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Abstract The white clover (Trifolium repens) nuclear
genome (n=2x=16) is an important yet under-characterised
genetic environment. We have developed simple sequence
repeat (SSR) genetic markers for the white clover genome
by mining an expressed sequence tag (EST) database and
by isolation from enriched genomic libraries. A total of
2,086 EST-derived SSRs (EST-SSRs) were identified
among 26,480 database accessions. Evaluation of 792
EST-SSR primer pairs resulted in 566 usable EST-SSRs.
Of these, 335 polymorphic EST-SSRs, used in concert
with 30 genomic SSRs, detected 493 loci in the white
clover genome using 92 F; progeny from a pair cross
between two highly heterozygous genotypes—364/7 and
6525/5. Map length, as estimated using the JjomNMAP
algorithm, was 1,144 ¢cM and spanned all 16 homologues.
The R (red leaf) locus was mapped to linkage group Bl
and is tightly linked to the microsatellite locus prs318c.
The eight homoeologous pairs of linkage groups within
the white clover genome were identified using 96
homoeologous loci. Segregation distortion was detected
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in four areas (groups Al, D1, D2 and H2). Marker locus
density varied among and within linkage groups. This is
the first time EST-SSRs have been used to build a whole-
genome functional map and to describe subgenome
organisation in an allopolyploid species, and 7. repens is
the only Trifolicae species to date to be mapped
exclusively with SSRs. This gene-based microsatellite
map will enable the resolution of quantitative traits into
Mendelian characters, the characterisation of syntenic
relationships with other genomes and acceleration of white
clover improvement programmes.

Introduction

White clover (Trifolium repens) is a source of quality
animal fodder that is commonly found in pastoral
agricultural systems in the temperate latitudes. This plant
species, in symbiosis with bacteria of the genus Rhizobia,
transforms atmospheric di-nitrogen into plant-available
forms, thereby promoting more sustainable and productive
agriculture. It is a member of the tribe Trifolieae, which
contains, among others, the genera Trifolium, Medicago
and Melilotus (Gillett 1985; Williams 1987). The basic
chromosome number (x) of this tribe is eight, although in
some species x=7, 6 or 5 (Williams 1987). Although
allopolyploidy is infrequent in the Trifolieae, white clover
exhibits allotetraploid (#=2x=16) transmission, with
highly regular bivalent formation (Atwood and Hill
1940). The physical size of the genome is approximately
956 Mbp, about twice that of the model legume Medicago
truncatula (n=x=8) at 466 Mbp (Bennett and Leitch 2003).
The white clover karyotype consists of a homogeneous set
of chromosomes, however 2 of the 16 are distinguishable
by the presence of satellited knobs (Chen and Gibson
1970). While the evolutionary origin(s) and centre(s) of
white clover diversity await conclusive demonstration,
derivation from two progenitor diploid 7rifolium species is
likely (Badr et al. 2002).

The white clover mating system is regulated by a highly
polymorphic, gametophytic self-incompatibility system



with outcrossing in ambient conditions approaching
100%, resulting in highly heterogeneous populations of
highly heterozygous individuals. Despite the complication
of mating system and polyploidy, studies of the S (self-
incompatibility) (Atwood 1940), Ac and Li (cyanogenesis)
(Atwood and Sullivan 1943), R (red leaf) (Corkill 1971)
and V (leaf mark) (Carnahan et al. 1955) loci in white
clover are benchmarks in single-locus genetic analysis of
legumes.

The recent development of ubiquitous genetic marker
technologies in conjunction with increased computational
capability has provided abundant resources for whole-
genome linkage analysis. Among the suite of DNA marker
systems available, microsatellites or simple sequence
repeats (SSRs) are a preferred technology for plant
genome analysis (Morgante and Olivieri 1993). SSRs
occur at a high frequency (Li et al. 2002) and exhibit high
mutation rates (Vigouroux et al. 2002), preferential
association with non-repetitive regions of the genome
(Morgante et al. 2002), codominant inheritance, inter-
specific transportability (Decroocq et al. 2002; Eujayl et
al. 2004; Griffiths et al. 2002), a high-throughput assay
speed and cost efficiency. Evidence is accumulating which
suggests that most SSRs are not neutral genetic markers,
do undergo selection and as such are not randomly
distributed in the genome on the basis of size, motif, or
polymorphism (Li et al. 2002). There is also substantial
evidence to suggest that motif, length and mutation are
dependent on whether the SSR resides in non-coding,
coding untranslated or coding-translated DNA (Morgante
et al. 2002). A further barrier to the use of SSRs is attrition
associated with their development from genomic DNA
libraries (Squirrell et al. 2003). Despite these concerns,
SSRs have been used to map eukaryotic genomes
(Sharopova et al. 2002), including allopolyploid plants
(Roder et al. 1998). The attrition problem may be
mitigated by in silico SSR discovery using expressed
sequence tag (EST) or other sequence databases (Cho et al.
2000). EST-derived SSRs (EST-SSRs) occur at a high
frequency in the genome (Kantety et al. 2002) and have
greater inter-specific transferability than genomic SSRs,
with the difference becoming more pronounced with
increasing phylogenetic distance (Griffiths et al. 2002).
EST-SSRs also exhibit high levels of polymorphism
despite their association with sequences experiencing
direct selection pressure (Cho et al. 2000; Eujayl et al.
2002).

The advantages of using gene-associated sequences as
genetic markers include the ability to utilise bioinformatic
resources and whole-genome sequencing initiatives for
comparative genome analysis (Fulton et al. 2002; Gualtieri
et al. 2002; Holton et al. 2002; Lan et al. 2000; Zhu et al.
2003), to construct function orientated maps (Matthews et
al. 2001; Wu et al. 2002) and to identify gene candidates
for the direct investigation of sequence function relation-
ships (Tasma and Shoemaker 2003; Thornsberry et al.
2001). Despite being non-neutral genetic markers with
non-random physical distribution (Li et al. 2002; Wu et al.
2002), gene-associated markers have been used to create
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comprehensive linkage maps in several species (Davis et
al. 1999).

