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Abstract Red clover is a hermaphroditic allogamous dip-
loid (2n = 2x = 14) with a homomorphic gametophytic self-
incompatibility (GSI) system (Trifolium pratense L.). Red
clover GSI has long been studied, and it is thought that the
genetic control of GSI constitutes a single locus. Although
GSI genes have been identified in other species, the geno-
mic location of the red clover GSI-locus remains unknown.
The objective of this study was to use a mapping-based
approach to identify simple sequence repeats (SSR) that
were closely linked to the GSI-locus. Previously published
SSR markers were used in this effort (Sato et al. in DNA
Res 12:301-364, 2005). A bi-parental cross was initiated in
which the parents were known to have one self-incompati-
bility allele (S-allele) in common. S-allele genotypes of 100
progeny were determined through test crosses and pollen
compatibility. Pseudo F, linkage analysis isolated the GSI-
locus on red clover linkage-group one within 2.5 cM of
markers RCS5615, RCS0810, and RCS3161. A second 256
progeny mapping testcross population of a heterozygous
self-compatible mutant revealed that this specific self-
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compatible mutant mapped to the same location as the GSI-
locus. Finally, 82 genotypes were identified whose parents
putatively shared one S-allele in common from maternal
halfsib families derived from two random mating popula-
tions in which paternal identity was determined using
molecular markers. Unique S-allele identity in the two ran-
dom mating populations was tentatively inferred based on
haplotypes of two highly allelic linkage-group one SSR
(RCS0810 and RCS4956), which were closely linked to
each other and the GSI-locus. Paternally derived pollen
haplotype linkage analysis of RCS0810 and RCS4956 SSR
and the GSI-locus again revealed tight linkage at 2.5 and
4.7cM between the GSI-locus and RCS0810 and
RCS4956, respectively. The map-based location of the
GSlI-locus in red clover has many immediate applications to
red clover plant breeding and could be useful in helping to
sequence the GSI-locus.

Introduction

Red clover (Trifolium pratense L.) is an important forage
legume harvested for hay, grown in pasture for grazing, and
sown as a companion crop (Smith et al. 1985; Taylor and
Quesenberry 1996). Red clover is a hermaphadidic alloga-
mous diploid (2n = 2x = 14) with a homomorphic gameto-
phytic self-incompatibility system (GSI) (Silow 1931;
Townsend and Taylor 1985). Red clover has a very effec-
tive GSI system; in one study only 22 of 392 self pollinated
plants produced seed (Williams and Silow 1933). Among
the 22 self-compatible plants, only a combined 55 seeds
were produced. Self-incompatibility (SI) systems have been
characterized at the molecular level in Papaveraceae, Brass-
icacea, Poacea, Rosacea, Scrophulariacea, and Solanaceae.
Brassicacea, Poacea, and Papaveraceae each have unique
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homomorphic SI systems. The Rosacea, Scrophulariacea,
and Solanaceae possess a similar S-RNase-mediated SI sys-
tem in which glycoproteins with RNase activity degrade the
pollen tube. Phylogenetic analyses of gene sequences sug-
gest a common ancestry in all eudicots (Rosacea and
Scrophulariacea included) for the S-RNase-mediated system
(Allen and Hiscock 2008). The S-RNase pistil-specific
genes have been cloned in various species and, more
recently, the pollen-specific S-locus F-box (i.e. SLF) has
been determined (McClure 2004; Zhang and Xue 2008).
These two genes are so tightly linked that no recombination
has been observed between them. In Prunus the two genes
were found within 30 kb of each other (Kao and Tsukamoto
2004). In regard to red clover, the identified Prunus SI
genes are phylogenetically the closest identified SI genes.
The relationship between the Prunus SI genes and those of
red clover is currently unknown. Based on molecular and
physiological studies of various SI systems throughout the
plant kingdom, Steinbachs and Holsinger (2002) estimated
that SI evolved at least 21 times. They argue that strong
selection pressure exists to evolve some form of SI in order
to prevent inbreeding.

