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Abstract Allotetraploid white clover (Trifolium
repens L.), a cool-season perennial legume used
extensively as forage for livestock, is an important tar-
get for marker-assisted breeding. A genetic linkage
map of white clover was constructed using simple
sequence repeat (SSR) markers based on sequences
from several Trifolieae species, including white clover,
red clover (T. pratense L.), Medicago truncatula
(Gaertn.) and soybean (Glycine max L.). An F; popu-
lation consisting of 179 individuals, from a cross
between two highly heterozygous genotypes, GA43
and Southern Regional Virus Resistant, was used for
genetic mapping. A total of 1,571 SSR markers were
screened for amplification and polymorphism using
DNA from two parents and 14 F;s of the mapping pop-
ulation. The map consists of 415 loci amplified from
343 SSR primer pairs, including 83 from white clover,
181 from red clover, 77 from M. truncatula, and two
from soybean. Linkage groups for all eight homoeolo-
gous chromosome pairs of allotetraploid white clover
were detected. Map length was estimated at 1,877 cM
with 87% genome coverage. Map density was approxi-
mately 5cM per locus. Segregation distortion was
detected in six segments of the genome (homoeologous
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groups Al, A2, B1, B2, C1, and D1). A comparison of
map locations of markers originating from white clo-
ver, red clover, and alfalfa (M. sativa L.) revealed puta-
tive macro-colinearity between the three Trifolieae
species. This map can be used to link quantitative trait
loci with SSR markers, and accelerate the improve-
ment of white clover by marker-assisted selection and
breeding.

Introduction

White clover (Trifolium repens L.) is a major cool-sea-
son forage legume found throughout the world. It can
grow in a broad range of soil and climatic conditions
with proper management. Active growth from germi-
nating seeds or existing plants begins with cooler tem-
peratures and increased moisture, and growth
continues until night temperatures reach freezing
(Gibson and Cope 1985).White clover is more widely
adapted within the United States than any other clover
species (Gibson and Cope 1985). In addition to its
nitrogen fixing ability, white clover is also one of the
most nutritious and palatable legumes used in pastures
to improve forage quality. White clover is hence a com-
mon companion species in cool-season, and to some
extent warm-season, perennial grass pastures (Brink
et al. 1999).

White clover is an allopolyploid (2 = 4x = 32) out-
crossing species (Atwood and Hill 1940) with a 1C
genome size of 956 Mbp (Bennett and Leitch 2003),
and a common map length estimate of 1,200 cM
(Barrett et al. 2004). Recently, Ellison et al. (2006)
identified T. occidentale (Schreb.) and T. pallescens
(Schreb.) as the two diploid progenitors of white clover
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by phylogenetic analyses based on nuclear ribosomal
DNA internal transcribed spacer and chloroplast trnL
intron sequences. White clover belongs to the Faba-
ceae family and the Trifolieae tribe (Williams 1987),
which also includes several well studied forage legumes
such as barrel medic (M. truncatula), alfalfa (M. sativa
L.), and red clover (7. pratense L.). Among all of these
species, red clover is the most closely related to white
clover within the Trifolieae.

Microsatellite or simple sequence repeat (SSR) mark-
ers are widely used for plant genome analysis. They are
PCR-based, co-dominant markers, occurring at a high
frequency in eukaryotic genomes (Li et al. 2002), and
are generally associated with non-repetitive DNA
regions (Morgante et al. 2002). These markers are highly
reproducible across populations within the same species,
and to some extent, across species and genera (Eujayl
et al. 2004; Gaitan-Solis et al. 2002; Wang et al. 2004;
Mian et al. 2005). SSR markers have been used to con-
struct comprehensive genetic linkage maps of several
Trifolieae species, including red clover (Sato et al. 2005)
and alfalfa (Sledge et al. 2005; Julier et al. 2003).

