two RAPD markers that were linked to,
but not co-segregating with, Rf|. However, these

markers were coded without sequence information, and
thus are unavailable to the cotton research community.
Furthermore, the chromosomal localization assigned by
these authors (A subgenome, chromosome 4) is ques-
tionable, since Rf; was transferred from the D-genome
species, G. harknessii (D,,), most likely through
homologous chromosome recombination with the D,
subgenome. Also, Zhang and Stewart (2001b) reported
that Rf5, transferred to cotton from the D-genome spe-
cies, G. trilobum, was located less than 1 cM from Rf;.

The objective of the present study was to identify
additional RAPD markers tightly linked with the CMS
fertility restorer gene Rf; of cotton, and to convert these
into STS markers based on the DNA sequences for the
benefit of the cotton research community.

Materials and methods
Plant materials

A backcross population was produced from a cross be-
tween B416R (Cook and Namkin 1995), a CMS fertility
restorer line carrying the D, restorer gene Rf;, and
ARKS8518, an experimental sterility maintainer line se-
lected from an elite germplasm line developed at the
University of Arkansas by Dr. Fred Bourland. The
backcross population (B416R x Ark8518) x Ark8518 of
114 plants was grown at the Arkansas Agricultural
Research and Extension Center, Fayetteville, AR, USA.
At blooming, each plant was numbered and scored as
male fertile or sterile.

In order to determine if sequences homologous to the
STS markers associated with Rf] were present in other
species, several diploid and tetraploid Gossypium species
(Table 1) were screened with the STS primer pairs. A
synthetic tetraploid hybrid 2(A,Dg) was crossed with the
CMS-D,.line to test for ability of the Dg restorer gene
to restore fertility. Two-hundred and fifty-six F; plants
were evaluated for fertility under field conditions.

Table 1 Gossypium species screened for sequences with possible
homology to sequence-tagged site (STS) sequences linked to Rf;

Species or hybrid ~ Genome  Species or hybrid Genome
G. herbaceum A G. turneri Dy
G. arboreum A, G. schwendimanii D
G. anomalum B, G. stocksii E,
G. capitis-viridis B; G. somalense E,
G. sturtianum C, G. areysianum E;
G. thurberi D, G. longicalyx F,
G. armourianum Dy G. nelsonii G
G. harknessii D, G. bickii G,
G. davidsonii Ds g G. nobile K
G. aridum Dy G. pulchellum K
G. raimondii Ds G. hirsutum (TM-1) AD,
G. gossypioides Dsg G. barbadense (57-4)  AD,
G. lobatum D5 G. tomentosum AD;
G. trilobum Dg G. mustelinum ADy
G. laxum Dy G. darwinii ADs




Genomic DNA extraction and polymerase chain
reaction

Several unfolded young leaves were taken from the ter-
minals of each plant in the segregating population and
from plants of the various species, and DNA was
extracted by the miniprep method of Zhang and Stewart
(2000). Bulked segregant analysis (Michaelmore et al.
1991) was conducted to screen for RAPD markers
linked with the male fertility restorer gene Rf;. Equiva-
lent amounts of DNA from ten fertile plants or ten
sterile plants were used to construct fertile and sterile
DNA bulks, respectively. Three hundred random oli-
gonucleotide (10-mers) primers from the University of
British Columbia (UBC primer sets 1, 2 and 6) were used
to screen for RAPD markers linked with Rf|. RAPD
reaction mixtures were 25 pl, containing 20 ng DNA, 2.5
pl 10x Tag polymerase reaction buffer, 1.5 pl 25 mM
MgCl,, 0.5 pl 10 mM dNTPs (2.5 mM each, Promega),
0.33 pul 15 uM primer, and 0.5 U Taq polymerase
(PerkinElmer). The reactions were at 94°C 2 min, then
40 cycles of 94°C 30 s, 40°C 40 s, and 72°C 90 s, followed
by 72°C 5 min. Polymerase chain reaction (PCR)
products were separated by electrophoresis through 1%
agarose gel. Subsequent STS reactions were the same as
RAPD reactions, except the annealing temperature was
between 55-65°C based on primer sequence.

Linkage analysis

MAPMAKER/Exp, version 3.0, software (Lander et al.
1987) was employed to calculate the genetic distance
(Haldane function) between Rf; and associated RAPD
and STS markers and to draw the linkage map.