Several whole-genome linkage maps in Trifolieae taxa
have been developed. Existing genetic maps of diploid and
tetraploid Medicago sativa and the model species M.
truncatula provide comprehensive marker resources for
both species and have created a standardised nomenclature
for genetic marker analysis within this tribe (Brouwer and
Osborn 1999; Choi et al. 2004; Julier et al. 2003; Kalo et
al. 2000; Thoquet et al. 2002; Zhu et al. 2002). Recently, a
comprehensive genetic map in red clover (7. pratense,
x=7) has been developed using restriction fragment length
polymorphism (RFLP) in a backcross population (Isobe et
al. 2003). An initial white clover genetic map utilising
genomic SSRs to aid the placement of amplified fragment
length polymorphisms (AFLPs) in an F, population
derived from a pair cross between partial inbreds has
also recently been developed (Jones et al. 2003). Although
Jones et al. (2003) has provided some insight into the
white clover genome, this low-density map (mean 6.1 cM/
marker) was not able to describe the entire genome and
could not ascertain the homoeologous relationship be-
tween the subgenomes.

We report the in silico discovery of white clover EST-
SSRs and their use in combination with genomic SSRs to
construct a comprehensive genetic linkage map of the
allotetraploid white clover genome. This is the first report
of EST-SSRs being used to build a whole-genome
functional map and to describe subgenome organisation
in an allopolyploid species and the only example found in
the Trifolieae of an exclusively SSR-based genetic map.

Materials and methods
Plant material

A double-pseudo testcross population of 92 F; progeny was created
by a manual pair cross between two phenotypically divergent,
highly heterozygous white clover (Trifolium repens) genotypes—
6525/5, a parent of the cultivar Grasslands Sustain (Caradus et al.
1997), and 364/7, an elite plant selected from the nematode
resistance recurrent selection programme at AgResearch (Mercer et
al. 1999). Parent 6525/5 exhibits small to medium leaves, many long
thin stolons and dense growth, whereas 364/7 exhibits medium
leaves, few short thick stolons and open growth. Parent 6525/5 is
heterozygous at the R locus (Rr), whereas 364/7 is homozygous
(rr); both lines are cyanogenic. DNA was purified from immature
leaf tissue using the DNeasy kit (Qiagen, Valencia, Calif.).

Genomic SSR discovery

SSRs identified from DNA libraries enriched for di-, tri- and
tetranucleotide motifs were utilised. White clover SSR-enriched
libraries were constructed in the plasmid vector pUC19 by Genetic
Identification Services (Chatsworth, Calif.). Individual colonies
were transferred into 50 pl Luria-Bertoni medium, and 1-pl aliquots
were used for PCR analysis. Depending on the level of enrichment
for particular SSR motifs, clones were either picked at random for
PCR using both flanking M13 forward and reverse vector primers or
pre-screened by PCR using individual flanking vector primers in
combination with a repeat primer specific for the SSR repeat type of
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interest. The PCR was performed in a 20-pl volume containing 1x
AmpliTaq buffer (Applied Biosystems, Foster City, Calif.), 0.2 mM
of each dNTP, 0.2 uM of each primer, and 1.25 U of AmpliTaq
DNA polymerase (Applied Biosystems). The thermocycle para-
meters consisted of an initial denaturation at 94°C for 4 min
followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 60 s,
with a final extension of 72°C for 7 min. The PCR products were
electrophoresed on a 1.2% SeaPlaque (Cambrex, Rockland, Me.)
agarose gel in 1x TTE buffer (89 mM Tris-HCl, 29 mM taurine,
0.54 mM EDTA) and excised from the gel under long-wavelength
UV. DNA was purified from the excised fragment by heating at
65°C for 5 min then snap-freezing in liquid N,, followed by
centrifugation for 10 min at room temperature. A 4-pl aliquot of
supernatant was sequenced using the M13 forward or reverse primer
and the BigDye terminator (Applied Biosystems) cycle-sequencing
kit. Sequencing reactions were resolved on an ABI 3700 capillary
electrophoresis array (Applied Biosystems). Primers were designed
to the SSR flanking regions using PRIMER DESIGNER 4 software
(Scientific & Educational Software, Durham, N.C.).

EST-SSR discovery

Accessions in a white clover EST database (Sawbridge et al. 2003)
were mined using a recursive algorithm implemented in Sputnik
(http://rast.abajian.com/sputnik/). Di-, tri-, tetra- and pentanucleotide
SSR motifs exhibiting three or more tandem repeat units and a
minimum length of 11 nucleotides were identified. For each SSR
with an adequate flanking sequence, forward and reverse primers
were designed to a Ty, of 60°C using PrRIMER] (http://wwwgenome.
wi.mit.edu/ftp/distribution/software/). ESTs with SSRs were com-
pared to TIGR Medicago truncatula (Mt)Gl 7.0 database and
GenBank 135.0 using BLASTN; query parameters were -¢ 0.000001 -v
10 -b 10.

SSR genotyping

SSR forward primers were modified by 5’ concatenation of the 18-
mer 5'-TGTAAAACGACGGCCAGT-3', which permitted concur-
rent fluorescence labelling of PCR products by a third primer with
an incorporated fluorophore (Schuelke 2000). The 7-mer 5'-
GTTTCTT-3" was appended to the 5’ end of each SSR reverse
primer to promote non-templated adenylation of amplicons and
thereby simplify automated data acquisition (Brownstein et al.