Two white clover genetic maps have been previously
published (Jones et al. 2003; Barrett et al. 2004). Jones
et al. (2003) produced a map based on an Australian F,
population of 125 individuals, generated at Institute of
Grassland and Environmental Research (IGER) in
Aberystwyth, UK. Eighteen linkage groups containing
135 loci were mapped with 78 SSR primers and 57
amplified fragment length polymorphism (AFLP)
primers. A number of weak secondary loci were identi-
fied and suggested as homeoloci, but no homoeologous
pairs of the tetraploid genome were identified. This
genetic map, however, was useful for the detection of
quantitative trait loci (QTLs) for vegetative morpho-
genesis traits, reproductive morphogenesis traits, and
developmental traits (Cogan et al. 2006). Barrett et al.
(2004) produced a white clover map based on a double
pseudo-testcross (Grattapaglia and Sederoff 1994)
mapping population developed in New Zealand. Even
though fewer individuals (92 F, progeny) were used for
construction of this map, the authors established a well
defined, medium density map, which contained 493 loci
detected by 365 SSR primer pairs, including homoeo-
loci from the two genomes of allotetraploid white clo-
ver (Barrett et al. 2004). QTLs linked to seed yield
traits were detected using mapped markers (Barrett
et al. 2005). Although these two genetic maps provided
valuable information on white clover genomics, only a
small number of the map-specific markers have been
made available in the public domain. Kolliker et al.
(2001a) used AFLP markers to determine levels of
genetic variation in 52 white clover cultivars and
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accessions. Random Amplified Polymorphic DNA
markers were used conducting a similar study for
North American cultivars and germplasms (Gustine
et al. 2002); however, the identification of additional
PCR-based white clover markers for QTL detection is
still needed. In order to map traits in germplasm
adapted to North America, specially the southern
Great Plains, construction of genetic linkage maps
using locally adapted populations is critical.

Comparative genomics has become an important
strategy for extending genetic information from model
species to more genetically complex species (Gale and
Devos 1998; Paterson et al. 2005). Studies have demon-
strated that comparative genome analysis can reveal
genetic conservation among the genomes of closely
related species and can greatly facilitate gene discovery
(Sorrells et al. 2003; Jaiswal et al. 2006; Herrmann et al.
2006). Comparisons of model plants with major crop
genomes have been conducted based on the genomic
sequence homology with Arabidopsis (Barnes 2002)
and rice (Bennetzen and Ma 2003). Choi et al. (2004b)
initiated comparison of the model legume M. trunca-
tula with five crop legumes, including soybean, alfalfa,
garden pea (Pisum sativum L.), mung bean (Vigna
radiate L.), and common bean (Phaseolus vulgaris L.),
using cross-species genetic markers, and reported high
genome conservation among the six species. This was
followed by an updated draft of the legume compara-
tive map with eight species by adding Lotus japonicus
(L.) and chickpea (Cicer arietinum L.) (Zhu et al.
2005). Recently, the Legume Information System
(http://www.comparative-legumes.org) was developed
(Gonzales etal. 2005) as a comparative legume
resource that integrates genetic and molecular data
from multiple legume species, enabling cross-species
genomic, and transcript comparisons. These studies
have established a framework of legume comparative
genomics, and serve as a resource for the genomics of
all legume species. Several comparative studies have
focused on alfalfa (Kalo et al. 2004; Choi et al. 2004a),
while the comparative mapping of other forage
legumes has lagged behind. Macro-colinearity between
the genomes of red clover and two model legumes, L.
japonicus and M. truncatula has been reported (Sato
et al. 2005). Although white clover has high agricul-
tural importance, apparently there are no published
reports on comparative mapping for white clover and
the other major legume species.

In this study, a genetic linkage map was developed
for an allotetraploid white clover population adapted
to the southern Great Plains of the USA, using SSR
markers from several legume species, including white
clover, red clover, tetraploid alfalfa, M. truncatula, and
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soybean. Common markers mapped in white clover,
red clover (Sato et al. 2005), and alfalfa (Sledge et al.
2005) were compared to assess the colinearity of the
genomes between these Trifolieae species.

Materials and methods
Plant materials

Two phenotypically divergent heterozygous white clo-
ver genotypes, GA43 and Southern Regional Virus
Resistant (SRVR), were used as parents of the map-
ping population. GA43 is a genotype of the commer-
cial cultivar ‘Durana’ (Bouton et al. 2005), which is an
intermediate-type clover intended for use as a renova-
tion legume for grass pastures in the southeastern
USA. It has a high stolon density, a short plant height
with prostrate growth habit, small leaflets, short
petioles, an early heading date, and a high frequency of
cyanogenesis. The germplasm SRVR (Gibson et al.
1989) is a ladino-type clover with medium-large leaves,
long stolons, an upright growth habit, and is non-cya-
nogenic. A double pseudo-testcross population consist-
ing of 179 F;s was generated from reciprocal crosses
between GA43 and SRVR.