We do want to note that the genetic map-based location
of the white clover (Trifolium repense L.) GSI locus is
reported in this issue in a separate article (Casey et al.
2010). Based on the mapped locations reported in this arti-
cle and the white clover article, cloning of the GSI locus in
Trifolium should come to pass shortly.

Red clover’s GSI system is somewhat unique. Diversity
of S-alleles in red clover is unusually great. In two tested
red clover populations, 41 out of 48 and 37 out of 40 S-alle-
les tested were unique in each population, respectively
(Williams and Williams 1947). Lawrence (1996, 2000)
used data from Williams and Williams (1947) to estimate
there would be between 143 and 193 unique alleles per
population, respectively. Such high numbers of alleles per
population are an apparent anomaly for species studied out-
side of the Trifolium genus (Lawrence 2000). According to
evolution and selection theory, plant species should have
approximately 40 or less alleles per population (Wright
1939; Lawrence 2000; Castric and Vekemans 2004).

The objective of this study was to identify closely linked
molecular genetic markers to the red clover GSI-locus.

Materials and methods

Plant material and S-allele phenotyping

Three pseudo-F, mapping strategies were utilized in this
study (Maliepaard et al. 1997). The first strategy was creat-

ing a mapping population from a bi-parental cross with
only three S-alleles present across both parents (Fig. 1).
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Fig. 1 Pseudo-F, backcross mapping population for the red clover
(Trifolium pratense L.) gametophytic self incompatibility locus with
three-S-alleles among the two mapping parents. S, is used to distin-
guish between the two S, alleles in the mapping parents. Within mater-
nal family co-segregation of S-allele genotypes (determined through
within maternal family testcrosses) with markers, map the maternally
received S-alleles, while within maternal family co-segregation of pol-
len S-allele and markers, map the paternally received S-alleles

Briefly, a cross between two red clover plants (e.g.
S8, x S55,) was accomplished, and one progeny from this
cross was randomly chosen (e.g. S,S53). The three parental
plants of this population were obtained from population
C584 a breeding germplasm from the US Dairy Forage
Research Center breeding seed stock collection. The chosen
progeny was backcrossed to one of its parents (e.g.
S8, x S,55). The progeny of this backcross constituted the
mapping population. Care was taken to retain maternal
identity of each mapping progeny; this allowed pseudo-F,;
mapping of both homologs of each chromosome. The key
to understanding the scheme is knowledge of maternal or
paternal identity of progeny even though both mapping par-
ents were hermaphrodites. Maternal-derived S-allele iden-
tity was determined by making bi-progeny crosses among
individuals sharing a mother. Due to GSI, only two progeny
genotypes can exist in each maternal group (e.g. maternal-
group 1: S,S; or §35,; and maternal-group 2: S35, or S55,) if
seed is produced in a within-maternal-group bi-progeny-
cross, these progeny need to have different maternally
derived S-alleles (Fig. 1). Utilizing a partial-diallel crossing
scheme within maternal groups allowed us to identify two
maternally-derived S-allele groups per maternal-group.
Paternal pollen-derived S-allele identity of mapping prog-
eny was established by knowledge of maternal identity
alone. The paternal S-allele has to be the S-allele not pres-
ent in the maternal plant due to GSI in a three-S-allele cross
(e.g. S,S, mother accepts only S; pollen, or S,S; mother
accepts only S; pollen) (Fig. 1). Co-segregation of molecu-
lar markers within each of the four groups was mapped (i.e.
2 maternal and 2 paternal progeny chromosome groups).
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Approximately 100 progeny were utilized from this map-
ping population. All crosses were accomplished by hand
using coffee straws cut at a 45° angle. The straw tip was
inserted into a floret to trip the pistil out of the keel so that
the pistil came down and touched the inside of the straw tip,
collecting and depositing pollen on the surface. Three
florets per parent were pollinated at once before switching
to the other bi-parental-cross-parent to pollinate another
three florets. This procedure was repeated until approxi-
mately 20 florets per bi-parental cross parent were polli-
nated. Care was taken not do damage flowers during
crossing. Seed-set was determined after 28 days with seed
production in either parent indicating successful cross-
fertilization.