Table 1 Thirty white clover SSR markers derived from CA,-, ATG,- and CTAT,-enriched genomic DNA libraries. These markers
identified 48 genetic loci in the F; white clover mapping population 346/7x6525/5

SSR ID SSR motif Calculated Linkage group Forward primer (5'—3’) Reverse primer (5'—3’)
size (bp)
ats002 ATG 253 Al ggcgagagtgagacagtgga tgtcgetccaaccaccagta
ats003 ATG 181 D1 cctcaagtccaccacctgte accacaccattcttgcttct
ats005 ATG 297 F1 tgaggaagacacgcctatca gaatccaggagttatatcag
ats006 ATG 325 C2 tccatagecgtecgatgatt actgaacgagccattgattg
ats029 ATG 286 Al, A2 getecttccattacggtgtt atcgctctcgeteteettet
ats032 ATG 196 Al, A2 gggcagccattgtcattc tcgcagttattccgatcgatt
ats041 CA 359 B1 tgttgteggtegtcttcact atgtcgttgaaccgctagtg
ats054 CA 278 Al gacaccgattatgtgcaaga aatcacgacgagcgacaaca
ats055 CA 392 B2, E2 caatacaatcaccgcaccag tetctgettcgegtettete
ats058 CA 267 El caatcaactctgctaagtgt aaggagagtatgtgaagtag
ats066 CA 236 HI1, H2 tattcaccacacgcctctac atgaggagaaggcaggagat
ats067 CA 405 B2 ttactgatgcggttagtgtt cctecttgetgttgttatce
ats070 CA 278 Cl, C2, G2 gtcattggtgatggtgttct tttcgtcagtggeggtgcte
ats072 CA 270 B1, D1 cttcccatatgtggatgaatag tggcacagcagaagcaataa
ats073 CA 302 F1 gagcaactggcaatacataa ttgttggaactgcetgataga
ats075 CA 205 B1 actcgatcaccatgtgagtc tcataaccggcgtggaagaa
ats084 CA 275 Bl aaccaagcgtcactacttca ggtgttccgattetattctg
ats099 CA 301 Cl aaccaagcgtcactacttca atgcggatggttgttgttcg
ats113 ATG 225 D2 tgtgagcetggtgaattgagt ggaggtgatgatctctatce
ats121 ATG 248 B2 tccaccgctgttgtgcaace ggatcgcattctccatctee
ats123 CTAT 450 F1, F2 acacaattcagcagagattc cagtcgttggatcgtagtaa
ats125 CTAT 276 El atctaaggctccaaagtatc gcaacaatagaagcagcaatca
ats126 CTAT 232 F1 acacaattcagcagagattc cctggttactgataagttac
ats131 CA 302 B1, B2 atgatcctccggaccggatg cgcacggtggacgttgtaag
ats153 CA 296 B1 taatgtccaagtggttagag ttcacttgctgetgetggta
ats176 CA 300 F1, F2 atcagttggcggttcagtag gtcaatgtggcagcetcttgt
ats186 CA 154 HI1, H2 tgatggcgcaatcaggaatg aacgcacacagccctagttt
ats205 CA 226 B1 acaccgtcgttatgaagtat gacttgtgactactgataga
ats226 ATG 313 B1 catctactcaccaccaccta cagcagcagcagcagegata
ats227 ATG 211 D1 tctgaatcagtcggtgtage gaggaattgccacgatgatg




1996). The PCR protocol of Schuelke (2000) was modified with a
30 min final extension to promote non-templated adenylation of the
amplicons. PCR products were resolved in an ABI 3100 capillary
electrophoresis array (Applied Biosystems). Electropherograms
were analysed using ABI Prism GENEscaN 3.7 and GENOTYPER 1.7
software (Applied Biosystems).

Genetic linkage analysis

The analysis of maps in each parent and the subsequent develop-
ment of a consensus map of the genome were carried out using
JjommMmAP ver. 3.0 (http://www.kyazma.nl ). Initially, segregating peaks
were scored into a 0/1 data matrix and subsequently recoded as
single-marker loci (ao x oo for 364/7 and oo x ao for 6525/5). For
single-parent analysis, loci grouping and ordering probability
minima were LOD=5 and LOD=2, respectively.

The two single-parent maps were fused to create a bi-parental
consensus map of the white clover genome. Segregation data from
markers polymorphic in both parents with two or three segregating
alleles per locus (segregation type ab % ab and ab % ac, respectively)
were recoded prior to initial linkage analysis and incorporated into
the dataset as bridging loci to identify the homologous pair for each
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consensus linkage group. Locus pairs exhibiting two alleles in each
parent, detected by the same SSR marker, and ordered in similar
positions on matching parental homologues were paired and recoded
as type ab % cd prior to estimation of the consensus map. Prior to
fusion, homologues from each parent were screened for similarity of
recombination frequency (map length) and surveyed for differential
segregation distortion. For 15 of the 16 linkage groups, a consensus
map combining parental homologues was estimated at grouping and
ordering probability minima of LOD=8 and LOD=2, respectively,
and genetic distances were estimated using the Kosambi mapping
function. For parental groups G2 no bridging loci are available, so
group identity was confirmed on the basis of loci on G2 that were
homoeologous with loci on consensus group G1. The eight pairs of
homoeologous linkage groups were identified and aligned using
putative homoeologous loci, which were declared when an SSR
detected loci at similar map positions in two homologues. The most
robust pairings of homoeologous loci were used to designate
homoeologous pairs of linkage groups. The eight homoeologous
pairs were arbitrarily named A-H, and homoeologues within each
pair were arbitrarily named one and two, respectively.

Table 2 Thirty-two white clover SSR markers derived from an EST database. Two markers per linkage group were selected based on
multiple criteria including genome position, peak quality and probability of being a single-locus marker

SSR ID SSR motif Calculated size (bp)

Linkage group

Forward primer (5—3') Reverse primer (5—3')

prs006 CTT 247 G2
prs055 GAA 155 Cl1
prs100 GTT 227 A2
prs129 CCA 152 H2
prs156 TTCT 190 B2
prs186 AATTC 251 Al
prs203 TGTT 215 Gl
prs247 AAG 259 D2
prs251 AGT 225 H2
prs256 TCTG 259 E1l
prs264 ACC 215 Cl1
prs268 GAAT 172 F1
prs279 ATG 164 H1
prs285 AAC 248 E2
prs305 AAC 153 G2
prs344 TA 267 F1
prs367 TGAAC 236 C2
prs369 CCACT 252 Bl
prs408 TCT 171 El
prs426 TTG 194 A2
prs427 CTT 196 D1
prs433 TTC 202 C2
prs461 TTC 239 Al
prs499 CCT 138 E2
prsS10 TTC 186 Gl
prs582 GAA 267 B1
prs599 TAA 207 Dl
prs612 ATG 174 D2
prs645 TAT 159 F2
prs651 GAA 160 H1
prs653 ACC 232 F2

