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Abstract The Rf3 gene restores the pollen fertility
disturbed by S male sterile cytoplasm. In order to
develop molecular markers tightly linked to Rf3, we
used ampliWed fragment length polymorphism (AFLP)
technique with near isogenic lines (NILs) and bulk seg-
regant analysis (BSA). A BC1F1 population from a pair
of NILs with diVerent Rf3 locus was constructed and
528 primer combinations was screened. A linkage map
was constructed around the Rf3 locus, which was
mapped on the distal region of chromosome 2 long arm
with the help of SSR marker UMC2184. The closest
marker E7P6 was 0.9 cM away from Rf3. Marker E3P1,
2.4 cM from Rf3, and E12M7, 1.8 cM from Rf3, were
converted into a codominant CAPS and a dominant
SCAR marker, and designated as CAPSE3P1 and
SCARE12M7, respectively. These markers are useful
for marker-assisted selection and map-based cloning of
the Rf3 gene.

Keywords Maize · Fertility restorer · Near isogenic 
lines · Bulk segregant analysis · AFLP · PCR-based 
markers · Marker-assisted selection · 
Map-based cloning

Abbreviations
AFLP AmpliWed fragment length polymorphism
BF Fertile DNA bulks

BS Sterile DNA bulks
BSA Bulk segregant analysis
CAPS Cleaved ampliWed polymorphic sequence
CMS Cytoplasmic male sterility
E/M EcoRI/MseI
P/M PstI/MseI
P/E EcoRI/PstI
MAS Marker-assisted selection
NILs Near isogenic lines
ORF Open reading frames
PC Primer combinations
PPR Pentatricopeptide repeat
RAPD Random ampliWed polymorphic DNA
RFLP Restriction fragment length polymorphism
SCAR Sequence characterized ampliWed regions
SNP Singe nucleotide polymorphism
SSR Simple sequence repeat, microsatellite

Introduction

Plant cytoplasmic male sterility (CMS) is a maternally
inherited trait, characterized by its inability to produce
viable pollen without aVecting the female fertility. It is
often associated with novel mitochondrial open read-
ing frames (ORFs) that are chimerical in structure and
frequently co-transcribed with conventional mitochon-
drial genes (Schnable and Wise 1998). Nuclear genes
designated fertility restorer (Rf) restore fertility to
plant carrying CMS by suppressing the expression of
deleterious mitochondrial ORFs or reducing CMS-
associated proteins (Schnable and Wise 1998; Wise and
Pring 2002). CMS/Rf system greatly facilitates hybrid
seed production because it eliminates the need for
tedious hand emasculation. Besides this practical
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exploitation, the isolation and characterization of
ORFs associated with CMS and corresponding Rf
genes also oVer opportunity to examine the regulation
of mitochondrial genes by nuclear genes in multicellu-
lar organisms (Maureen and Bentolila 2004).

In all, four restorer genes have been cloned and func-
tionally characterized. The Rf2 gene in T-CMS maize
encodes a mitochondrial aldehyde dehydrogenase,
which compensates the metabolic defect caused by mito-
chondrial URF13 protein associated with CMS (Cui
et al. 1996). Other three Rf genes including Rf in petunia
(Bentolila et al. 2002), Rfk1/Rfo in radish (Koizuka et al.
2003; Brown et al. 2003), and Rf1 in rice (Kazama and
Toriyama 2003; komori et al. 2004; Akagi et al. 2004)
encode pentatricopeptide repeat (PPR) proteins, which
are targeted to mitochondria and disrupt the accumula-
tion of CMS-associated proteins. Except Rf1 in rice
which functions gametophytically, other cloned Rf genes
work sporophytically. In CMS-S maize, male sterility
and fertility are also determined by mitochondrial–
nuclear interactions in the haploid male gametophyte
(Buchert 1961). It was discovered that S cytoplasmic
male sterility in maize was due to the expression of a chi-
meric mitochondrial gene region designated orf355–
orf77 (Zabala et al. 1997). The nuclear allele capable of
restoring fertility to CMS-S plants is designated as Rf3
(Duvick 1965), and the nonrestoring allele (rf3) does not
transmit through the pollen. Several attempts have been
made to tag Rf3 with molecular markers. Rf3 has been
located on the long arm of maize chromosome 2 (2L) by
translocation and inversion heterozygotes (Laughnan
and Gabay 1978). Two RFLP markers, whp and bnl7.14
in 2.09bin, were shown to be at a distance of 4.3 cM
proximal and 6.4 cM distal to Rf3 locus, respectively
(Kamps and Chase 1997). Shi et al. (1997) and Tie
(2000) found a RAPD and a SSR marker linked with
Rf3 locus, the distance between them and Rf3 is 2.7 and
2.29 cM, respectively.

