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Abstract In eastern Australia and California, USA, one
of the major lethal fungal diseases of lucerne (Medicago
sativa) is Stagonospora root and crown rot, caused by
Stagonospora meliloti. Quantitative trait loci (QTL)
involved in resistance and susceptibility to S. meliloti were
identiWed in an autotetraploid lucerne backcross population
of 145 individuals. Using regression analysis and interval
mapping, we detected one region each on linkage groups 2,
6 and 7 that were consistently associated with disease reac-
tion to S. meliloti in two separate experiments. The largest
QTL on linkage group 7, which is associated with resis-
tance to S. meliloti, contributed up to 17% of the pheno-
typic variation. The QTL located on linkage group 2, which
is potentially a resistance allele in repulsion to the markers
for susceptibility to S. meliloti, contributed up to 8% of the
phenotypic variation. The QTL located on linkage group 6,
which is associated with susceptibility to S. meliloti, con-

tributed up to 16% of the phenotypic variation. A further
two unlinked markers contributed 5 and 8% of the pheno-
typic variation, and were detected in only one experiment.
A total of 517 simple sequence repeat (SSR) markers from
Medicago truncatula were screened on the parents of the
mapping population. Only 27 (6%) SSR markers were
polymorphic and could be incorporated into the autotetra-
ploid map of M. sativa. This allowed alignment of our
M. sativa linkage map with published M. truncatula maps.
The markers linked to the QTL we have reported will be
useful for marker assisted selection for partial resistance to
S. meliloti in lucerne.
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Introduction

Lucerne is an important forage legume both in Australia,
where up to 3.5 Mha are grown (Pearson et al. 1997), and
worldwide where areas were estimated at 32 Mha (Michaud
et al. 1988). Fungal root and crown rots are major biotic
constraints on lucerne productivity and persistence (Leath
1989; Irwin 1989). In eastern Australia and California,
USA, one of the major fungal diseases of lucerne is Stago-
nospora root and crown rot, caused by S. meliloti. Erwin
et al. (1987) reported root and crown rot caused by S. melil-
oti as one of the most important components contributing to
stand decline in California. In Australia, Irwin et al. (2004)
showed S. meliloti to be widespread in southern New South
Wales, where the largest lucerne areas in Australia prevail.
In addition to a root and crown rot, characterised by red
blotching of the woody tissue, S. meliloti also causes char-
acteristic buV coloured leaf spots and stem lesions (Jones
and Weimer 1938).
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Working at the cultivar level (Erwin et al. 1987), and at
the level of the individual plant (Irwin et al. 2004), a direct
correlation has been established between root and foliar
reaction to S. meliloti. It is advantageous to assess disease
reaction to S. meliloti using foliar response as results can be
obtained within 10–14 days versus 2–3 months for root
reactions (Irwin et al. 2004). Inheritance of foliar resistance
to S. meliloti was studied in an S1, F1 and a backcross popu-
lation ((D £ W116) £ D), where the susceptible parent
(D) was used as the recurrent parent (Irwin et al. 2004). The
inheritance of resistance to S. meliloti appeared to be condi-
tioned by a single dominant gene, based on segregations
observed in S1 and F1 populations, but not in the backcross
population where an excess of susceptible individuals was
obtained.

The more complex nature of polyploid inheritance pat-
terns had meant that mapping studies are less advanced
(Mather 1936; Fisher 1947) in comparison to diploid stud-
ies. Despite having 45 documented diseases (Stuteville and
Erwin 1990) and over 100 insect pests (Manglitz and Ratc-
liVe 1988), apart from resistance to downy mildew (Obert
et al. 2000), Phytophthora medicaginis (Musial et al. 2005)
and Colletotrichum trifolii (Irwin et al. 2006), there are no
reports of molecular markers linked to disease and pest
resistance in either diploid or autotetraploid lucerne.

Molecular markers provide a powerful means of deter-
mining chromosomal locations of genes that control both
simply inherited and complex traits, and in marker
assisted selection for disease resistance in breeding pro-
grams (Tanksley et al. 1989). The use of molecular mark-
ers in autotetraploid lucerne (2n = 4x = 32), of importance
to Australian agriculture, has considerable potential for
lucerne (Irwin et al. 2001), in particular for the identiWca-
tion of clones with multiple resistances to pests and dis-
eases. The development of single- (Wu et al. 1992) and
double-dose (Hackett et al. 1998) molecular markers has
led to the development of genetic maps in many polyploid
species, including lucerne. Eight genetic maps have been
constructed for either diploid M. sativa (Brummer et al.
1993; Kiss et al. 1993; Echt et al. 1994; Tavoletti et al.
1996; Kalo et al. 2000) or autotetraploid M. sativa (Brou-
wer and Osborn 1999; Julier et al. 2003; Musial et al.
2005).