DNA isolation, SSR amplification, and detection of
SSR fragments

DNA was purified from young leaf tissue using the
Plant DNeasy Kit (Qiagen, Valencia, CA, USA). For-
ward and reverse primers, from a range of sources
(Table 1), were synthesized by Qiagen/Operon
Biotechnologies (Los Angeles, CA, USA) with an
additional 18 nucleotides from the M13 universal
primer appended to the 5’ end of the forward primer
(Schuelke 2000). PCR reactions were prepared in a

reaction volume of 10 pl which contained 20 ng of tem-
plate DNA, 25mM MgCl,, 1x PCR buffer II
(Applied Biosystems, Foster City, CA, USA), 0.2 mM
dNTPs, 1.0 pmol each of reverse and M13 universal
primer, 0.25 pmol of the forward primer, and 0.5U
AmpliTag Gold DNA polymerase (Applied Biosys-
tems, Foster City, CA, USA). The MI13 universal
primer was labeled either with blue (6-FAM), green
(VIC), yellow (NED), or red (PET) fluorescent tags
(Applied Biosystems, Foster City, CA, USA). High-
throughput robotic pipetting with the BioMek 2000
(Beckman Coulter, Inc., Fullerton, CA, USA) was
used to set up the PCR reactions in 384-well plates
(Corning Inc., Corning, NY, USA). PCR conditions
were as follows: 95°C for 10 min; 30 cycles of 95°C for
30s, the optimum annealing temperature of the
reverse primer for 45 s, and 72°C for 45 s; 10 cycles of
95°C for 30, 53°C for 45s and 72°C for 45 s, ending
with a 72°C extension step for 10 min, followed by 4°C.
After these 40 cycles, 3 ul of PCR products from each
of four different fluorescent labeled reactions were
pooled for detection. Pooled PCR products (3 pl) were
combined with 10 pl of deionized formamide (Applied
Biosystems, Foster City, CA, USA) and 0.5 pl of Gene-
Scan-500 LIZ internal size standard (Applied Biosys-
tems, Foster City, CA, USA). SSR fragments were
analyzed on the ABI PRISM 3730 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) and visu-
alized and scored with GeneMapper 3.7 software
(Applied Biosystems, Foster City, CA, USA).

SSR linkage analysis

For each SSR, individual fragments were scored as
dominant markers. Primers amplifying fragments that
were polymorphic between the two parents and
segregating among 14 progenies were used to screen
the F; population. Segregating peaks were scored as a

Table 1 Evaluation of SSR primer pairs for amplification efficiency and polymorphism detection between GA43 and SRVR parents of

the mapping population

Origin of PP PP screened Functional PP screened PP amplifying Transferability® PP mapped
(no.) PP? (no.) on F;s (no.) alleles (no.) (no.)
White clover 78 77 75 73 94% 64
SSR- enriched genomic

White clover EST 32 30 28 23 72% 19
Red clover 599 527 213 205 34% 181
M. truncatula EST 772 640 236 166 22% 70
M. truncatula BAC 40 12 8 7 18% 7
Soybean 50 16 5 5 10% 2
Total 1,571 565 479 343
PP primer pair

# Primer amplified white clover genomic DNA, and produced detectable amplicons

b Primer transferability: percentage of primer pairs amplifying at least one segregating allele vs. number of screened primers
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0/1 data matrix and recoded as cross-pollinated loci
(np x nn for SRVR, and Il x Im for GA43). SSR
primer pairs with fragments that segregated approxi-
mately 1:1 in the F;s were selected for construction of
parental maps. The maps in each parent, and subse-
quent consensus maps of the genome, were con-
structed using the cross-pollinated population analysis
by JoinMap 3.0 (Van Ooijen and Voorrips 2001).
Genetic map distances were estimated using the Kos-
ambi mapping function. For construction of single par-
ent maps, loci grouping and ordering probability
minima were LOD (logrithm of odds) = 3.

A bi-parental consensus map was created by joining
the two single parent maps using markers mapped in
both parents, with multiple segregating alleles per
locus, as described by Barrett et al. (2004). Distorted
alleles (P < 0.05) were included in the linkage analysis
for consensus map construction. Homoeologous link-
age groups were identified and aligned using putative
homoeologous loci, which were detected by the same
SSR primer pair and mapped at similar positions in the
two homoeologues. Minor linkage groups were inte-
grated into the major ones within a homologue by com-
bining common loci present in both linkage groups or
by comparing genetic distance in parental maps to con-
struct sixteen linkage groups. The eight homoeologous
pairs were named A-H and homoeologues within each
pair were named one and two, respectively, based on
the same loci detected on a previously published map
of T. repens (Barrett et al. 2004).