Marker-assisted selection (MAS) can improve the
breeding process by selecting molecular marker linked
with genes controlling the target traits (Francia et al.
2005). AFLP markers (Vos et al. 1995) combine the
strengths of RFLP and RAPD markers and overcome
their problems. This approach can generate complex
band patterns in each reaction and cover the whole
genome. It requires no probe or sequence information
as needed by RFLP, and is reliable due to its high strin-
gent polymorphase chain reaction (PCR) in contrast to
RAPD (Zhu et al. 1998). Combination of AFLP and
BSA has been shown to be an eYcient way to generate
a number of markers closely linked with important
agronomic traits (Negi et al. 2000; von Stackelberg
et al. 2003; Hagihara et al. 2005; Feng et al. 2005).

However, AFLP has limitations with large-scale, locus-
speciWc application because of its intensity of labor,
high costs and their dominant type of inheritance.
Therefore, conversation of AFLP markers into
sequence-speciWc PCR-based markers is required to
facilitate large-scale population selection.

The objective of this study was to identify AFLP
markers more closely linked with the Rf3 of S-CMS in
maize, and to convert them into PCR-based markers for
the beneWt of MAS and map-based cloning of Rf3. Fur-
thermore, SSR markers on chromosome 2L reported
previously were conducted to provide anchor points.

Materials and methods

Plant materials

A backcross population was set up using a cross among
S-Mo17rf3rf3, a S type cytoplasmic male sterile line, and
a S-Mo17Rf3Rf3, the near isogenic line (NIL) related to
S-Mo17rf3rf3 (Xia and Zheng 2002). They share similar
genetic background with only diVerent Rf3 locus and
its adjacent region. Simultaneously, N-Mo17rf3rf3, a
sterility maintainer performed as recurrent male
parent. Materials mentioned above and their deriving
BC1F1 population, 343 plants of (S-Mo17rf3rf3 £ S-
Mo17Rf3Rf3) £ N-Mo17rf3rf3, were grown on the farm of
Huangzhong Agricultural University, Wuhan, China.

Male fertility

The BC1F1 plants of genotype (Rf3/rf3) produce 50%
functional and 50% aborted pollen due to the gameto-
phytic nature of fertility restoration, whereas the rf3/
rf3 plants are completely sterile. According to their
ability in shedding pollen and stainability of pollen
grains by 1% I-KI (Xia and Zheng 2002), each plant
was scored as male fertile or sterile.

Isolation of genomic DNA and construction of DNA 
bulks

Genome DNA was prepared from parents and BC1F1
individuals by a CTAB procedure described by Zhang
et al (1994) with minor modiWcations. 5 g leaf tissues
were ground into powder in liquid nitrogen, then
extracted at 65°C, de-proteinized with chloroform/iso-
amyl alcohol, and then precipitated with isopropanol
prior to treatment with RNase. BrieXy dried DNA was
solubilized in 0.5 ml TE (10 mM Tris/HCl pH 8.0,
1 mM EDTA). Equivalent amounts of DNA from ten
fertile plants and ten sterile plants were used to
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construct fertile (BF) and sterile (BS) DNA bulks in
order to Wnd markers linked to Rf3.

SSR and AFLP analysis

Thirteen microsatellite primers on maize chromosome
2.09bin were screened by parents and DNA bulks,
their sequences were available on the maize genetic
and genomics database (http://www.maizegdb.org).
Special primers were used for linkage analysis as
anchor points to distinguish Rf3/rf3 parents and BF/BS
bulks. The temperature and time proWle is 30 cycles of
94°C for 30 s, 54–60°C for 30 s (modiWed when
needed), and 72°C for 1 min. Electrophoresis was per-
formed with 6% denaturing polyacrylamide gels. The
DNA was visualized by silver staining following the
protocol of Bassam et al. (1991).

AFLP marker analysis was performed as described
by Vos et al. (1995) with some minor modiWcations,
such as using three restriction enzyme combinations,
EcoRI/MseI (E/M), PstI/MseI (P/M) and EcoRI/PstI
(P/E). A total of 250 ng genomic DNA was digested
and ligated with corresponding adaptors. Pre-ampliW-
cation was performed with primers containing a single
selective nucleotide. And selective ampliWcation was
carried out with primers containing two (only in the
PstI primers) or three additional selective nucleotides.
The electrophoresis and silver staining were performed
as method in SSR.