Thoquet et al. (2002) and Choi et al. (2004a) have gener-
ated genetic maps for Medicago truncatula. M. truncatula
is useful as a model legume as it is diploid, outbreeding,
and has a rapid reproductive cycle and small genome. Choi
et al. (2004a) produced a comparative map between M.
truncatula and diploid M. sativa. Evidence suggests there is
a high degree of nucleotide sequence conservation and
order between these two species, which leads to the poten-
tial for inference of genome information between these and
other related legume species.

This paper reports research to identify and map QTL
conditioning resistance and susceptibility to S. meliloti in
an autotetraploid lucerne clone (W126) in which resistance
to C. trifolii races 1, 2 and 4 has also been mapped (Mackie
et al. 2007). Using SSR markers previously mapped in M.
truncatula (Mun et al. 2006, Gutierrez et al. 2005 and http://
www.medicago.org), we have aligned the QTL with their
syntenic loci in M. truncatula.

Materials and methods

Plant materials

The same backcross (BC) population (but diVerent clonal
propagules) used to identify QTL for response to C. trifolii
races 1, 2 and 4 (Mackie et al. 2007) was also used to iden-
tify QTL for response to S. meliloti. The lucerne clones
used as parents, and their reactions to S. meliloti, are shown
in Table 1. A single F1 plant (WA647) from the cross W126
(resistant) £ D (susceptible) was identiWed as resistant to
all races of C. trifolii, and to foliar inoculation with S.
meliloti. This plant was backcrossed to the susceptible
recurrent parent (D) and a BC population of 145 individuals
was generated. The F1 individual (WA647) used to gener-
ate the BC population, and each BC individual, was con-
Wrmed as resulting from a cross by studying the parents and
their DNA banding patterns using randomly ampliWed
polymorphic DNA (RAPDs). The parents, WA647 and
each BC individual were clonally propagated, as necessary,
from stem cuttings.

Phenotypic characterisation of the BC population 
for foliar reaction to S. meliloti

Inoculum was prepared by growing cultures (S. meliloti
isolate BRIP 28281) on V8 agar. The inoculation proce-
dures employed were as described in Irwin et al. (2004).
The 14-day-old regrowth on each of the BC individuals,

Table 1 Phenotypic characterisation of parental clones W126 and D,
and an F1 plant (WA647) from the cross W126 £ D following foliar
inoculation with Stagonospora meliloti

a Rating system of Irwin et al. (2004), where 1 = resistant, 5 = highly
susceptible

Clone Disease reaction Disease 
ratinga

W126 Watersoaked spots on stems, 
no macroscopic leaf reaction

1

D Death of tillers due to extensive 
coalescing stem and leaf lesions

5

WA647 Narrow necrotic Xecks on leaves, 
petioles and stems with no fruiting bodies

2
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WA647, W126 and D were atomised to run-oV with
2 £ 106 spores ml¡1. Plants were incubated under natural
light in a moist chamber at 22–26°C for 72 h, and grown for
a further 16 days on a glasshouse bench at the same temper-
ature range, then assessed for disease reaction following the
disease rating described in Irwin et al. (2004) (Test Sm1).
All plants from the above test were cut back, then 14-day-
old regrowth was again inoculated; plants were treated as
described above. Plants were assessed 19 days after inocu-
lation, as previously described (Test Sm2). The Wnal pooled
disease rating (Test Smp) assigned to each individual was
the highest rating recorded in the two tests.

DNA extraction

Leaf material (regrowth less than 4 weeks old) for DNA
isolation and subsequent marker analysis was harvested
from W126, D, WA647, and 145 BC individuals grown in a
glasshouse. The methods as described in Musial et al.
(2005) were applied.