prs734

TCT

202

B2

cctggaactctgaactcgtacc
taatagcggccatatcggag
caatcttaaatggtggaggage
ccgtgattgcatatccagtg
gcatcagtgtcagaagccaa
gtgagcgagcactgtttctg
aacgatccgatcttgattge
tcatcttcatcaacagtttccg
tggagaaattggtggtgtca
ccgttttcgttctcgaagag
tcatcttcttcaccagecacg
gctgagaaagcaagattaggttg
atggctaatgcaaaattggc
tcctcaaacgacctegttct
tcaaactcgacgaagaagacg
tcaaagaaagcaaaggaagagc
agattctctgcatctttttcge
atcatcccaatcatcttcatce
actaagaaggatctgaatctctctge
ttattgatatcggaagcegacg
gttcttcaatctccacaatacgce
cccaaccgcataacacttct
accttccgatatcccaaacc
tatgactagccccgtcatce
getgetcteecttttttect
ccggttcgattcaacaagtt
ttgaagttccacaaagatgtgc
ttgaactagtcgttggatggg
acccattttcatttcccaca
gtaacgattctgttgtttacgtcg
ggagcagceaccagaagaaac
aactcttcgacaatggcttca

agtgaatggagaagaagtgtgatg
aaaaaaaggcaacacgcagt
ctacaccacaaacaacattgttagc
cgecacccttgttagttgtt
Caaagagaaaaggtggttttgg
gccatgeacttgttttgaga
actcatttttccctgeatgg
cttcecttctatctctcatgttaace
ttccacaacaccatctcatca
gagtggagaggaagtcgtcg
cggtgaaactgttcctggtt
ccagaaacaaagaacagcage
tagagactgcagatcatcatctcc
tcettccaggtettgeagtt
gatggagatggagattcgga
ttccattcttcacgactcttca
aagctccaaaccctatcggt
cctaatcttcgtagatcgtcgg
tcactgatccagtggtagatgg
gttctcatgegacgcetacaa
taaaggaaaaggtgaggatagteg
aaagatgaggagaagatcaaggg
atggtgcgtttggagatagg
aattccttcggggaagttgt
ggaacatttgcagggaggta
ctgcagatccagtaatgatttcc
aaacgacgtcaccaaccttc
gagagggtttcaggaacatacg
ccattcttccctgagctttg
ctcgtcggtaaacgaatactce
aggttgaagiggtggaggty
tgaactgttgcgcctagatg
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Results
SSR discovery

A total of 107 white clover genomic SSRs were identified
in enriched DNA libraries, including 68 (CA),, 22 (ATG),,,
and 17 (CTAT),, repeats. Of these 107, 30 (28%) provided
robust PCR products and detected polymorphism between
or within the parent genotypes (Table 1). Trimer (ATG)
genomic SSRs were the class most likely to be
informative, with 10 of 22 (45%) exhibiting polymor-
phism; tetramer (CTAT) repeats provided the least
informative markers, with 18% of the total detecting
polymorphism in this mapping population.

White clover SSR markers were also developed from an
EST database (Sawbridge et al. 2003). A scan of 26,480
sequence accessions in the EST database revealed 2,294
EST-SSRs in silico within 1,841 accessions (mean=1.25
SSRs/positive accession; range: 1-7 SSRs/positive acces-
sion). Primers were designed for 2,086 EST-SSRs in 1,697
accessions, including 264 di-, 1,353 tri-, 263 tetra- and
206 pentanucleotide motifs. EST-SSRs ranged in length
from 11 to 76 nucleotides (mean=16), and the number of
SSR units ranged from 3 to 25, with a median of four
(n=700) (Fig. 1). When compared to the MGl 7.0
database (http://www.tigr.org), 1,343 (79%) accessions
for which a primer pair had been designed exhibited
homology (1.0E-7) to an annotated sequence. Among the
Trifolium ESTs with no homology to Medicago truncatula
ESTs, 51 (3%) had significant hits in Arabidopsis thaliana
(4¢GI 10.0) or GenBank (release 135.0) databases. The
remainder may represent either undiscovered transcripts in
other EST projects or sequences unique to the white clover

800

600 1

400

Count

200 1

3 4 5 6 7 8 9
Number of repeats

10 >11

Fig. 1 Distribution of 2,086 white clover EST-SSRs on the basis of
number of repeats units detected in silico. The numbers range from 3
to 25 repeat units

genome. Primer pairs for 792 EST-SSRs were synthesised
and evaluated, including 116 di-, 538 tri-, 69 tetra- and 69
pentanucleotide repeats. Although database annotations
and motif type were known for the EST-SSRs, repeat
length was the only selection criterion used in order to
minimise genome coverage bias. Primer pairs were
screened for amplification using genomic DNA from the
parental genotypes 364/7 and 6525/5. A total of 566 (71%)
of the EST-SSR primer pairs exhibited robust amplicons
when assayed at design PCR parameters. A subset of 32
EST-SSRs is described in Table 2. Neither SSR length nor
motif type was indicative of the likelihood of a particular
EST-SSR to produce an amplicon. Realised amplicon size
was usually close (mode=99%) to the size predicted in

Table 3 Simple sequence repeat loci distribution among the 16 linkage groups of the white clover genome. Linkage data were developed
using 92 F, progeny in the mapping population 364/7x6525/5. Locus segregation distortion was declared at P<0.05

Linkage group Length (cM) Number of SSR loci

Number of loci polymorphic

Number of loci distorted

364/7 6525/5 Both
Al 76 35 11 12 12 3
A2 77 38 10 16 12 2
Bl 70 41 15 15 11 0
B2 69 39 11 17 11 0
Cl1 69 38 8 18 12 1
C2 62 20 6 5 9 0
D1 82 52 22 12 18 9
D2 94 47 23 12 12 5
El 91 31 8 13 10 3
E2 72 27 5 16 6 2
F1 72 22 8 8 6 0
F2 76 18 5 10 3 0
Gl 77 26 5 14 7 1
G2 28 14 11 3 0 1
H1 69 22 10 7 5 1
H2 60 23 14 6 3 6
Total 1144 493 172 184 137 34
Mean 71.5 31.1 10.8 8.6 8.6 2.1




silico for the 566 usable primer pairs, and 80% (430) of
the EST-SSRs exhibited amplicon mean sizes £20% of the
predicted size. However, the overall mean amplicon size
detected was 128% of the predicted size. This bias towards
longer-than-predicted products may be attributed in some
cases to the presence of introns in the genomic DNA
template. Subsequent sequencing of two longer-than-
predicted EST-SSR amplicons revealed putative introns
(data not shown).