Conversion of AFLP markers into PCR-based markers

Gel with polymorphic DNA fragments was excised
with a scalpel blade and transferred into a microcentri-
fuge tube. Distilled water (50 ul) was added, each piece
was crushed with a pipette tip and the mixture was
boiled for 20 min. The solution was centrifuged and the
supernatant was used as template for PCR ampliWca-
tion with corresponding selective AFLP primers for 30
cycles at 94°C for 30 s, 58°C for 1 min and 72°C for
1 min. The product was electrophoresed on 1.5% aga-
rose gel, and the appropriate size of fragment was
inserted into a pGEM-T easy vector (Promega) and
sequenced (Shanghai Sangon). A search for sequences
homologous with the AFLP fragments was conducted
in Genbank (http://www.ncbi.nlm.nih.gov/BLAST)
and Clustal W (http://www.ebi.ac.uk/clustalW) was
used to compare marker sequences for homology.

Primers were designed with Primer Premier 5.0 and
synthesized commercially. The primers based on the
original sequences of AFLP fragments were used to
amplify the corresponding region from S-Mo17Rf3Rf3

and S-Mo17rf3rf3 to detect polymorphism. Sequences

whose polymorphism was not obtained in this process
were used to design external primers according to their
Xanking sequences. Restriction endonucleases
required for digesting PCR products to get CAPS
markers were purchased from Promega.

Linkage analysis

Codominant markers or dominant markers with frag-
ments present in S-Mo17Rf3Rf3 and BF pool but not in
S-Mo17rf3rf3 and BS pool were applied for linkage anal-
ysis in 343 BC1F1 plants. Mapmaker/Exp, version3.0
software (Lander et al. 1987) was employed to calcu-
late genetic distance on a minimum LOD score of 3.0
between Rf3 and associated markers, and to draw the
linkage map.

Results

Segregation analysis of male fertility

The BC1F1 generation yielded 178 semi-fertile (having
50% or more stainable pollen) and 165 sterile plants.
This segregation ratio Wts a monogenic Mendelian
inheritance model of 1 fertile (Rf3rf3):1 sterile (rf3rf3)
(�2 = 0.419, P > 0.95) in this population, it conWrmed
that fertility restoration was conditioned by one domi-
nant restorer gene in these maize materials.

IdentiWcation of molecular markers linked to rf3

The fertile parent, bulk and sterile parent, bulk were
compared to screen SSR and AFLP markers. One of
13 SSRs on chromosome 2.09bin, UMC2184, was
detected to show codominant polymorphism between
parents and bulks. No diVerences were revealed
between our study materials with other 12 SSRs, thus
UMC2184 should be employed to analyze linkage rela-
tionship between itself and rf3 and perform anchor
point to other markers.

The total 528 (144 of E/M, 192 of P/M, 192 of P/E)
AFLP primer combinations (PC) were screened for
their polymorphism between parents and bulks.
Approximately 29,000 fragments were scored, with an
average of 55 fragments per PC. Each P/E (both are
hexa-nucleotide-required endonucleases) PC gener-
ated an average of 40 bands, while 62 bands were
revealed by the other PC, P/M and E/M (MseI recog-
nizes tetra-nucleotide site) on average. The number of
bands was consistent with expected results with respect
to the site length recognized by restriction enzyme.
What’s more, P/E PC provided clearer bands than
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others. We totally identiWed 31 polymorphic fragments
which were present in the fertile parent and bulk while
absent from the sterile parent and bulk. About 21 were
shown by the P/E PC. Polymorphic bands were named
as the PC where they originated from, and were further
conWrmed whether they were linked to Rf3 by amplify-
ing them from the individuals composing the bulks.
Only Wve polymorphic fragments from E3P1, E4P6,
E7P6, E10P7 and E12M7 were present in ten fertile
individuals and absent from ten sterile individuals. A
representative gel from PC E10P7 is shown in Fig. 1.
Its linkage relationship with Rf3 was analyzed subse-
quently using the BC1F1 population.

Conversion of AFLP markers into PCR-based markers

In order to convert AFLP markers into simple single-
locus PCR-based markers, the AFLP markers, con-
Wrmed to be linked to rf3, were gel-puriWed, re-ampliWed,
cloned and sequenced. Eighty percent fragments except
one from E10P7 were re-ampliWed successfully. Homolo-
gous analysis among other four marker sequences show
that sequences from E7P6 and E4P6 were homologous
with only one nucleotide diVerence, originated from
EcoRI selective base. Therefore, only AFLP markers
from PC E3P1, E7P6, E12M7 were selected to conduct

conversion. The locus-speciWc primers were designed
based on their sequences for amplifying parents and
bulks to detect polymorphism. A summary of every con-
verted marker is shown in the Table 1.