The second mapping population was a test-cross
between a mutant self-compatible red clover plant and a
wild-type red clover plant. The self-compatible mutant was
retrieved from the US Dairy Forage Research Center
(USDA-ARS) red clover breeding stocks and germplasm
collections. Seed of this mutant population has been in the
collection since prior to the 1970s, and may have been
derived from the same self-compatible germplasm created
at the University of Minnesota Agriculture Experiment
Station in the late 1920s (Rinke and Johnson 1941).
A self-compatible individual (e.g. SyS,) was crossed to a
wild-type individual (a random genotype chosen from
C584) and a randomly chosen progeny from this cross (e.g.
S¢S,, x designates an arbitrary self-incompatible S-allele)
was crossed to a third wild-type individual (e.g. S.S,). Prog-
eny from this later cross constituted the pseudo-F; mapping
population. Progeny were phenotyped as self-compatible
(S,S,) or self-incompatible (S,S,) by attempting to self-pol-
linate mapping progeny. Approximately 20 florets per plant
were self-pollinated by hand using a toothpick inserted into
the floret to trip the pistil out of the keel and apply a little
self-pollen to the pistil without causing floral damage. If
five attempted self-fertilizations yielded no seed, the plant
was classified as self-incompatible. If in three attempted
self-fertilizations seed set was accomplished at least once,
the plant was classified as self-compatible. Co-segregation
between segregating self-compatible parent SSR and prog-
eny self-compatibility classification was accomplished to
map the location of this self-compatibility mutation. 256
mapping progeny were used.

The final mapping scheme was based on two random
mating breeding populations (WI21 and C584-Y-07)
selected from the US Dairy Forage Research Center
(USDA-ARS) forage legume breeding program. This
allowed us to map the red clover GSI-locus in actual popu-
lations using insect pollinators. The crossing blocks to gen-
erate the WI21 and C584-Y-07 progeny halfsib seed were
conducted at the U.S. Dairy Forage Research Dairy Farm,
Prairie du Sac, Wisconsin, USA (43°21'N, 89°45’'W) in a

Richwood silt loam (Fine-silty, mixed, superactive, mesic
Typic Argiudolls) using plants grown in the greenhouse
and transplanted to the field in April 18, 2007. The crossing
block design used was a modification of Riday and Krohn
(2010), with 96 individuals used per cage, transplanted in
three double rows of 16 plants per sub-row, 20 cm spacing
between plants within 16 plant rows and 20 cm
spacing between sub-rows within double rows and 30 cm
spacing between double rows. Pollination and halfsib seed
threshing was accomplished as described in Riday and
Krohn (2010). Progeny derived from seed from 20 of the 96
WI21 halfsib families and seed from 19 of the 96 C584-
Y-07 halfsib families were used for mapping.

DNA extraction

Tissue was collected from all parental and mapping prog-
eny used. A fresh trifoliate leaf (0.1-0.2 g) from each par-
ent or progeny was either placed in a 2-mL microcentrifuge
tube and ground by hand pestle under liquid nitrogen or
placed in separate wells of a 96-well PCR plate (Fisher
Scientific, Pittsburgh, PA, USA) containing approximately
five 1.3-mm and two 2.3-mm chrome-steel beads (BioSpec
Products Inc, Barlesville, OK, USA) and ground three
times at 28 Hz for 30 s in a Mixer Mill MM 301 (Retsch
Inc, Newtown, PA, USA) under liquid nitrogen. Total DNA
was obtained by the method of Storchovd et al. (2000) for
pseudo-F, mapping populations or the method of
Hill-Ambroz et al. (2002) for random mating breeding pop-
ulations and quantified by fluorometry. Resultant DNA
solutions were normalized to 5ng puL~! for subsequent
PCR amplification of microsatellite loci.