AFLP analysis

AmpliWed Fragment Length Polymorphism (AFLP) analy-
sis was performed according to Vos et al. (1995) and
Musial et al. (2005). In total 28 primer combinations were
used to genotype the mapping population, chosen from a
pre-screening of 189 primer combinations on W126, D and
WA647. The AFLP marker name refers to the primers
used: the Wrst two letters refer to the selective nucleotides
of the EcoRI primer, the remaining letters refer to the selec-
tive nucleotides of the MseI primer and the number refers to
the band scored. AFLP marker names preceded with a ‘2’
denote duplex markers (segregating 5:1).

SSR analysis

Each of 517 M. truncatula SSR primer pairs (Table 2) was
screened for ability to amplify clear and polymorphic

amplicon(s) in parental and F1 DNAs. These primers were
designed from all eight M. truncatula linkage groups using
sequences from Mun et al. (2006), Gutierrez et al. (2005)
and http://www.medicago.org. PCRs were carried out as
described in Nelson et al. (2006). Two diVerent methods
were used to genotype the BC population depending on
types of polymorphism identiWed. SSR primers that gener-
ated amplicons with distinct length (>10 bp) polymor-
phisms were separated directly on 3.5% agarose gels and
visualised under UV-light after staining with ethidium bro-
mide. Small diVerences in amplicon size (<10 bp) were
resolved on an ABI3730 capillary sequencer using Xuores-
cently labelled primers and the GeneScan™ -500 LIZ®
size standard (Applied Biosystems USA). Genotyping was
performed using the AB GeneMapper program (Applied
Biosystems USA).

DNA marker analysis

DNA markers, which were present as a single band in
W126 and WA647, but absent from D, were identiWed and
genotyped in our BC population of 145 individuals. Mark-
ers were tested to determine their segregation ratios and
those that segregated either 1:1 (simplex markers) or 5:1
(duplex markers) were selected to generate the linkage
map. This procedure allowed the development of a cou-
pling and repulsion phase linkage map of markers located
on the 16 chromosomes of the F1, which derived from
W126, as per Brouwer and Osborn (1999).

Segregation analysis, map construction and QTL analysis

For each segregating marker, a chi-square (X2) analysis
(P < 0.05) was performed to test for deviation from the
expected segregation ratio (1:1 for simplex markers or 5:1
for duplex markers). Markers segregating at a presence to
absence ratio of less than 2.24:1 were considered to be
SDRFs (Brouwer and Osborn 1999). This ratio gives equal
chi-square values for both 1:1 and 5:1 hypotheses (Mather

Table 2 Simple sequence repeat (SSR) marker identiWcation for comparative mapping in an autotetraploid lucerne backcross (BC) population
((W126 £ D) = WA647) £ D, where WA647 is a single resistant F1 plant from the cross W126 £ D

a SSR markers were designated polymorphic if they produced amplicon(s) of diVerent lengths between parental DNA (W126 and D) and WA647
b Informative markers (absent from D, present in W126 and WA647 and segregating in the BC population) were used to genotype the BC
population; simplex and duplex markers were used to generate the genetic linkage map

Source Screened AmpliWed Polymorphica Mappedb

M. truncatula SSR (Mun et al. 2006) 98 44 24 7

http://www.medicago.org 200 152 94 17

M. truncatula SSR (Guiterrez et al. 2005) 138 68 36 3

Lupin EST-SSR (Nelson et al. 2006) 81 18 2 0

Total 517 282 156 27
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1951). Selection of only these markers potentially excludes
any null alleles from analysis. Linkage analysis on the
AFLP and SSR markers (simplex and duplex) was per-
formed using the computer package TetraploidMap (Hack-
ett et al. 2006). TetraploidMap arranges the markers into
the expected number of linkage groups by calculating the
X2 value of independence between markers. The expected
number of linkage groups was set to eight. The program
outputs data detailing the linkage phase, recombination rate
and LOD score between markers within each homology
group. Individual linkage groups within each homology
group can then be identiWed using the Simplex Coupling
(SC) group and linkage phase data. QTL were identiWed
with the program MapManager QTXb20 (Manly et al.
2001) with � = 0.05 (probability type I error). The regres-
sion analysis and interval mapping functions were applied.
Markers with P < 0.01 were used to indicate QTL that had
a signiWcant eVect on the phenotype. Permutation testing
generated LOD threshold levels and any marker associated
with a QTL above the 95% conWdence interval was consid-
ered signiWcant. To determine if epistasis was a signiWcant
factor in the disease reaction all simplex markers were
tested for digenic linear £ linear interactions. A threshold
of P · 10¡5 was used to avoid detection of spurious inter-
actions. To determine the contribution of all the QTL
detected multiple regression was used. Markers associated
with positive additive eVects were further analysed for
marker and QTL phase. For each marker, a set of possible
genotypes at the QTL were identiWed and probabilities
were calculated. These genotypes are based on the BC used
to construct the mapping population, such that any marker
or allele for S. meliloti reaction inherited from W126 can be
only simplex or duplex in the F1 (WA647).