Results
SSR primer pairs

A total of 1,571 SSR primer pairs from four target spe-
cies were used to screen for amplification and poly-
morphism between the two parents and 14 progeny
from the mapping population. These included primers
pairs developed from DNA sequences of genomic,
expressed sequence tags (ESTs) and bacterial artificial
chromosome inserts (BACs) in white clover, red
clover, soybean, and M. truncatula (Table 1). Five
hundred and sixty-five primer pairs amplifying frag-
ments that were polymorphic between the two parents
were selected for genotyping the F; population
(Table 1). Approximately 34% of red clover primer
pairs were transferable, followed by 18-22% of
M. truncatula primer pairs, and 10% transferability
(the percentage of primers amplifying at least one
segregating allele vs. number of screened primers) of
soybean primer pairs.
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Although multi-species markers were used in the
construction of the current map, identity of the repeat
array in white clover is unknown without sequencing
the SSR. We found only primer pairs corresponding to
SSR arrays with two to five nucleotide repeat motifs in
the structure of the original species were mapped.
Except for four unknowns, the 339 mapped primer
pairs included 85 di-, 202 tri-, 41 tetra-, and 11 penta-
nucleotide motifs. The length of SSR arrays varied
from 12 to 80 nucleotides (mean = 22).

Genetic linkage map of Trifolium repens

A genetic linkage map was constructed using 179 F,;
genotypes from the white clover population
GAA43 x SRVR. Dominant marker data was used to
initiate the linkage analysis. Alleles ranged in length
from 85 to 497 bp, with a mean value of 235 bp. These
single parent maps were subsequently assembled into a
bi-parental consensus linkage map (Fig. 1) using co-
dominant markers. A total of 415 loci were placed on
this consensus map with 343 SSR primer pairs (Supple-
mentary Table 1), including loci detected by 83 white
clover primer pairs (Barrett et al. 2004; Jones et al.
2003; Kolliker et al. 2001b), 181 red clover SSR primer
pairs (Sato et al. 2005), 70 EST-SSR and seven BAC-
SSR primer pairs from M. truncatula (Sledge et al.
2005), and two soybean EST-SSR (derived from
searching GenBank dbEST database) primer pairs. Of
these 415 loci, 78 were mapped in GA43 only, 247 were
mapped in SRVR only, and the remaining 90 were
mapped in both parental genotypes.

Eight homoeologous pairs corresponding to the 16
chromosomes of white clover were established by
assembling 25 linkage groups, which ranged from 11
to 155cM in length, and contained 3-38 loci per
group. Lengths of assembled eight homoeologous
pairs were from 82cM (G2) to 155 cM (A1) (Table 2).
Loci were not evenly distributed among homologues
and homoeologous pairs, ranging from 12 (G2) to 41
(B1 and E1) loci per homologue and 27 (H) to 70 (B)
per homoeologous pair (Table 2). Marker-locus den-
sities also varied from 3.2 to 9.4 cM per locus (an
overall mean of 5.0 cM per locus). Significant differ-
ences were present between homoeologous groups D
(42cM vs. 7.8cM) and H (6.1 cM vs. 9.4 cM),
although map density within other homoeologous
pairs were fairly consistent (Table 2). Gap distances
between loci ranged from 0.083 cM (B2) to 24.842
(H2). The average distance between loci in each
homologue ranged from 3.27 cM on B2 to 10.14 cM
on H2, with a mean of 5.3 cM (Table 2). The total
map length was 1,877 cM, with 85 (G2) to 95% (Al,
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Fig.1 A genetic linkage map of the white clover astreisk in front of primer names, and genomic segments encom-

(GA43 x SRVR). Eight homoeologous pairs of linkage groups
are labeled A-H, and homoeologues within each pair are desig-
nated 1 and 2, respectively. Genetic length (cM) is indicated by
the ruler on the left side of the map. Homoeologues loci were la-
beled with b at the end of primer names and are joined by dashed
lines. Loci with segregation distortion (P < 0.05) are indicated by

passed by distorted loci are highlighted in gray. Origin of marker
loci is indicated as follows: RCS red clover SSRs, ats white clover
genomic SSRs, prs white clover EST-SSRs, TRSSR white clover
SSR-enriched libraries, and Mt M. truncatula BAC-SSRs. Two
soybean markers are underlined. All others markers are M. trun-
catula EST-SSRs
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Table 2 Simple sequence