Microsatellite amplification and analysis

Prior to focusing on red clover linkage group one, one or
two SSR primers pairs from each linkage group (assumed
based on Sato etal. (2005)) were mapped. This initial
screen included RCS0810 on linkage group one. RCS0810
was obviously linked to the GSI locus in red clover. Fol-
lowing this initial success further linkage mapping was
confined to primer pairs on linkage group one. Nine red
clover primer pairs (RCS0810, RCS0907, RCS1812,
RCS2393, RCS3161, RCS4956, RCS5027, RCS5615, and
RCS6958) from linkage-group one developed by Sato et al.
(2005) were used to identify microsatellite alleles present in
parental and progeny tissues for GSI mapping purposes. An
additional nine non-linkage-group one primer pairs
(RCS0884, RCS1526, RCS1683, RCS2987, RCS3805,
RCS4854, RCS5305, and RCS5823) were used for pater-
nity testing in the complex mapping populations. Forward
primers were synthesized (Eurofins MWG Operon,
Huntsville, AL, USA) to include 5’ fluorescent dyes for loci
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RCS0810 (TAMRA), RCS0907 (TAMRA), RCS1526
(6-FAM), RCS1812 (6-FAM), RCS2393 (HEX), RCS3161
(6-FAM), RCS4854 (HEX), RCS4956 (FAM), RCS5027
(HEX), RCS5305 (TAMRA), RCS5615 (FAM), and
RCS6958 (FAM). PCR reactions containing between one
and seven primer pairs were performed in 6 i reaction vol-
umes. PCR reaction final concentrations were 1x Jump-
Start REDTaq ReadyMix (Sigma-Aldrich, St. Louis, MO,
USA), 0.2 uM of each primer, 2.2 mM MgCl,, 1 M betaine
(Sigma-Aldrich) and approximately 5 ng template DNA.
Thermal cycling was carried out on a DNA Engine Dyad
(Bio-Rad) as follows: 95°C for 1 min, 44 cycles of 95°C for
20 s; 50°C for 2 min; 72°C for 1 min, and a final incubation
at 4°C for 1 min. Fragment sizes were determined on an
ABI Prism 3130x]1 Genetic Analyzer (Applied Biosystems
Inc, Foster City, CA, USA). The software program Gene-
Marker (SoftGenetics LLC, State College, PA, USA) was
used to interpret the electropherograms and assign alleles to
experimental data.

Data analysis

Simple pseudo-F, based haplotype mapping (Maliepaard
etal. 1997) was conducted in Excel spreadsheets
(Microsoft Co., Redmond, WA, USA) by calculating
recombination fractions between molecular markers and
the self-compatibility or GSI-locus depending on mapping
population (Sturtevant 1913). Recombination fractions
were converted to map distances using the Kosambi (1944)
function. To conduct mapping in the two random mating
populations, paternity of progeny was inferred using Cer-
vus 3.0 (Kalinowski et al. 2007). Paternity was assigned to
an individual if the “trio” LOD score was greater than
three. Known maternity, inferred paternity, and molecular
marker data were entered into SAS 9.1 (SAS Institute Inc.,
Cary, NC, USA). PROC FREQ, by maternal or paternal
halfsib family, using the corresponding parental haplotype,
was used to detect crossover events between molecular
marker pairs. RCS0810 x RCS4956 two-locus haplotypes
were used as proxies for putative S-alleles. Only in one
case in the WI21 population were two S-alleles observed
associated with one RCSO0810 x RCS4956 haplotype.
Based on parental RCS0810 x RCS4956 haplotypes as
proxies for parental S-alleles, bi-parental combinations
with scored progeny were selected in which only three
putative S-alleles were found between the two parents
(Fig. 2). Mapping of the pollen haplotype was conducted
between closely linked SSR markers and the putative
S-allele (Sturtevant 1913; Maliepaard et al. 1997). S-allele
identity was confirmed by observing the expected extreme
pollen haplotype segregation distortion. A SAS data man-
agement and analysis program was written to determine
maternal and paternal alleles of progeny and to reveal
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Fig. 2 Confirming the red clover (Trifolium pratense L.) gameto-
phytic self-incompatibility locus map location in a random mating
population by focusing on pollen haplotypes of bi-parental crosses
with the S-locus and a closely linked two SSR marker haplotype (e.g.
SSR1—ml ,, mlp, and ml ; SSR2—m2,, m2p, and m2,, and inferred
by tight linkage S, —maternal, S-allele, S,—paternal S-allele, and
S.-common S-alleles). The common S-allele (i.e. S,) is confirmed by
the closely linked common SSR loci (i.e. m/ and m2 ) being very rare
in the pollen haplotype (i.e. recombinant pollen haplotypes)

relevant progeny of three S-allele bi-parental crosses. Chi-
square tests to detect segregating alleles and LOD scores to
estimate strength of linkage (Morton 1955) were performed
in Excel spreadsheets. Linkage-group images were pro-
duced using MapChart 2.1 (Voorrips 2002).