Results

Phenotypic characterisation for reaction to S. meliloti

Using a paired t-test no signiWcant diVerence was detected
between the two inoculation tests, Sm1 and Sm2 (t = 1.39,
P = 0.168). The pooled phenotypic characterisation data
(Smp) for reaction of the BC population ((W126 £ D)
£ D) to S. meliloti are shown in Fig. 1. Plants with a rating

of 3 could be considered as either moderately susceptible or
moderately resistant, and it is possible they may comprise a
heterogeneous mixture of these categories, giving a contin-
uous distribution in the BC population for disease reaction.
However, selWng of plants with a disease rating of 3 has
been shown to lead to S1 populations which are predomi-
nantly susceptible (J.A.G. Irwin, unpublished data) indicat-
ing that these plants are more likely to tend towards
susceptibility, than towards resistance. On that basis, the

BC population contained 47.5% resistant individuals, scor-
ing plants with ratings of 1 and 2 as resistant, and 3, 4, and
5 as moderately to highly susceptible (Irwin et al. 2004). If
W126 was simplex for a single tetrasomic gene condition-
ing resistance, 50% of the BC population would be
expected to be resistant. A computed X2 = 0.35 with
P = 0.50–0.75 was obtained for this Wt, indicating that on
the basis of the observed segregations in the BC population
we cannot reject the hypothesis that resistance in W126 is
conditioned by a single completely dominant tetrasomic
gene. However, we also cannot reject the hypothesis that
disease reaction is quantitatively inherited, given the possi-
ble ambiguity surrounding the true disease rating of BC
plants with a 3 score. In both inoculation tests, clone D
received a rating of 5, W126 a rating of 1, and WA647 a
rating of 2, as expected (Table 1).

Linkage analysis

In total, 195 simplex (168 AFLP and 27 SSR), 35 duplex
AFLP and two phenotypic markers (Mackie et al. 2007)
were identiWed from parent W126. All of the 28 AFLP
primer combinations utilised were polymorphic and gener-
ated an average of 7.25 markers/primer combination. Data
for these dominant segregating loci were used to construct a
genetic linkage map in coupling and repulsion for the auto-
tetraploid BC population. Only one co-dominant SSR
marker was identiWed. Using TetraploidMap, 203 of these
markers formed eight composite linkage groups, with an
average of 25.4 markers/linkage group and an average dis-
tance between two markers of 3.9 cM. The total map length
was 794.1 cM with 12.5% of markers unlinked (7 SSR, 10
simplex AFLP and 12 duplex AFLP).

In our autotetraploid population 14.3% of the AFLP and
SSR markers did not show a typical Mendelian segregation
ratio, 10.8% of the distortion was towards presence of the
marker and 3.5% towards absence of the marker. The
majority of the distorted markers were located on linkage
groups 4, 5 and 6, and these were positioned throughout the

Fig. 1 Distribution of reaction to Stagonospora meliloti (Smp) in the
backcross (BC) population (W126 £ D) £ D
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linkage group. Linkage groups 2, 3 and 7 contained either
one or two distorted markers only. No distorted markers
were located on linkage groups 1 and 8 (Fig. 2). Only seven
(out of 29) of the distorted loci were skewed in the direction
of the susceptible parent (D) and these were localised to
linkage groups 2, 4 and 5. The majority of the distorted
markers, which were skewed towards the resistant parent
(W126), were located on linkage groups 2, 3, 4, 5, 6 and 7.
Distortion was also observed for 44.8% of unlinked
markers.