Using primers derived from internal sequences of
E12M7 markers, we ampliWed a 170 bp fragment from
fertile parent and bulk, but no product from sterile par-
ent and bulk. Further conWrmation of this marker
linked to rf3 was accomplished by examining two indi-
vidual bulks. The same result as originated AFLP
marker E12M7 was obtained (Fig. 2a). This marker
was then designated as SCARE12M7, and employed
for linkage analysis in BC1F1 population.

The AFLP marker E3P1 is 271 bp with AT-rich
(60%), the internal primers were not designed success-
fully. To acquire its Xanking sequences, the convenient
homologous search was applied. A maize GSS
sequence from Genbank (accession No.: CL993366) is
high homologous with our query (E value = 3e¡127)
and long enough to cover the sequence studied.
According to the Xanking sequence, the appropriate
external primers were designed and a 359 bp fragment
was produced from both fertile and sterile parents. The
fragments were cloned into pGEM-T easy vector and
sequenced. Sequences comparing analysis indicated
that a SNP resided in the site recognized by MseI.

Fig. 1 A representative im-
age of BSA–AFLP analysis 
from E10P7. Arrow indicates 
fertile parent, bulk, and indi-
viduals—speciWc band (Rf3, 
BF: fertile parent and bulk; 
rf3, BF: sterile parent and 
bulk)

900bp

Rf3 BF rf3 BS   Individuals of sterile bulk   markerIndividuals of fertile bulk

500bp

400bp

300bp

200bp

Table 1 Description of simple single-locus markers converted from Rf3-linked AFLP markers

Marker name Primer sequences PCR conditions Genetic 
character

SCARE12M7 5�ATGGAGATTGAAGGGACG3� 94°C ¡56°C ¡72°C Dominant
5�ACACGGAAGACCATGACC3� 30 s ¡30 s ¡60 s

CAPSE3P1 (MseI) 5�CGGCTTGGATGCTACAACACA3� 94°C ¡58°C ¡72°C Codominant
5�CCAGAAGGCTTTAAGATGA 3� 30 s ¡45 s ¡60 s
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Polymorphism distinguishing Rf3 and rf3 alleles were
displayed by cutting this 359 bp fragments from fertile
parent once into a 347 bp fragment and a 12 bp invisi-
ble piece while from sterile parent twice into 238 and
109 bp fragments and a 12 bp invisible piece. This
diVerence can be displayed distinctly through electro-
phoresis in 2% agarose gel, as indicated in Fig. 2b. Fur-
ther conWrmation in the individuals of bulks indicated
the undoubted linked character to the rf3 locus
(Fig. 2b). This marker was thus converted into a
codominant CAPS marker and named as CAPSE3P1
for subsequent linkage analysis in BC1F1 population.

Linkage analysis

In our study, one SSR marker, two AFLP marker and
two PCR-based markers, converted from AFLP mark-
ers, were chosen to analyze all members in the segre-
gated population. Linkage analysis revealed a single
linkage group with a total size of 11.1 cM and demon-
strated that this group was located on the maize chro-
mosome 2L anchored by marker UMC2184 lying on
2.09bin (http://www.maizegdb.org). Markers E7P6 and
SCARE12M7, Xanking Rf3 most closely, delimited a
2.7 cM window with 0.9 and 1.8 cM from Rf3, respec-
tively, and the codominant marker CAPSE3P1 was
2.4 cM from Rf3 on the same side with E7P6 (Fig. 3).

Discussion

Near isogenic lines were successfully applied in screen-
ing molecular markers tightly linked to interested trait
(Komori et al. 2003). Generally, fertile NIL plants are

generated by transferring corresponding Rf gene from
exotic germplasm into an elite CMS line through multi-
generation backcross. Theoretically, selected fertile
NILs plants will share probably uniform genetic back-
ground with original sterile plants other than the
restorer gene and its vicinity. When molecular markers
are screened in the NILs materials by BSA method,
only those diVering in the Rf locus and its adjacent
region will exhibit polymorphism. In our study, we
totally identiWed 31 polymorphic fragments in the fer-
tile parent and bulk while absent from the sterile par-
ent and bulk. According to present and absent