Results and discussion

For the three-S-allele mapping population, 85 progeny were
successfully genotyped in test crosses used to map the
maternal S-alleles. Progeny paternal-pollen-derived-S-
alleles were successfully genotyped in 100 progeny. Because
identification of the maternal S-allele relied on the skill of
the researcher conducting the crosses, there was a risk of
maternal S-allele misdiagnosis due to human error; there-
fore, greater value was placed on linkage to the paternal
S-allele which would not be subject to such human error. In
the three-S-allele mapping population within the two
maternal families, expected 1:1 segregation for the mater-
nal S-allele was observed (i.e. 23:21, }52 P=0.76; 21:20,
%> P =0.88). For the self-compatible mapping population,
256 progeny were successfully genotyped. Again, expected
1:1 segregation was observed with 116 self-compatible and
140 self-incompatible or wild type (x> P = 0.13). In most
cases progeny genotyping was successful.

The publication of Sato et al. (2005) was a tremendous
boon to this project as no framework linkage map was
needed to be developed. To minimize resource and effort,
initially one or two SSR markers per linkage group were
mapped in the three-S-allele mapping population by look-
ing for appropriate S-allele co-segregation (Fig. 1). Fortu-
nately, in an early screen, RCS0810 was utilized, leading to
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Fig. 3 Red clover (Trifolium pratense L.) linkage-group one for Sato
et al. (2005) with all SSR markers used in this study: three-S-allele
population; self-compatible mutant population; one common S-allele
bi-parental-cross pollen-S-allele-linkage in random mating population
(WI21 and C584-Y-07); combined linkage group for all GSI mapping
populations
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an almost immediate direct hit on the red clover S-locus
(RCS0810-S-locus maternal 8.3 cM, paternal 1.0 cM)
(Fig. 3). RCS0810 is a dinucleotide repeat that had been
used in a previous paternal population testing study (Riday
and Krohn 2010) and was found to be highly allelic (with
imperfect repeats, noticeable stuttering, no artifacts, and
easily scorable products at even very low fluorescence
intensity). RCS0810 is infrequently found in a homozygous
state, as was the case in the three-S-allele mapping popula-
tion (with three RCS0810 alleles in the mapping population
corresponding to the three S-alleles). Having three alleles
per locus allowed us to simultaneously map the maternal
and paternal homologs in the progeny. A similar initial
screen in the self-compatible mapping population identified
the location of the self-compatibility mutation on linkage-
group one with linkage to RCS0810 (2 cM) and RCS1812
(54.5 cM) (Fig. 3). Based on the similar mapping location
of the self-compatibility mutation to the actual S-locus, we
have some confidence that we posses a mutation of the
actual S-locus.

Based on this initial success, additional SSR markers
from Sato et al. (2005) located close to RCS0810 were
amplified. Additional SSR markers placed on the three-
S-allele mapping population include RCS3797, RCS2393,
RCS6958, RCS3161, and RCS5615 (Fig. 3). Additional
SSR markers placed on the self-compatible map include
RCS2393, RCS5027, RCS0907, RCS6958, RCS3161, and
RCS5615 (Fig. 3). Based on further mapping in the three-
S-allele population, it became apparent that the genotyping
of the maternal S-allele likely contained a few errors, which
led us to rely on the paternal S-allele segregation for
fine mapping exclusively. In both mapping populations,
RCS5615 mapped closest to the GSI-locus (self-compatible
population 0.9 cM, no recombination observed in the three-
S-allele population) (Fig.3). Although closer to the
S-locus, RCS5615 has much less allelic diversity than
RCS0810 and is frequently observed in a homozygous
state.