RS Linkage Maplength No.of Mapdensity Inter-locus Genome Number of
repeat marker distribution rou (cM) loci (cM) ap distance coverage® (%) loci distorted
among the 16 linkage groups group £ap £ ’
of the white clover genome Al 155 39 4.0 41 95 7

A2 106 25 4.2 4.4 92 6
B1 131 41 32 33 95 4
B2 111 29 3.8 4.0 93 10
C1 115 34 34 3.5 94 7
C2 115 32 3.6 3.7 94 2
D1 141 34 4.2 4.3 94 4
D2 149 19 7.8 8.3 90 2
El 140 41 34 3.5 95 5
Linkage data were developed E2 120 23 5.2 5.5 92 3
using 179 F, progenies in the F1 130 24 5.4 5.7 92 3
mapping population GA43 x F2 83 19 4.4 4.6 90 1
SRVR. Locus segregation G1 92 16 5.8 6.1 88 1
distortion was declared at G2 82 12 6.8 7.4 85 1
P <005 H1 85 14 6.1 6.5 87 2
" Genome coverage = Map H2 122 13 9.4 10.1 86 1
lenoth/ lenoth No. of Total 1,877 415 - - 59
ength/{map length x [(No.of ;. 117 2% 50 53 87 37

loci + 1)/(No. of loci — 1)]}

B1, and E1) genome coverage (Chakravarti et al.
1991) in each linkage group.

Forty-three homoeologous loci were identified on
linkage groups A-H (Fig. 1), which facilitated the
detection of the eight homoeologous pairs in the allote-
traploid 7. repens genome. Ten of the loci were located
on group A, followed by nine on group D, with only
one homoeologous locus detected on group G. Four-
teen percent of red clover, 12% of M. truncatula, and
10% of white clover primers detected homoeologous
loci. Except for group A, marker order and inter-locus
map distances were well conserved between homoeo-
logues (Fig.1). Twenty-nine (8.4%) primer pairs
detected duplicate non-homoeologous loci between
linkage groups (e.g., RCS1616 detected two loci, one
on D1 and one on H1; TRSSRBO01CO08 detected two
loci, one on A2 and one on E2).

A total of 59 distorted loci (P <0.05) were
detected (Table 2) in distinct clusters on linkage
groups Al, A2, B1, B2, C1, and D1 (Fig. 1), which
covered 78 cM of the genome. Seventeen and 16
distorted loci were detected only in GA43 or SRVR,
respectively; the remaining 26 loci were detected in
both parents. The degree of segregation distortion
was compared among homologues using a log;, trans-
formation of the P value of each mapped locus
(Fig. 2). Significantly higher distortion was detected
for nine loci clustering at the top end of B2
(7.1 < —logy,P < 63.8) compared to other distorted
loci. Groups Al and D1 had similar degrees of distor-
tion, which was higher than the remaining groups
(A2, B1, and C1) (Fig. 2).
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Comparative mapping of T. repens, T. pratense,
and M. sativa

Two hundred and twenty-six markers from 182 primers
previously mapped in diploid red clover (Sato et al.
2005) were placed on this white clover map. Markers
were distributed unevenly between white clover homo-
eologous pairs, ranging from 12 markers on group H to
46 markers on group C (Table 3). Distribution of the
markers originating from 7. pratense indicated that
portions of up to five linkage groups were colinear with
some homoeologous groups in white clover (e.g.,
homoeologous group A contained markers from LG2,
LG3, LG4, LG5, LG6, and LG7 in T. pratense). How-
ever, the numbers of markers were significantly differ-
ent among linkage groups. Putative genome
alignments between the two Trifolium species were
proposed with 167 red clover markers (Table 3, Fig. 3).
Among them, white clover homoeologous groups A, C,
E, G, and H were well defined in the alignment with
red clover linkage groups 7, 6, 1, 4, and 7 respectively,
in which more than 50% of the mapped markers were
common to linkage groups of both species.