Among the 566 usable EST-SSRs, 379 (67%) detected
polymorphism between or within the parental genotypes.
Linear regression analysis indicated that the number of
SSR units in an EST was not correlated with the likelihood
of'an SSR being polymorphic within or between these two
genotypes (p=0.448 for EST-SSRs of 3—10 repeat units).
Sample sizes for EST-SSRs with 11-25 repeats were too
small to implement regression analysis. Motif type was
also compared with the likelihood of an EST-SSR
detecting polymorphism, and these likelihood values
ranged from 61% of the tetramers to 70% of the dimers.

Genetic linkage analysis

We used 335 EST-SSRs and 30 genomic SSRs to
genotype the two parents and 92 F, progeny of the
white clover population 364/7x6525/5 and detected 493
SSR loci. Of these 493 loci, 172 were polymorphic in
364/7 only, 184 were polymorphic in 6525/5 only and the
remaining 137 (28%) were polymorphic in both parental
genotypes (Table 3). Among the loci polymorphic in both
parents, 20, 40 and 77 loci exhibited two (ab x ab), three
(ab % ac) and four (ab x cd) alleles, respectively. Forty-
four loci were detected by the 30 genomic SSRs
(mean=1.47 loci/SSR), which is higher than the mean of
1.34 loci/SSR for EST-SSRs. A higher proportion of
genomic SSRs than EST-SSRs exhibited three or four
different alleles per locus (35% vs. 22%).

Linkage analysis was initiated in each parent using
single-dose marker data. This independent analysis of the
309 loci in 364/7 and the 323 loci in 6525/5 resulted in
assembly of 16 linkage groups in each parent, ranging in
length from 7 ¢cM to 94 ¢cM and containing 3-35 loci (data
not shown). These single-parent maps were subsequently
assembled into a bi-parental consensus linkage map of the
white clover genome consisting of 16 linkage groups. For
all homologues except G2, one or more of the 40 loci with
three alleles (ab *x ac) were used to unambiguously
identify homologous pairs between the parental maps. G2
parental linkage groups had no loci that were informative
in both parents; however, both had homoeologous loci
informative in G1 that were used to confirm the identity of
group G2 in each parental map build. Nine EST-SSR loci
segregating from 364/7 had homoeologous loci on the
lower portion of group G1, whereas two of the three loci
segregating from 6525/5 group G2 had homoeologous loci
on the upper segment of G1. The 77 loci pairs exhibiting
two alleles in each parent, detected by the same SSR
marker, and ordered in similar positions on matching
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parental homologues were paired and recoded as type ab %
cd. Finally, the 20 loci with two allele segregation types
(ab x ab) were ordered onto the consensus linkage groups.
In regions of differential segregation distortion between
the parent-specific maps, loci were validated in each
parental map and the bi-parental consensus map to ensure
that no spurious re-ordering of markers was caused in the
consensus integration. In only one homologous pair (D2)
did segregation distortion, originating from 6525/5, cause
spurious ordering in the consensus estimate; thus, the 12
loci from 6525/5 were treated as grouped accessory
markers and were not ordered in the final map build.

The final genome map estimate included 493 SSR loci
and one morphological marker distributed across 16
linkage groups and spanning 1,144 cM of the white
clover nuclear genome (Fig. 2). Five loci remained
unlinked, three originating from 364/7 and two from
6525/5. Linkage groups ranged from 60 cM to 94 cM in
length and contained 14-52 loci per group (Table 3).
Genetic map density ranged from 1.6 cM to 4.2 cM per
locus among the 16 groups (overall mean 2.3 cM per
marker), indicating that this is a medium-density map. The
16 genetic linkage groups presumably correspond to the
16 bivalents observed in the white clover mitotic karyo-
type.

Thirty-two loci exhibited significant (p<0.05) segrega-
tion distortion. Eleven distorted loci were detected in
364/7 only, 14 in 6525/5 only and nine in both parents.
Homoeologous pair D accounted for 14 distorted loci,
primarily from 6525/5, while groups Al and H2 exhibited
distinct clusters of distortion at the top of each group, with
distorted markers originating from both parents. The
remainder of the distorted markers were scattered
throughout the genome.

Ninety-six SSRs detected homoeologous loci between
homoeologous linkage groups, ranging from four (F) to 14
(B) loci per pair of linkage groups, thereby facilitating
unambiguous identification of the eight homoeologous
pairs in the allotetraploid white clover genome. Twenty-
seven percent of the EST-SSRs detected homoeologous
loci, whereas only 20% of the genomic SSRs did. Marker
order and inter-locus gap sizes were well conserved
between homoeologues, with only minor discrepancies. A
notable exception is pair G, which showed a substantially
different marker ordering and inter-locus gaps between G1
and G2, suggesting that additional marker loci on
group G2 from both parents are necessary for clarification
of genetic order. Twenty-five (6.8%) SSRs detected
duplicate non-homoeologous loci, both within and be-
tween linkage groups (e.g. prs462 detected two loci on
B2; ats055 detected two loci, one on B2 and one on El).

Loci were not evenly distributed among homologues
and homoeologous pairs, ranging from 18 (F2) to 52 (D1)
per homologue and 40 (F, G) to 99 (D) per homoeologous
pair (Table 3). Variable marker-locus densities also were
evident within homoeologous pairs (e.g. Cl vs. C2)
(Fig. 3). The consensus map has 464 inter-locus intervals
(mean=2.5 cM, median=1.3 c¢cM) with a maximum of
16.4 ¢cM on group C2 (Fig. 4). The maximum gap figure
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«qFig. 2 A genetic linkage map of the white clover genome

(n=2x=16), containing 493 SSR loci. The morphological locus
“R” is mapped to group Bl. The eight homoeologous pairs of
linkage groups are arbitrarily labelled A—H, and homoeologues
within each pair are designated one and two. Genetic length (cM) of
each homologue is indicated in brackets below each group. Loci
prefixes ats and prs denote genomic- and EST-SSRs, respectively.
Loci detected by EST-SSRs with significant BLAST hits in the
MtGl17.0 database are underlined, whereas homoeologous loci are
noted in bold and by connecting lines between the two
homoeologues

excludes data from G2, which did not coalesce to form a
bi-parental consensus and thus cannot be reasonably
compared. SSRs also appeared to cluster within linkage
groups (e.g. top and bottom of pairs B and C, top of
pairs A and H). Genomic SSR markers were detected on
all linkage groups except E2 and G2, with a bias towards
homoeologous pairs B (15% of pair B loci were genomic
SSRs) and F (23%) and away from D (4%). Within groups
containing both SSR types, loci were intermingled (e.g.
B1).