In trying to use the Sato et al. (2005) SSR markers to
map the S-locus in red clover, a curious observation was
made: we were unable to place an SSR marker between the
GSI-locus and the telomeric region of the linkage group.
This is despite the fact that many of the SSR mapped in our
populations were closer to the telomeric region than
RCS0810 and RCS5615 according to the Sato et al. (2005)
map. Closer examination of this region on Sato etal.
(2005), linkage-group one shows a noticeable marker cov-
erage gap between RCS4235 (101.4 cM) and RCS5551
(104.1 cM). All Sato et al. (2005) SSR markers we used
which mapped beyond RCS5551 (RCS0907, RCS2393,
RCS3797, and RCS4956) map to locations between
RCS1812 and RCS5615 on our maps (Fig. 3). We also
attempted to map RCS3085 and RCS0884 onto linkage-
group one, but in our mapping populations we found no
linkage to other linkage-group one molecular markers or
the GSI-locus.

Finally having mapped the S-locus in one bi-parental
cross and one bi-parental mutant population, we wanted to
attempt to map the S-locus in actual breeding populations.
This would confirm the S-locus location in a broader germ-
plasm base and demonstrate effectiveness of observing
S-allele configuration and predicting and manipulating
crossing outcomes. To accomplish this, two highly allelic
SSR loci closely linked to the GSI-locus (RCS0810 and
RCS4956) were amplified in two red clover breeding popu-
lations WI21 and C584-Y-07, both 96 parent synthetics.
WI21 likely has a broader germplasm base than C584-Y-07,
which was created from parents derived from four halfsib
families. RCS4956 is a highly allelic, imperfect trinucleo-
tide SSR with no artifacts, and has easily scorable
amplification products under low fluorescence intensity.
Based on informative halfsib haplotypes (517 maternal and
509 paternal), RCS4956 was mapped at 2.5 cM distance
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(maternal 2.4 cM, paternal 2.7 cM) from RCS0810 in the
WI21 and C584-Y-07 breeding populations (Fig. 3). Pater-
nity was determined using 11 SSR loci with maternity
known and all possible fathers known. Twenty-three and 20
RCS0810 x RCS4956 haplotypes were observed in WI21
and C584-Y-07 populations, respectively. Progeny haplo-
type homozygosity was observed for only one specific hap-
lotype in population WI21; this haplotype was obviously
associated with two separate S-alleles based on progeny
haplotype configurations. We hypothesize that the number
of RCS0810 x RCS4956 haplotypes observed in each pop-
ulation corresponds to the approximate number of S-alleles
per population. Building off this hypothesis, we expect to
observe severe paternal-pollen-derived haplotype distortion
in progeny of crosses resulting from parents with one
RCS0810 x RCS4956 parental haplotype in common (i.e.
by proxy one S-allele in common) (Fig. 2). In the WI21 and
C584-Y-07 populations, 82 progeny were observed
whose parents shared one RCS0810 x RCS4956 haplo-
type in common out of 661 progeny scored that had all
requisite maternal, paternal, progeny, and RCS8010 x
RCS4956 haplotype information. Assuming each parental
RCS0810 x RCS4956 haplotype corresponded to one
S-allele, two recombinants between RCSO0810 and the
GSlI-locus were observed (2.4 ¢cM), and four recombinants
between RCS4956 and the GSl-locus were observed
(4.7 cM).