The same approach was applied to 50 M. truncatula
SSR markers previously mapped in autotetraploid
M. sativa (Sledge et al. 2005). Thirty-seven SSRs were
used to align the genomes of T. repens and M. sativa
(Fig. 3). White clover homoeologous group C was
closely related to LG7 of M. sativa, in which all nine
markers mapped in both groups with no obvious
difference in marker order or genetic distance
between loci. Similar alignments were also present
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Table 3 Trifolium pratense marker distribution and genome alignments between 7. repens and T. pratense

T. repens No. of Distribution of 7. pratense primers Putative

homoeologous T. pratense

alignment

group marker mapped LGI LG2 LG3 LG4 LGS LG6 LG7 to T. pratense
A 31 - 1(3%) 3(10%) 2(6%) 4(13%) 2(6%) 19 (61%) LG7

B 41 12%)* 10 (24%) - TA7%) 153@7%) 3(7%) 5(12%) LG2,LGS5
C 46 - 1(2%) - 1(2%) 2 (4%) 41 (89%) 1(2%) LG6

D 32 - 1(3%) 14 (44%) 13 (41%) 1(3%) 1 (3%) 2(6%) LG3,LG4
E 21 12 (57%) 1(5%) - 1(5%) 1(5%) 1(5%) 5(24%) LGI1,LG7
F 28 - 2 (7%) - 6(21%) 12(43%) 4(14%) 4(14%) LG4,LGS
G 15 - 2(13%) - 10 (67%) 1(7%) 1(7%) 1(7%) LG4

H 12 - 1(8%) - - 1(8%) 4(33%) 6(50%) LG6,LG7
Total 226 13 19 17 40 37 57 43

LG linkage group

# Number and percentage of markers originated from 7. pratense linkage group

between white clover group B and M. sativa LGS,
where seven markers were well aligned with minor
rearrangements. Compared with other groups, homo-
eologous groups F, G, and H were less well defined
due to a smaller number (<3 markers) of markers
mapped in M. sativa.

Discussion
Genetic linkage mapping of white clover

A linkage map consisting 415 loci from 343 SSR
markers was developed for T. repens. Although more
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Medicago sativa
Trifolium repens
Trifolium pratense

Fig. 3 Consensus comparative map for M. sativa, T. repens, and
T. pratense. Three levels of circles represent genomes of the three
species, outside circle represents autotetraploid M. sativa, middle
circle represents allotetraploid 7. repens with two homoeologous
pairs, inside circle represents T. pratense. Each bar represents one
linkage group of the species, and is rescaled by the actual map
length. The names of the T. repens homologue groups were la-
beled on the groups, with homoeologous 7 inside and 2 outside.
Linkage group numbers were labeled on top of the bars for M. sa-
tiva and T. pratense. Corresponding markers between T. repens
and T. pratensel/T. repens and M. sativa were connected with /ines
based on map distance. Linkage groups were orientated with
0 cM on left side of homoeologues A of T. repens

then 58% of the markers were non EST-based SSRs,
tri-nucleotide repeat markers formed the majority
(59%) of the markers. This is in contrast to early
findings that non-coding regions of eukaryotic
genomes primarily contain di-nucleotide repeats (Li
et al. 2002). Approximately 22% of mapped loci were
polymorphic in both parental genotypes, and were
used to assemble the two parental maps into a con-
sensus map. This number is slightly lower than that
reported in a previously published white clover map
(Barrett et al. 2004), in which 28% of mapped loci
were polymorphic in both parents. The total map
length was calculated as 1,877 cM in our current
study, which is longer than a previously reported map
of 1,144 cM (Barrett et al. 2004). This could be due to
large inter-locus gaps on D2, G1, G2, H1, and H2
(>6 cM in average). However, the estimated 87%
genome coverage indicates that a high percentage of
the genome is covered by the markers.
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Segregation distortion

Fourteen percent of the loci showed significant segre-
gation distortion (59 of 415 loci) in the genetic map of
this population. Similar numbers of distorted loci were
detected in the GA43 and SRVR; therefore, no paren-
tal bias for segregation distortion was observed in this
mapping population. The amount of segregation dis-
tortion is similar to that reported in a white clover pair-
cross F, population (11%) (Jones etal. 2003), and
higher than that reported for another white clover dou-
ble-pseudo-testcross population (6%) (Barrett et al.
2004), but is comparable to the 5.5 and 10% segrega-
tion distortion reported in the backcross populations of
tetraploid M. sativa (Brouwer and Osborn 1999; Sledge
etal. 2005). A positional trend of segregation distor-
tion was observed on groups A to D, especially on the
upper end of B2, where highly distorted loci covered
39% (43 cM) of the linkage group. Segregation distor-
tion encountered in homoeologous loci in both A and
B, e.g., RCS 1336, RCS1534, and RCS3744, may affect
the accuracy of the mapping in these groups. This dis-
tribution was also different from a previous study, in
which distorted loci were clustered at the top of Al and
H2 (Barrett et al. 2004). The differences observed may
be associated with different distributions of gameto-
phytic or zygotic lethal or sub-lethal alleles within and
between different populations (Williams et al. 1995).