DNA fragments cloning, sequencing,
and characterization

Specific PCR-generated fragments were sliced from the
agarose gel and purified with a QIAquick Gel Extraction
Kit. The retrieved DNA fragments were inserted into the
pGEM-T vector, according manufacturer’s (Promega)
technical instructions. Recombined plasmids were cloned
in Escherichia coli strain JIM 109, and bacterial colonies
screened on Amp  /X-gal/IPTG LB solid media plates.
White colonies were selected and grown overnight in LB
liquid media. Plasmid DNA was extracted from E. coli,
according to Sambrook et al. (1989). Sequences of the
cloned DNA fragments were obtained with an ABI Prism
377 instrument (PerkinElmer) in the Core Molecular
Biology Laboratory, Dale Bumpers College of Agricul-
tural, Food and Life Sciences, University of Arkansas. A
search for sequences homologous with the RAPD (and
STS) fragments was conducted in GenBank (http://
www.ncbi.nlm.nih.gov/BLAST), and Clustal W (http://
www.ebi.ac.uk/clustal W) was used to compare marker
sequences for homology.
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STS primer design

STS primers were designed with Stanford Web
Primer software (http://genome-www2.stanford.edu/cgi-
bin/SGD/web-primer). The lengths of the STS primers
were 18-21 bases, GC contents ranged from 45% to
61%, and T, ranged between 60°C and 68°C. All STS
primers were synthesized by Sigma-Genosis, Tex., USA.

Results
Fertility segregation analysis

Plants of the backcross population [(B416RxArk8518) x
Ark8518] were unambiguously distinguishable as male
fertile or sterile. Sixty-two plants were fertile and 52 were
sterile. The segregation ratio fits a monogenic Mendelian
inheritance model of 1 fertile:l sterile (y°.=0.886,
P>0.95) in this mapping population, confirming that
fertility restoration is conditioned by one dominant
restorer gene, Rf}.

Identification and linkage analysis of RAPD markers
associated with Rf;

Five primers were identified that amplified polymorphic
bands between the Rf; and rf; DNA bulks and between
individual fertile and sterile plants comprised in the bulks
(Fig. 1). When tested against all plants in the segregating
backcross population, three polymorphic fragments
(UBC1471500, UBC607500, and UBC67970()) were present
in all 62 fertile plants, but absent in all 52 sterile plants;
that is, they co-segregated with Rf; in this population.
Primer UBC169 amplified two polymorphic fragments.
One, identified previously (Zhang and Stewart 2004), was
approximately 700 bp in size and was present in most
fertile plants, while the second fragment of approxi-
mately 800 bp was present in most sterile plants. Among
five recombinant plants identified in the population,
UBC1697y, was absent from two fertile plants and pres-
ent in three sterile plants, while the reverse was true for
UBC169g00, in that it was present in the two fertile plants
and absent in the three sterile plants. Thus, these two
fragments co-segregated in repulsion phase. RAPD
marker UBC6592 (UBC659,5), previously reported by
Lan et al. (1999), was also polymorphic in our popula-
tion. This fragment was present in 59 fertile plants
and one sterile plant but absent in three fertile and 50
sterile plants, or 3.5% recombinants. All RAPD loci
segregated in a ratio of 1 dominant:1 recessive in the
population.

Genetic linkage analysis of the distance between Rf;
and  associated molecular markers indicated
UBC]471400, UBC607500, and UBC679700 were COIltig-
uous with the Rf; gene, while UBCI169,90 and
UBC169gy, were mapped at 4.5 cM from Rf;. The ge-
netic distance between Rf; and UBC659,509, which we
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Fig. 1 RAPD markers linked with cotton cytoplasmic male sterility
restorer gene Rf;. a UBC147. b UBC169. ¢ UBC607. d UBC659. e
UBC679. Lanes 1 and 22 100-bp molecular-weight marker
(Promega), lane 2 Rf bulked, lane 3 rf; bulk, lanes 4-12 fertile
plants, lanes 13-21 sterile plants

assume corresponds to UBC6592 of Lan et al. (1999),
was 2.7 cM (Fig. 2).

Sequence analysis and development of STS markers

The sequences of the cloned RAPD fragments, as ex-
pected, contained the primer sequences at the ends of the
fragments. The exact sizes of the cloned fragments were
1,346 bp for UBC]471400, 730 bp for UBC]69700, 807 bp
for UBC169g09, 500 bp for UBC607509, 726 bp for
UBC679700, and 1,426 bp for UBC659;509. These se-
quences are registered as accessions AY 570287 through
AY570292 in GenBank.