Apparently, in one paternal halfsib family, a recombina-
tion event between the RCS0810 x RCS4956 haplotype
and the S-locus occurred in the paternal generation, causing
the five progeny pollen RCS0810 x RCS4956 haplotypes
from this father to be associated exclusively with the other
S-locus possible from this father, rather than the
RCS0810 x RCS4956 haplotype GSl-locus configuration
that was most frequently observed in the population as a
whole in the parental generation. There is a possibility that
the two recombinants between the GSI-locus and the
RCS0810 x RCS4956 haplotypes observed, among the 82
progeny with parents with one S-allele in common, are also
due to recombination events in the parental generation. The
two recombinant pollen haplotypes were from fathers con-
tributing only one haplotype to the 82 progeny scored.
Assuming a generous 2.5% recombination frequency
between the RCS0810 x RCS4956 haplotype and the GSI-
locus, the odds of observing two recombinations between
RCS0810 x RCS4956 haplotypes and the GSI-locus in
pollen haplotypes in progeny from the same father drop to
0.06%. Including only fathers that contributed two pollen
haplotypes to the 82 progeny in which the parents had one
S-allele in common leaves 48 progeny with zero recombi-
nation events observed between RCSO0810 and the
GSI-locus and one recombinant between RCS4956 and the
GSI-Locus.
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Based on the self-compatible, three-S-allele, WI21, and
C584-Y-07 mapping progeny, a consensus map across all
mapping individuals was estimated (Fig. 3). SSR marker
order among maps was consistent when comparisons could
be made. However, SSR marker order was not consistent
with Sato et al. (2005) map in cases where the SSR marker
was mapped between the hypothetical GSI-locus and the
telomeric region on the Sato et al. (2005) map. Map posi-
tion of RCS4956 is based on its distance to RCS0810 only
(LOD = 268). RCS4956s mapped position in relation to the
S-locus is based on 82 mapped homologs; we therefore
have less confidence in this positioning (LOD = 20.6 and
18.3 for GSI-locus with RCS0810 and RCS4956, respec-
tively), especially in relationship to other markers on link-
age-group one.

Having markers tightly linked to the S-locus has imme-
diate application to plant breeding and variety develop-
ment. Riday and Krohn (2010) demonstrated a three-fourth
population hybrid scheme based on restricting the two
parental populations of the hybrids to three S-alleles each.
Having SSR markers tightly linked to the GSI-locus would
greatly facilitate population screening to restrict popula-
tions to desired S-alleles without having to engage in back-
crossing schemes that would likely result in undesirable
inbreeding. Riday (2007, 2010) pointed out the attractive-
ness of using paternity testing to enhance selection gains in
outbred forage species breeding schemes (i.e. non-linkage-
based marker assisted selection). Paternity testing efforts
are enhanced by having highly allelic co-dominant markers
closely linked to the GSI-locus. Since the GSI-locus is
under negative frequency-dependent balancing selection
(Wright 1939), alleles in general would be expected to be at
lower and equal frequency, and such molecular marker
information is ideal for paternity testing. Unfortunately in
this study no GSI-locus linked markers were found between
the S-locus and the telomeric region. We leave it to future
researchers to identify such markers.

Acknowledgments We gratefully acknowledge the greenhouse and
field technical support of Rebecca J. Heidelberger and technical lab
support of Karolina Heyduk.

References

Allen AM, Hiscock SJ (2008) Evolution and phylogeny of self-incom-
patibility systems in angiosperms. In: Franklin-Tong VE (ed)
Self-incompatibility in flowering plants evolution, diversity, and
mechanisms. Springer, Berlin, pp 73-101

Casey NM, Milbourne D, Barth S, Febrer M, Jenkins G, Abberton MT,
Jones C, Thorogood D (2010) The genetic location of the self-
incompatibility locus in white clover (Trifolium repens L.). Theor
Appl Genet. doi:10.1007/s00122-010-1330-9

Castric V, Vekemans X (2004) Plant self-incompatibility in natural
populations: a critical assessment of recent theoretical and empir-
ical advances. Mol Ecol 13:2873-2889


http://dx.doi.org/10.1007/s00122-010-1330-9

Theor Appl Genet (2010) 121:761-767

767

Hill-Ambroz KL, Brown-Guedira GL, Fellers JP (2002) Modified rap-
id DNA extraction protocol for high throughput microsatellite
analysis in wheat. Crop Sci 42:2088-2091

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how the
computer program CERVUS accommodates genotyping error
increases success in paternity assignment. Mol Ecol 16:1006—
1099

Kao T-H, Tsukamoto T (2004) The molecular and genetic basis of
S-RNase-based self-incompatibility. Plant Cell 16(Suppl):S72—
S83

Kosambi DD (1944) The estimation of map distance from recombina-
tion values. Ann Eugen 12:172-175