Fig. 2 a BSA analysis of 
SCAR marker converted 
from E12M7, arrow indicates 
a 170 bp band speciWc for 
fertile parent, bulk, and indi-
viduals. b BSA analysis of 
CAPs marker converted from 
E3P1, arrow indicates a 
347 bp band speciWc for fertile 
parent, bulk, and individuals, 
this band is cut into 238 and 
109 bp bands in sterile parent 
and individuals, all the three 
bands are present in fertile 
bulk and individuals due to 
their heterozygosity in Rf3 
locus. Marker is DNA ladder 
2000 from Takara (Rf3, BF: 
fertile parent and bulk; rf3, 
BF: sterile parent and bulk)

(a) 

100bp
250bp

Rf3 BF rf3 BS
 marker

Individuals of sterile bulkIndividuals of fertile bulk

(b) Rf3 BF rf3 BS   Individuals of fertile bulk Individuals of sterile bulk
marker 

500bp

100bp
250bp

Fig. 3 Genetic linkage map of maize S-CMS restorer gene Rf3
and associated molecular markers on the long arm of chromo-
some 2L. This map was based on 343 BC1F1 plants (top, towards
the centromere; bottom, towards the telomere)

UMC2184

CAPsE3P1

3.9

 E7P6
1.5

Rf30.9

SCARE12M7
1.8

 E10P7

3.0

Locus Distance (cM)
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fragments oppositely, approximately 62 polymorphic
fragments from total 29,000 were revealed by AFLP
analysis. The low polymorphism was expected because
we employed NILs and BSA methods. The markers,
RAPD Eo8-1.2, and SSR UMC1525, bnlg1520, previ-
ously showed to link to rf3 (Shi et al. 1997; Tie 2000),
displayed no polymorphisms (data not shown). This
can be explained by the low polymorphism between
NILs.

AFLP is an eYcient way to screen markers linked
closely to the target trait because of its high volume
and no sequence information needed (Bentolila and
Hanson 2001; Touzet et al. 2004; Hagihara et al. 2005).
Previous reports introduced the conversion of AFLP
markers into single-locus markers (Meksem et al. 2001;
Brugmans et al. 2003; kusterer et al. 2005). In the
study, we identiWed Wve AFLP markers linked to rf3
locus, and converted markers E3P1 and E12M7 into a
codominant CAPS marker and a dominant SCAR
marker, respectively. During converting E3P1 into
CAPSE3P1, Xanking sequence for external primers
designing were derived from GenBank in NCBI
instead of using inverse PCR method in other studies
(Wen et al. 2002). Making the best use of available
database recourses could save signiWcant labor in labo-
ratory. Unfortunately, the Xanking sequence of E7P6 is
not available in the database, and thus, the experimen-
tal means such as inverse PCR is required for studying
unknown sequences in non-modern organism without
the whole genomic sequence information, e.g. maize.
Additionally, we cannot re-amplify the fragments from
marker E10P7, the rate of re-ampliWcation success was
80%, and the corresponding study was nearly 90%
(Nicod and Largiadèr 2003). Furthermore, we unpre-
sedentedly employed AFLP analysis with two hexa-
nucleotide-required endonucleases in cutting maize
genome DNA. The present data indicated that this
modiWcations displayed less and clearer bands and

higher polymorphism than combination of tetra- and
hexa-nucleotide-required endonucleases.

Conventional breeding of restorer lines is laborious
and time-consuming, because selected plants should be
tested for their ability to restore fertility. The single-
locus markers in the study are suitable for eYciently
selecting maintainer and restorer plants for S-CMS in
maize early at the seedling stage. Especially,
CAPSE3P1 can discriminate homozygotes and hetero-
zygotes. Additionally, blastX analysis showed that the
sequence of marker SCARE12M7 was high homolo-
gous with resistance protein T10rga2-1A in Triticum
aestivum (E value = 4e¡06). Gene containing this
marker segment may encode a resistant protein
because pathogen resistant genes have high sequence
homology in local region (Hammond-Kosack and
Parker 2003). Recently, Shi et al. (2005) identiWed a
QTL resistant to head smut, adjacent to SSR marker
bnlg1520 in maize chromosome 2.09bin, on which the
rf3 gene exactly locates (Fig. 4c). It is coincident that
marker bnlg1520 is 8.9 cM from rf3 reported by Tie
(2000) (Fig. 4b). Hence, we assumed that marker
SCARE12M7 was tightly linked to gene resistant to
head smut as well as rf3, even cosegregant with this
resistant gene. If so, marker SCARE12M7 can be
applied to assess and select plants for Rf3 gene and
gene resistant to head smut, simultaneously. However,
it is very diYculty to select two traits simultaneously
using conventional breeding method because both
head smut outbreaking and pollen dispersing are at the
Xorescence (Lindsey et al. 1999).