Table 2 Sequences and relative parameters of STS primers

__-UBC16900
T —UBC169
1.8¢cM
UBC65% 500
T T—UBC65% ;500 STS
2.7cM UBC147 100
UBC1471500STS
X_Rrf
BC607500
UBC607500STS
UBC67%00
UBC679100STS

Fig. 2 Genetic linkage map of cotton cytoplasmic male sterility
(CMYS) restorer gene Rf; and associated RAPD/sequence-tagged
site (S7'S) markers

Genetically, UBC16979o and UBC169g, appear to be
allelic; however, alignment and comparison of their se-
quences reveal that nucleotide identity is only about
40%, and no conserved clusters were present, i.e.,
identity of nucleotides appears to be randomly distrib-
uted throughout the fragment. Because of their dissim-
ilarity and distance from Rfj, specific primers were not
designed for these fragments, but for the three co-seg-
regating RAPD fragments and the UBC659,5q0 frag-
ment, STS primers were designed with the Stanford
Web Primer program. UBCI47490 STS forward and
reverse primers contained the last 8§ bp and 9 bp of the
UBC147 primer, respectively. UBC607599 STS primers
did not include any of the UBC607 primer sequence,
whereas UBC679,99 STS forward and reverse primers
contained 5 bp and 6 bp of the UBC679 primer se-
quence, respectively. UBC659,599 STS primers con-
tained UBC659 primer sequences. The complete STS
primer sequences and relative parameters are given in
Table 2.

When the STS primer pairs were tested on the origi-
nal segregating backcross population, both UBC147 49
and UBC607500 STS primers amplified a specific frag-
ment from the restorer DNA bulk and from each fertile
plant. No product was obtained from the sterile bulk or
from any sterile plant. The UBC6797¢9 STS primer pair

Marker ID STS primer Sequence Length (bp) Tm (°C) GC (%) STS length (bp)
UBC147 400 Forward GCGTCCTCATATAAACTACGG 21 60 47 1,343
Reverse TGCGTCCTCCAATGTCTTTT 20 65 45
UBC607 500 Forward GGTGGGCAGGGTTGTTGT 18 66 61 475
Reverse GGTAGCGCTTGAAAACGACAT 21 65 47
UBC679700 Forward GGTGGGGGAATGATAATTG 19 61 47 717
Reverse GGGTGGCAAGGCATATTTTA 20 63 45
UBC659500 Forward CGGTTTCGTATATGATTACG 20 57 40 1,476
Reverse CGGTTTCGTAGGGAGCCGCT 20 71 65




amplified one fragment from each sterile plant and the
same fragment plus a second one of different length from
each fertile plant. Thus, the second fragment was fer-
tility-specific while the first was monomorphic. Simi-
larly, UBC659509 STS primers amplified a weak 2-kb
monomorphic band and a specific band that was present
only in the fertile bulk and fertile plants (Fig 3). Se-
quence analysis also confirmed that the specific bands
amplified by the four pairs of STS primers were part of
the original RAPD markers. The STS markers mapped
to the same positions as the original RAPD markers (Fig
2). This confirmed the reliability of the RAPD markers
developed in our system.

STS markers in Gossypium species

The UBCI471400 STS primer pair amplified a single
product from each of the D-genome species, D,_;, D;.,,
Dy, Ds, Dg, Do, and Dy, that corresponded in size to the
fragment obtained from the restorer line; however, a
larger fragment was obtained from the two sister species,
D, and Dg. No product was obtained from other Gos-
sypium species in other genomic groups. The UBC607 5
STS primers amplified a fragment of expected size from
Dl; D2-1> D2_2, D5, Dg, Dg, and D](), but D4 y1elded a
larger fragment. Other species did not give a PCR
product with these primers. The UBC6799y STS primers
amplified a fragment of the expected length from C;, D,.
», and Dg, and a smaller fragment from A, A,, By, Doy,

23458678 91011121314151617 1819202122

1

Fig. 3 Polymerase chain reaction profiles of STS markers associ-
ated with cotton CMS restorer gene Rf;. a UBCI47 400
b UBC607500 C UBC679700 d UBC6591500. Lanes 1 and 22 100-
bp molecular-weight marker (Promega), lane 2 Rf, bulk, lane 3 rf;
bulk, lanes 4-12 fertile plants, lane 13-21 sterile plants
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Ds, D7, Do, Dy;, AD;y, and AD,. UBC659509 STS
primers amplified a monomorphic band from each spe-
cies and a second band of expected length from D,_;, D,.
2, and D10.

Among the species, only G. harknessii contained all
four STS markers found in the fertile plants in the
population. G. trilobum yielded three STS fragments,
two of which corresponded to those from the fertility
restored plants, but the fragment amplified by
UBC1471400 STS primers was larger than that from
fertile plants. Three fragments that were the same size as
those of D,., were also present in D,_;. Two bands or
less were generated from other species with these STS
primer pairs.