Lawrence MJ (1996) Number of incompatibility alleles in clover and
other species. Heredity 76:610-615

Lawrence MJ (2000) Population genetics of the homomorphic self-
incompatibility polymorphisms in flowering plants. Ann Bot
85:221-226

Maliepaard C, Jansen J, Van Ooijen JW (1997) Linkage analysis in a
full-sib family of an outbreeding plant species: overview and con-
sequences for applications. Genet Res 70:237-250

McClure BA (2004) S-RNase and SLF determine S-haplotype-specific
pollen recognition and rejection. Plant Cell 16:2840-2847

Morton NE (1955) Sequential tests for the detection of linkage. Am J
Hum Genet 7(3):277-318

Riday H (2007) Marker assisted selection in legumes. Lotus Newslett
137(3):102

Riday H (2010) Paternity testing, a poor man’s marker assisted breed-
ing strategy to increase selection gains in outbred forage species.
In: The 6th international symposium on the molecular breeding of
forage and turf. Ediciones INTA, Buenos Aires, Argentina, p 119

Riday H, Krohn AL (2010) Increasing population hybridity by restrict-
ing self-incompatibility alleles in red clover populations. Crop Sci
50:853-860

Rinke EH, Johnson 1J (1941) Self-fertility in red clover in Minnesota.
Agron J 33:512-521

Sato S, Isobe S, Asamizu E, Ohmido N, Kataoka R, Nakamura K,
Kaneko T, Sakurai N, Okumura K, Klimenko I, Sasamoto S,
Wada T, Watanabe A, Kohara M, Fujishiro T, Tabata S (2005)

Comprehensive structural analysis of the genome of red clover
(Trifolium pratense L.). DNA Res 12:301-364

Silow RA (1931) A preliminary report on pollen-tube growth in red
clover (Trifolium pratense L.) Welsh. Plant Breed Stn Bull Ser H
12:228-233

Smith RR, Taylor NL, Bowley SR (1985) Red clover. In: Taylor NL
(ed) Clover science and technology. ASA-CSSA-SSSA,
Madison, pp 457-470

Steinbachs JE, Holsinger KE (2002) S-RNase-mediated gametophytic
self-incompatibility is ancestral in Eudicots. Mol Boil Evol
19:825-829

Storchové H, Hrdlickova R, Chrtek J Jr, Tetera M, Fitze D, Fehrer J
(2000) An improved method of DNA isolation from plants col-
lected in the field and conserved in NaCl/CTAB solution. Taxon
49:79-84

Sturtevant AH (1913) The linear arrangement of six sex-linked factors
in drosophila, as shown by their mode of association. J Exp Zoo
14:43-59

Taylor NL, Quesenberry KH (1996) Red clover science. Kluwer,
Dordrecht

Townsend CE, Taylor NL (1985) Incompatibility and plant breeding.
In: Taylor NL (ed) Clover science and technology. ASA-CSSA-
SSSA, Madison, pp 365-381

Voorrips RE (2002) MapChart: Software for the graphical presentation
of linkage maps and QTLs. J Hered 93(1):77-78

Williams RD, Silow RA (1933) Genetics of red clover (Trifolium pra-
tense L.). Compatibility I. J Genet 27:341-362

Williams RD, Williams W (1947) Genetics of red clover (Trifolium
pratense L.). Compatibility III. The frequency of incompatibility
S alleles in two non-pedigree populations of red clover. J Genet
48:69-79

Wright S (1939) The distribution of self-sterility alleles in populations.
Genetics 24:538-552

Zhang Y, Xue Y (2008) Molecular biology of S-RNase-based self-
incompatibility. In: Franklin-Tong VE (ed) Self-incompatibility
in flowering plants evolution, diversity, and mechanisms. Springer,
Berlin, pp 193-215

@ Springer



	Genetic map-based location of the red clover (Trifolium pratense L.) gametophytic self-incompatibility locus
	Abstract
	Introduction
	Materials and methods
	Plant material and S-allele phenotyping
	DNA extraction
	Microsatellite amplification and analysis
	Data analysis

	Results and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