Transferability of SSR markers

Forty-nine loci (40 primer pairs) detected on the previ-
ously published map of T. repens (Barrett et al. 2004)
were used to assign linkage groups in our study.
Approximately 85% of the loci in each homologue
were aligned in the same order between the two maps.
Minor differences in map location of some markers
between homoeologous pairs compared to previously
published maps were identified. For example, ats002
detected homeoloci on both Al and A2 in the current
map, but only mapped on Al in the previous map
(Barrett et al. 2004); ats186 mapped on H2 only, but
was detected on both H1 and H2 by Barrett et al.
(2004). This effect is presumably due to the presence
and absence of allelic variation at one, other or both
homoeoloci between different parental genotypes. Two
primers pairs, ats072 and ats055, are likely to be able to
detect multiple loci in white clover: they were mapped
to two homologues (B1 and D1, and B2 and E2,
respectively) in the map of Barrett et al. (2004) also
mapped two homologues on this map, although on
different groups (B1 and E2, B2 and D1, respectively).
Three of eight rearranged loci involved homologue G,
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which was less well defined than other groups, with
only 28 loci, suggesting that additional markers are
necessary for clarification of the marker order. This
same homologue was also the least well defined group
in the map of Barrett etal. (2004). In addition, we
mapped 43 markers designed from the sequences of
SSR-enriched library clones (TRSSRs) that were used
for developing the white clover linkage map presented
by Jones et al. (2003). Although homeoloci between
sub-genomes were not detected, markers from each
linkage group were also mapped in similar positions in
our mapping population. For example, markers from
linkage groups 1, 3, 4, 6, 9, and 10 in Jones et al (2003)
were placed on group E1, Al, A2, B1, D1, and H2 in
the current map, respectively. This result suggests con-
servation of the location of loci detected by these
TRSSRs primers in different populations of white clo-
ver. Considering all of the white clover markers used in
this study, more than 86% of the SSR markers initially
developed in other white clover populations produced
amplification products in our mapping population.
Therefore, white clover SSR markers appear to have a
high rate of transferability between germplasms, as
opposed to some species such as perennial ryegrass
(Lolium perenne L.) which have only 61% transferabil-
ity of markers between germplasms (Faville et al.
2004).

Simple sequence repeat markers can be transferred
across species within a genus (Peakall etal. 1998;
Aranzana et al. 2003). The transfer of SSR markers
among species within some legume genera has already
been reported in Glycine (Peakall et al. 1998), Phaseo-
lus (Gaitan-Solis et al. 2002), and Medicago (Julier
et al. 2003; Choi et al. 2004a; Sledge et al. 2005). The
high level of SSR transferability allows the use of a
large number of SSRs from publicly available red clo-
ver sequences to be used for mapping in white clover.
We screened 599 red clover primers (Sato et al. 2005)
for amplification and polymorphism in our mapping
population. Approximately 88% of the red clover SSR
primers screened generated reproducible cross-genus
amplicons in white clover. This capacity to amplify
SSR markers in these species is not surprising since
they both belong to Trifolium genus. However, more
then half (54%) of these amplicons, were monomor-
phic between the two parents, and therefore were not
useful in map construction. Only 205 primers pairs
amplified fragments that were polymorphic and segre-
gating as a pseudo-testcross, which was 34% of red clo-
ver primers screened. This percentage is similar to that
(30.78%) reported in a study on the transferability of
SSR markers across the legume family (Wang et al.
2004), and higher than that (18.5%) reported of

transferring five out of 27 red clover SSR into eight
white clover genotypes (Kolliker et al. 2006). Red clo-
ver SSR sequences were generated from four different
types of libraries, SSR-enriched genomic and cDNA
libraries, a methyl-filtration genomic library, and a nor-
malized cDNA library (Sato et al. 2005). Among them,
primers originating from the SSR-enriched cDNA and
genomic libraries gave the highest transfer rates (42
and 34%, respectively) in white clover. Therefore, in
this study, primers from SSR-enriched sequences could
be more successfully transferred both within species
(94% from other white clover) and between species
(average 38% from red clover) as compared to primers
generated from other sources.