The adaxial red fleck, a cold-induced, leaf-epidermis-
specific anthocyanin accumulation phenotype conditioned
by the dominant R allele at the R locus exhibited a 1:1
segregation ratio among the progeny (x>=1.6, P=0.211)
and was used as a morphological marker locus. Among the
92 F, progeny assayed, we did not observe any recom-
bination between the R’ and prs318c, indicating that the
two loci are tightly linked and that the observed alleles are
in coupling phase on linkage group B1 in parent 6525/5.
During evaluation of an additional 89 progeny we
observed two recombinants between prs3/8c¢ and R/,
providing an estimate of 1.1+£0.006 cM between these two
loci.
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Fig. 3 A plot of the distribution of SSR loci among the 16 linkage
groups of the white clover genome, with subdivision into those loci
informative in genotypes 364/7, 6525/5 or both parental genotypes.
Note that no SSR loci on group G2 are informative in both parents,
which prevents the fusion of group G2 into a bi-parental consensus
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Fig. 4 Frequency distribution of inter-locus gaps (n=464) in a white
clover genetic linkage map developed using SSR markers sourced
from an EST database and enriched genomic libraries.
Mean=2.3 c¢cM per gap, mode=1.3 cM. The maximum gap is
16.4 ¢cM on group C2. The gap between the two segments of G2 was
excluded from analysis

Discussion

We developed microsatellite (SSR) molecular markers
from enriched genomic DNA libraries and a white clover
EST database. A subset of these were utilised to create a
comprehensive map of the allotetraploid white clover
genome by linkage analysis in the double-pseudo testcross
population 364/7x6525/5.

Our EST-SSR initiative resulted in the discovery of one
or more EST-SSRs in 7.0% of the database accessions.
This density compares favourably with EST-SSR dis-
covery programmes in Vitis (2.5%) (Scott et al. 2000) and
a range of cereals (1.5-4.7%) (Kantety et al. 2002) but is
lower than the 10.5% reported in Capsicum (Sanwen et al.
2000) and the approximately 20% reported in maize
(Sharopova et al. 2002). Collectively, these data support
the efficacy of SSR discovery in sequence databases and
concur with the results of other investigations (Morgante
et al. 2002) that SSRs occur at a high frequency in
expressed regions of the plant genome. Among the five
motifs we mined, trinucleotides formed the majority (65%)
of the EST-SSRs identified. This is in close agreement
with other observations in monocot and dicot plant species
(Kantety et al. 2002; Morgante et al. 2002) and reflects the
strong selection pressure against frameshift mutation in
coding regions limiting the formation or mutation of non-
trimer and non-hexamer SSRs (Metzgar et al. 2000). In
contrast, non-coding regions of eukaryotic genomes have
been shown to contain primarily dinucleotide repeats (Li et
al. 2002).

Of the EST-SSRs that we evaluated, 71% produced
PCR products after a single round of evaluation, a rate
almost identical to the proportion obtained in a large-scale
study of rice EST-SSRs (73%) (Temnykh et al. 2001) and
lower than the 82% reported in Lycopersicon (He et al.
2003) and the 86% reported for genomic SSRs developed
from enriched DNA libraries in white clover (Kolliker et
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al. 2001). It does, however, compare very favourably with
the low yield of our genomic SSR development effort
(28%), which may be attributed to a high level of clone
redundancy in the enriched DNA libraries (data not
shown).

The relatively low attrition rate of SSR development in
silico, when considered in conjunction with the ease of
database mining versus library development (Squirrell et
al. 2003), association of EST-SSRs with low-copy number
sequences (Morgante et al. 2002) and high transportability
between taxa (Eujayl et al 2004; Griffiths et al. 2002)
provides further evidence for the benefits of in silico
marker discovery, despite the slightly lower polymorphism
rates. Although our EST-SSR utilisation rate may be
increased by primer redesign, optimisation of the PCR or
the use of a transcriptional representation of the target
genome as a template for the PCR, it is more economic to
continue development of new EST-SSRs from among the
1,294 that remain in silico. Once sequencing of the
Medicago truncatula nuclear genome is complete and
macrosyntenic relations between Trifolium and Medicago
are described, these data may be used as a template for
targeted development of the remaining EST-SSRs by
implementation of a predictive bioinformatic approach
such as compass (Band et al. 2000) to identify ESTs with a
threshold probability of mapping to under-represented or
targeted regions in the white clover genome.

On average, the white clover EST-SSRs detected less
polymorphism (fewer loci per SSR and fewer alleles per
locus) than the white clover genomic SSRs. No other
comparisons of EST-SSRs with genomic SSRs have been
reported in a double-pseudo testcross architecture; how-
ever, diversity analyses have demonstrated that EST-SSRs
were substantially less polymorphic than genomic SSRs
among diverse germplasm, with the former in comparison
with the latter showing a reduction of 50% in allotetra-
ploid wheat (Eujayl et al. 2002) and 18% in tomato
(Areshchenkova and Ganal 2002). Mutation rate and
polymorphism levels are often correlated with SSR length
(Sharopova et al. 2002; Temnykh et al. 2001; Vigouroux et
al. 2002); however, the polymorphism potential of the 566
white clover EST-SSRs we assayed was not correlated
with SSR length or repeat number (p=0.448). These data
concur with observations suggesting that a threshold
below the commonly used 20 nucleotide minimum may be
appropriate for SSR discovery (Sanwen et al. 2000).