Heretofore, all of the cloned restorer genes, except
Rf2 in T-CMS maize, encode PPR proteins (Bentolila
et al. 2002; Koizuka et al. 2003; Brown et al. 2003; Kaz-
ama and Toriyama 2003; komori et al. 2004; Akagi
et al. 2004). Due to its functioning gametophytically
and large genome size as non-modern organism, the
cloning of Rf3 in S-CMS maize would further demon-

Fig. 4 Comparative linkage 
relationship of Rf3 and associ-
ated locus. a Linkage relation-
ship of Rf3 and marker 
SCARE12M7 from the pres-
ent study; b Linkage relation-
ship of Rf3 and marker 
bnlg1520 (from Tie 2000); c 
mapping of a putative QTL 
resistant to head smut in 
maize. Black broad line indi-
cates putative QTL resistant 
to head smut mapped on the 
chromosome 2L of maize 
(from Shi et al. 2005)

Rf3

SCARE12M7
1.8

UMC1525

Rf3
2.3

bnlg1520

8.9

UMC1516

bnlg1520

13.4

Distance (cM)
Distance (cM)

Locus 
Locus Locus Distance (cM)

(a) (b) (c)
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strate whether PPR-containing protein is prevalent in
fertility restorer. Additionally, the Rf3 locus segre-
gated with the presence of shorter transcripts of both
the CMS-associated orf355/orf77 region and smaller
transcripts of cob and atp6 (Wen and Chase 1999a).
Wen et al. (2003) showed that a nuclear fertility
restorer mutation disrupts the accumulation of mito-
chondrial ATP synthase subunit � in the developing
pollen of S male-sterile maize. According to the above
eVects on multiple transcripts, the cloning of Rf3 will
permit detailed explanation on the interaction of mito-
chondrial and nuclear genomes, which results in the
restoration of pollen fertility. This study provides the
foundation for map-based cloning of the Rf3 gene.

Although the markers tightly linked to Rf3 are nec-
essary for high-eYciency map-based cloning, the rela-
tionship between genetic and physical distance is of
predominant importance concerning the success of a
map-based cloning approach. Recent reports showed
that genes are hot spots for recombination event. It is
suggested that in gene-rich regions the relation of base-
pair to cM, with less than 200 kbp/cM, is similar in all
plants, regardless of their overall genome size (Künzel
et al. 2000). In maize, Fu et al. (2001) demonstrated
that unusually high rate of recombination in bronze
locus is related to very high gene density of the region.
A recent paper reported that 42 Rf alleles for S-CMS in
Mexican maize and Teosinte were mapped to the long
arm of chromosome 2 (2L), and 5 of these were further
mapped to the whp1–rf3 region (Susan et al. 2004). It
was supported that the rf3 region of 2L potentially
encodes a complex of linked rf genes, which have func-
tions in normal mitochondrial gene expression and
restore male fertility in S cytoplasm by chance (Susan
et al. 2004). Although fertility restoration is controlled
by one dominant restorer gene in the present segregat-
ing population, it is assumed that the rf3 region of the
materials here may encode a complex of linked rf
genes which play a role on normal mitochondrial gene
expression and display no polymorphism between the
parental NILs. However, all of them is not enough to
deduce that high rate of recombination exists in rf3
region. A detailed analysis of genome structure in this
region is needed to study the relationship between
genetic and physical distance. Additionally, higher
recombination rates in distal than in proximal chromo-
some regions have been demonstrated (Künzel et al.
2000). Therefore, recombination may occur with high
frequency since rf3 gene is located on the distal region
of the chromosome 2 long arm (2.09bin) (Kamps and
Chase 1997; Shi et al. 1997; Tie 2000). If so, we can
attempt to use present linked markers, especially
E7P6, 0.9 cM from Rf3 locus, as landmarks to screen S-

Mo17Rf3Rf3 BAC library for genome walking to identify
candidates of Rf3 gene.

In this study, we identiWed markers closely linked to
the Rf3 gene of S-CMS in maize. We also converted
markers E3P1 and E12M7 into a codominant CAPS
marker and a dominant SCAR marker, respectively.
Such information will provide a basis for a map-based
cloning approach and marker-assisted breeding.
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