A previous study showed high transferability of M.
truncatula EST-SSR primers between species within
Medicago (Eujayl et al. 2004), in which high levels of
polymorphism (>70% ) were detected for 24 genotypes
representing six Medicago spp. and subspecies, includ-
ing diploid alfalfa (M. sativa ssp caerulea, M. sativa ssp
sativa), tetraploid alfalfa (M. sativa ssp falcata, M.
sativa ssp sativa), and annual medics (M. polymorpha,
M. rugosa, M. blancheana, M. truncatula). A linkage
map using these M. truncatula EST-SSR markers was
constructed for tetraploid alfalfa (Sledge et al. 2005).
We selected 772 M. truncatula EST-SSR primers and
screened for fragment amplification in white clover.
Approximately 83% produced amplicons in our map-
ping population. Two hundred and thirty-six primers
that showed strong amplification were used to screen
the population. Out of these, 166 primers amplified at
least one mappable allele. The other 70 primers either
did not give consistent amplification patterns for repli-
cated parent samples (non-specific amplification), or
amplified fragments that did not fit any cross-polli-
nated function structures, and therefore, were not used
for map construction. Only 70 M. truncatula EST-SSR
markers showed significant linkage (>95% ) with alleles
amplified by other primers in our current map. Gut-
ierrez et al. (2005) also reported cross-genus amplifica-
tion of M. truncatula microsatellites in three pulses
(40% in faba bean, 36.3% in chickpea, and 37.6% in
pea); however, none of the functional microsatellites
showed polymorphism among the parental genotypes
tested, consequently preventing their immediate use
for mapping purposes (Gutierrez et al. 2005). There-
fore, while these M. truncatula EST-SSRs are valuable
for identifying linkage relationships within Medicago,
they are less valuable for other legume species.

The difference of marker transferability, e.g., much
higher between white clover germplasms compared to
other species such as ryegrass, and much lower for
cross-species transferring compared to M. truncatula
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vs. to M. sativa, might associate with the fact that fertile
interspecific hybrids of clover are difficult to achieve in
nature, even within Trifolium (Taylor et al. 1980). It is
likely that gene flow was transferred only between
germplasms of conserved genome of white clover, but
not to other species.

Genome alignments of Trifolieae species

A total of 167 red clover markers from a 7. pratense
map (Sato et al. 2005) and 37 M. truncatula SSR mark-
ers from an autotetraploid M. sativa map (Sledge et al.
2005) were used to compare genome structural rela-
tionships of 7. repens with T. pratense, and M. sativa. A
proposed alignment relationship between three species
within Trifolieae is shown in Fig. 3. Although no mark-
ers from T. pratense were mapped in M. sativa or vice
versa, to link two genomes, SSRs derived from these
two species were mapped in 7. repens, and suggest pos-
sible genome alignments between 7. pratense and M.
sativa (Fig. 3).

Red clover has only seven chromosome pairs
(2n = 14) (Wipf and Cooper 1938); therefore, it could
be expected that markers from two linkage groups of
T. pratense would be aligned to one group of 7. repens.
Comparison of these two Trifolium species, however,
revealed significant divergence in genome organization
and rearrangements (Fig.3), which may have been
caused by breakage and reunion events (Kalo et al.
2004; Delseny 2004). However, multiple colinear
blocks were evident through alignment of the two
genomes, representing the junctions of such rearrange-
ments. For example, markers mapped on the upper
two-thirds of group D in T. repens were aligned with
similar locations in LG 3 of 7. pratense, and markers on
the remaining section of D were aligned to the lower
end of LG4.

Recently, an in silico comparative approach was
applied to white clover, M. truncatula and L. japonicus
sequences based on BLAST alignment of 700 SSRs, in
which 269 matched sequences between species
revealed conservation of genome structures and sug-
gested a predominant 1:1 relationship between each of
the homoeologous groups of white clover and a single
M. truncatula chromosome (George etal. 2006).
Because M. truncatula and M. sativa have very con-
served genome structures with co-linearity of linkage
groups (Choi et al. 2004b), it is not surprising to find
that alignments of 7. repens with M. sativa shown in
this study match the in silico alignments of 7. repens
with M. truncatula (George et al. 2006). Another inter-
esting finding was the similar genome alignments
between T. pratense and M. sativa suggested in this
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study as compared to those between T. pratense and M.
truncatula reported by Sato et al. (2005). These com-
parisons further confirmed the colinear relationship
between the M. sativa and M. truncatula genomes, and
validated the alignments between 7. repens and two
Medicago species. Although macro-colinearity was
apparent, large numbers of gene duplications and rear-
rangements are present between genomes. FISH anal-
ysis with mapped SSRs (Choi et al. 2004a; Sato et al.
2005) could help to further define marker location and
gene relationships, especially for homoeologous pairs
in the white clover genome.
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