Test of ability of G. trilobum to restore fertility
to CMS-D2_2

The Dg genome contained two STS fragments that were
the same size and one larger than the corresponding
fragments obtained from Rf] fertile plants. It is known
that CMS-Dg restorer lines (D8R) with Rf, introgressed
from G. trilobum cannot restore fertility to CMS-D,_»
lines (Zhang and Stewart 2001b); it is not known if the
wild species G. trilobum itself could restore fertility to
CMS-D,_.,. When a synthesized tetraploid 2(A,Dg) was
used as pollen source to cross with CMS-D,_, all prog-
eny were sterile. This determined that the inability of the
D8R lines to restore CMS-D,_, was not due to loss of
the restorer gene during the development of D8R lines,
but because G. trilobum did not contain a restorer gene
that could restore the fertility of CMS-D,_, lines. The
two restorer systems derived from the two D-genome
species are different.

Discussion

While transferring exotic cytoplasm into G. hirsutum,
the donor species was used as female to cross with
G. hirsutum, and G. hirsutum lines were used as the
recurrent male parent for a minimum of eight backcrosses
to generate the restorer lines. Theoretically, the content of
the donor genome is reduced by one half that of the pre-
vious generation. Fertile plants are selected in each gen-
eration, so the restorer gene and its genomic vicinity are
maintained during the development of the restorer lines.
At the molecular level, this donor DNA contributes to the
polymorphism between CMS and restored isolines. The-
oretically, remaining donor DNA fragments without the
restorer gene will be distributed randomly in the genome
of backcross progenies and, thus, will normally give
monomorphic fragments when screened by the BSA
method. Only those that differ in the target locus and its
adjacent region will exhibit polymorphism.

In the segregating  backcross  population,
UBC147 1400, UBC607500, and UBC6794, fragments are
derived from G. harknessii-donated DNA and tightly
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linked with the Rf; restorer gene, so these occur as
co-segregating, dominant markers. The UBC659, 599 and
UBC169790/300 fragments are farther from Rf), so several
recombinant plants were found in this population.
The UBC659500 fragment may also originate from
G. harknessii. However, the PCR products obtained with
10-mer primer UBCI169 reflect a length difference be-
tween two primer binding sites. The UBC1697q, frag-
ment may be derived from the restorer gene donor,
G. harknessii, but the UBC169g, fragment is from the
G. hirsutum genome, since it was only amplified from
upland cotton. Although these two RAPD fragments co-
segregated in repulsion, they are probably not allelic,
because there is limited sequence similarity between the
two fragments. A rather large genomic region of foreign
DNA probably has been retained in the Rf; lines of
cotton because of low recombination related to low
homology in the region. Low recombination would
make the markers genetically closed to Rf} than a
physical map would indicate. STS markers, which are
based on the PCR technique, can be either dominant or
co-dominant. Because the RAPD fragments of
UBC]47140(), UBC6075()0, UBC 67970(), and UBC6591500
are derived from DNA introgressed from G. harknessii,
and are absent in wild-type G. hirsutum, it is under-
standable that the STS markers developed from these
fragments are dominant rather than co-dominant.

The genetic distance between markers may vary
among populations. Based on RAPD markers, Lan et al.
(1999) calculated the genetic distance between UBC6592
and Rf] to be 2.3 cM, compared to 2.7 cM in our pop-
ulation. Theoretically, the larger the population, the
more accurate the estimation of genetic distance. The
genetic distance between Rf; and these markers should
be tested in a larger population to refine the area map.

Conventional breeding for restorer lines is laborious
and time-consuming, since selected plants must be tested
for their ability to restore fertility. The STS markers
reported here can be used to select fertile plants at the
seedling stage long before the plants flower. Restorer
plants with molecular markers can be used as one parent
to cross with a recurrent parent without having to test
for restoration ability in each generation. These markers
will be useful to accelerate transfer and maintenance of
the Rf| restorer gene in elite parental lines. Zhang and
Stewart (2004) found an RAPD marker that was 2.8 cM
from the Rf; male fertility restorer gene. So, possibly the
two restorer genes Rf] and Rf> could be pyramided into
a single elite parental line through indirect selection of
these molecular markers; however, markers more tightly
linked with Rf> are needed for high-efficiency MAS.
Moreover, these fragments could be used as landmarks
to screen a G. harknessii BAC library to identify clones
that may contain the specific Rf; gene. Possibly the full-
length Rf; gene could be obtained through the technique
of chromosome walking.

The PCR profiles of STS fragments in different spe-
cies that are homologous to the Rfj-linked fragments
provide clues about additional species that may contain

a restorer gene. Among the profiles of STS fragments
from different species, G. trilobum has the highest simi-
larity with the Rf gene donor, G. harknessii, but it does
not contain a restorer gene that can restore CMS-D,.,
lines. G. armourianum (D,.;) yielded three STS frag-
ments and should be tested to determine if it can restore
CMS-D,.,,. Dy, as well as G. turneri (Dyg), is closely
related to G. harknessii, so the probability is high that
these species contain a restorer gene for CMS-D,_, or
CMS-Dg.
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