The polymorphism rate of 67% for white clover EST-
SSRs in the 364/7%6525/5 mapping population is higher
than that obtained in other EST-SSR studies (Holton et al.
2002) and higher than the 48% of genomic SSRs
previously described in a F, white clover mapping
population (Jones et al. 2003). The increase relative to
cereal EST-SSRs may be attributed to white clover’s
promiscuous mating system, which is expected to drive
polymorphism higher than a comparable inbred system
(Awadalla and Ritland 1997; Dvorak et al. 1997). The
increase relative to the genomic SSRs in the F, white
clover mapping population may be attributed to the
double-pseudo testcross population architecture, which

samples up to four alleles per locus, and selection of
genetically and phenotypically diverse parent genotypes.
When considered together with other benefits (see below),
the use of double-pseudo testcross structures in species
with open-pollinated reproduction is an attractive strategy
for whole-genome mapping.

Of the mapped white clover SSRs, 19% identified
homoeologous loci, with a range of 5 to 16 per
homoeologous pair. Applying the formula (1/g)""
where g=numbers of linkage groups and n=numbers of
syntenic loci (Reinisch et al. 1994), the probability of
incorrect pair assignment ranges from 1.5E-5 to 8.7E-19
(pairs F1/F2 and DI1/D2, respectively). The rate of
homoeologous loci detection in white clover is similar to
the rate of homoeologous loci detected in allohexaploid
wheat using genomic SSRs (Roder et al. 1998) and
indicates the particular value of SSRs for comparative
mapping and the identification of homoeologues in
allopolyploid species. In addition to the homoeologous
loci detected, a number of white clover SSRs which
mapped to only one homoeologue produced other
amplicons in the same parent that did not segregate and
which may be monomorphic homoeoloci. This agrees with
observations using RFLP probes in allotetraploid cotton
mapping populations, where numerous dominant/recessive
marker phenotypes corresponding with an intense signal at
monomorphic loci suggests the presence of monomorphic
homoeoloci in the other subgenome (Reinisch et al. 1994).

Using 365 SSRs, we were able to develop a medium-
density genetic map (mean 2.3 cM per locus) of the
allotetraploid white clover genome. Exclusive reliance on
SSR data, and primarily EST-SSRs, is perceived to cause
genome coverage to be biased relative to anonymous
marker technologies such as genomic RFLP or random
amplified polymorphic DNA (RAPD) (Li et al. 2002;
Morgante et al. 2002). Our dataset exhibited variable
distribution of SSR loci within the eight homoeologous
pairs, between the homoeologues themselves and within
each homologue. Despite a marker bias toward homo-
eologous pairs A, B, and D, we were able to identify
markers on all 16 linkage groups. The density ranged from
1.6 cM per locus on groups Bl and D1 to 4.2 ¢cM per locus
on group F2. This inter-group bias is similar but less
extreme than the bias observed in the low-density map of
the white clover genome developed using AFLP and SSR
marker systems, where 45% of the loci detected were on
just four of the 18 linkage groups (Jones et al. 2003). We
did not observe biased genetic distribution of genomic
SSRs relative to EST-SSRs, which concurs with the
evidence for interspersion of marker loci developed from
these two sources in a previously reported comprehensive
SSR map of the maize genome (Sharopova et al. 2002).

Homoeologues within pairs exhibited similar marker
densities, with pair C providing a notable exception.
Although the progenitor species and subgenome identities
have not been conclusively resolved for white clover, a
maximum subgenome locus difference may be estimated
by assuming that the group within each homoeologous
pair with the least loci belongs to the same subgenome.



This calculation indicates that for this dataset the maxi-
mum difference between the two subgenomes in number
of loci detected is 20% (273 vs. 224). This narrow
maximum difference suggests that there has been no
general relaxation of selection pressure in one subgenome
due to wholesale buffering by the other subgenome.
However, based on this limited dataset, and without an
understanding of ancestry and the evolutionary history of
white clover, we can only speculate and cannot draw any
conclusion regarding the selection pressures or the fate of
particular homologues, chromosome regions or specific
loci within genomes. Recent work in allotetraploid cotton
and the two diploid progenitor genomes has documented
the continued functionality and independent evolution of
both subgenomes at the tetraploid level, with organ-
specific specialisation of expression for some loci (Adams
et al. 2003; Cronn et al. 1999). Furthermore, these authors
determined that for the genes sampled, pseudogenisation
was the exception rather than the rule. Assuming that
pseudogenes would mutate at a faster rate than active open
reading frames, our data demonstrate a general homoge-
neity of EST-SSR polymorphism levels within homo-
eologue pairs and suggests that both subgenomes of white
clover are still functional and have evolved at relatively
similar rates.

In accordance with the observations made regarding loci
density, we did not observe substantial differences in map
length within or between homoeologous pairs, with most
of the differences in length being either marginal or easily
attributed to variable marker density. This is in broad
agreement with the homogeneous karyotype of white
clover. Within homoeologous pairs, if we assume that each
longer linkage group of the pair belongs to the same
subgenome and that G2 is average, we can estimate a
maximum genetic length difference of 10% (624 cM vs.
563 cM) between the two subgenomes of allotetraploid
white clover. When considered in tandem with the same
density distribution, we again see evidence for two
relatively similar subgenomes in the white clover nucleus.

Marker density within a linkage group was often biased
toward the distal ends of linkage groups (most evident in
B2). This bias has been observed in other eukaryotes; for
example, rice EST density has been shown to vary across
genetic and physical distance, with distal maxima on
chromosomes (Wu et al. 2002). Despite the density trends
often observed within and among linkage groups, EST
maps have been developed which give a high-density
comprehensive coverage of well-characterised genomes
including Arabidopsis (Lan et al. 2000), rice (Wu et al.
2002) and maize (Davis et al. 1999). Taking these reports
into account, and given the genetic distribution of white
clover EST-SSRs observed in the present work, we
suggest that EST-SSRs will provide comprehensive
coverage throughout both subgenomes of white clover
and that with the implementation of predictive bioinfor-
matic tools we can rapidly fill gaps and increase marker
density in targeted regions of the white clover genome. We
cannot, however, assume that all physical regions of the
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white clover genome will be tractable for EST-based
marker systems.

With the exception of pair G, comparisons of locus
order within homoeologous pairs suggest general colin-
earity of the two subgenomes of white clover, which may
indicate a high level of propinquity between the progenitor
genomes and either a relatively recent polyploidisation
event or systematic preservation of colinearity, as we did
not detect the chromosomal aberrations often detected in
other allopolyploid species (Reinisch et al. 1994).
Although deviations from homosequential ordering were
observed in many instances, these often occurred in
regions of high marker density bordering on regions of
low marker density in one or both homoeologues (e.g.
prs431x on Bl and prs431a on B2), suggesting that filling
the remaining genetic space and/or observing additional
meioses may resolve many of these minor discrepancies.
The proportion (7%) of SSRs which detected duplicate
loci either within homologues or among homoeologous
pairs is higher than that observed in other white clover
mapping studies (Jones et al. 2003). These non-syntenic
loci may be attributed to either non-specific priming,
paleohomoeology within or between subgenomes or the
association of SSRs with mobile elements such as has
been observed in the barley genome (Ramsey et al. 1999).

This map of the white clover genome used a double-
pseudo testcross structure, a design that has been reported
to minimise the impact of genetic load and self-infertility
on segregation distortion and make the best use of highly
heterozygous genotypes (Grattapaglia and Sederoff 1994).
Of the loci observed in the 364/7x6525/5 population, 6%
exhibited segregation distortion in the progeny sample,
which compares favourably to the 11% detected in a white
clover F, population based on a pair-cross between two
partial inbreds carrying the S (self-fertile) allele (Jones et
al. 2003) and the 37% detected in a 7. pratense backcross
population (Isobe et al. 2003), and is similar to that
reported in backcross populations of the autotetraploid M.
sativa (Brouwer and Osborn 1999). Substantial segrega-
tion distortion has also been detected in the self-fertile
species M. truncatula, with areas on groups 1, 2, and 3
exhibiting high levels of distortion (Thoquet et al. 2002).
A clear positional trend for segregation distortion was also
observed in this white clover dataset, with three homo-
eologous groups (A, D, H) exhibiting clusters of distorted
markers. As observed in M. truncatula, both white clover
genotypes produced similar numbers of distorted loci,
although the significant area of distortion on D2, which
prevented the ordering of 12 loci on that group, originated
only from parent 6525/5. These patterns of segregation
distortion observed in M. truncatula and white clover
contrast with the random distribution and parental bias of
marker distortion observed in the red clover genetic map
(Isobe et al. 2003). Collectively, these data suggest that
there is a substantial genetic load in some species of
Trifolieae and that this may lead to segregation distortion,
which may in turn be removed by the selection of
appropriate parental material and population architecture.
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The total map length of 1,144 cM is a preliminary
estimate due to G2 not coalescing in the bi-parental
consensus analysis; however, it still allows for comparison
with other Trifolieae maps. A white clover map calculated
in MAPMAKER 3.0 from an F, dataset was 825 cM (Jones et
al. 2003), just over the theoretical minimum of one
chiasma per bivalent. However, that report was almost
certainly a substantial underestimate of the genetic size of
the white clover genome, given that the map did not
coalesce to 16 groups, only four of the 18 observed
linkage groups had greater than ten loci and no
homoeologous pairs were identified. In contrast, the map
we report is of a higher density (2.3 ¢cM per locus) and,
with the exception of G2, is likely to be representative of
the white clover genome (Fig. 4). With an estimated length
of 1,144 cM and assuming that G2 is genetically average
(given the 16 homologues are morphologically similar), a
total length of approximately 1,200 cM is probable using
JOINMAP in an F population. joinmap has been documented
to produce shorter maps than MmaPMAKER when interference
is present (Qi et al. 1996), and re-analysis of single-parent
linkage groups in our dataset using MAPMAKER 3.0 has
resulted in approximately a 30% increase in map length
(data not shown). Notably, the estimate of 1,200-cM total
map length in tetraploid clover is, on a per ploidy basis, in
close agreement with the estimate of the genetic length of
the sequence-based map of the diploid M. truncatula
genome at approximately 600 cM (Choi et al. 2004).

Division of the estimated physical size of the white
clover genome (956 Mbp) by the estimated map length of
1,144 cM results in a ratio of 0.84 Mbp/cM, a figure that
closely approximates the ratio reported in M. truncatula at
the sunn locus (Schnabel et al. 2003) but is higher than
that around the DMI loci (Ané et al. 2002). This
demonstrates that white clover has a very compact
allopolyploid genome that is well suited for genetic
analysis. Localisation of the R locus, which confers a
spectrum of anthocyanin accumulator phenotypes in white
clover leaves, onto group Bl in close genetic proximity
(1.1 cM) to locus prs318 is an illustration of the usefulness
of this population for the genetic mapping of key traits in
white clover. The ratio of 0.84 Mbp/cM suggests the loci
may be separated by less than 1 Mbp, however,
implementation of fine mapping strategies will be
necessary to refine this estimate.

Given the compact allotetraploid genome (twice the size
of M. truncatula), the similarity in genetic and physical
size of the two subgenomes and the capability to develop
synthetic allotetraploids (W. Williams, personal commu-
nication), white clover is well suited for the investigation
of gene evolution and expression in allotetraploids
(Adams et al. 2003; Jiang et al. 1998). However, it will
be necessary to determine the evolutionary origin(s) of
white clover and define an ancestral genome nomenclature
within Trifolium prior to pursuing this in any detail. Given
the genome specificity of many of the marker loci mapped
this study, it may be possible to use genetic markers
alongside DNA sequence-based molecular phylogeny to

establish a robust ancestry of allotetraploid white clover
and to identify its geographic centre(s) of origin.

This paper describes the first large-scale implementation
of EST-SSRs for genetic linkage analysis in an under-
characterised allopolyploid genome. Given the high
frequency of homoeologous loci detection, we can
conclude that SSRs sourced from transcribed regions of
the genome are a particularly useful resource of PCR-
based molecular markers. This medium-density map of the
clover genome will provide a springboard for the dissec-
tion of quantitative traits into Mendelian characters,
marker-assisted breeding, comparative genome analysis,
investigation of white clover genome putative ancestry and
the positional cloning of key white clover genes involved
in sustainable forage production.
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