Mapping of 27 M. truncatula SSR (Mun et al. 2006;
Gutierrez et al. 2005; http://www.medicago.org) allowed
the identiWcation of homeologous linkage groups between
the two species. M. sativa linkage groups were named fol-
lowing the M. truncatula nomenclature. The relative orien-
tation of linkage groups 2, 4, 5, 6, 7 and 8 between M.
sativa and M. truncatula could be determined by incorpo-
rating at least two common SSR markers into each linkage
group. The identiWcation of linkage groups 1 and 3 was
deduced from the addition of only one common marker.
The regions to which these 27 SSR markers mapped on M.
sativa linkage groups corresponded to their location on the
respective homeologous M. truncatula linkage group.

However, discrepancies were observed in linkage groups 2,
5 and 6 where Wve SSRs which had previously mapped in
M. truncatula mapped to non-homeologous linkage groups
in M. sativa. Markers 29 h4a, 2G11 and MtB130, which
mapped to linkage group 4 in M. truncatula, mapped to
linkage groups 5 and 6, respectively, in M. sativa. Markers
145p10a and MtB78 which mapped to linkage group 8 in
M. truncatula mapped to linkage groups 2 and 6, respec-
tively, in M. sativa. Furthermore these Wve SSR markers
mapped to regions within the M. sativa linkage groups that
do not correspond directly to their location within M. trun-
catula.

QTL analysis

Markers signiWcantly associated with either increased resis-
tance or susceptibility to S. meliloti at P < 0.01 are listed in
Table 3. Disease reaction data from the two inoculations
showed a normal distribution and QTL analyses were con-
ducted for Sm1, Sm2 and pooled data Smp. The Ryan-
Joiner Normality Test (Minitab Release 13) conWrmed the
data (Sm1, Sm2 and Smp) followed a normal distribution
(R = 0.9983, P > 0.1; R = 0.9984, P > 0.1; R = 0.9980,

Fig. 2 An autotetraploid lucerne (Medicago sativa) linkage map gen-
erated from the backcross (BC) population (W126 £ D) £ D using
ampliWed fragment length polymorphism (AFLP), simple sequence
repeat (SSR) and phenotypic markers. Vertical bars represent the
composite linkage groups and are labelled with their corresponding
Medicago truncatula number. Horizontal lines show marker positions.
Genetic distances (cM) are located to the left of each linkage group and

locus names are listed to the right of each linkage group. Markers with
a ‘2’ preceding the loci name are duplex markers (5:1). Marker names
shown in bold are SSR markers. Markers at P < 0.01 and associated
with resistance are marked by a hatched box and those associated with
susceptibility are marked by a black box. Markers showing distorted
segregation are indicated by a ^
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P > 0.1, respectively), where the P-value must be >0.05 to
be considered normally distributed.

For QTL detected with interval mapping the LOD
threshold was determined by a permutation test (100 per-
mutations) and any marker over the 95% conWdence inter-
val was considered signiWcant (Nettleton 2000). The LOD
thresholds for the three diVerent tests ranged from 2.48 to
2.92. Regression analysis revealed ten markers that were
signiWcantly associated with reaction to S. meliloti
(Table 3). These grouped into three regions located on link-
age groups 2, 6 and 7 (Fig. 2), and two unlinked markers.
Interval mapping using the three sets of disease data identi-
Wed the same Wve QTL, three that increased resistance, one
that increased susceptibility and one potentially associated

with a resistance allele in repulsion to the markers for sus-
ceptibility to S. meliloti. These explained individually from
5 to 17% of the phenotypic variation depending on the
experiment. These most likely represent one QTL on each
of linkage groups 2, 6 and 7, and two putative QTL associ-
ated with unlinked markers (CCCAA14 and 2AGCG10).
SSR marker MtB213 on linkage group 7 explained the larg-
est amount of variation with all three datasets, varying from
12 to 17%. The region between markers MtB213 and
CCCG12 on linkage group 7 is signiWcant at P < 0.05 but
only markers with P < 0.01 are shown in Table 3. The trace
graph of linkage group 7 (Fig. 2) is suggestive of two
eVects, although after permutation testing the second peak
is not above the 95% LOD threshold. All other QTL
explained between 5 and 16% of the phenotypic variation.
Both positive and negative additive eVects were identiWed
as inherited from the resistant parent W126. The markers
associated with positive additive eVects were further analy-
sed to determine the most likely genotype at the QTL. A
simplex marker could be linked tight in coupling to an
allele for susceptibility, or the marker could be linked in
repulsion with an allele for resistance. In the BC popula-
tion, a simplex marker in coupling with a susceptibility
allele would give two genotypes and two phenotypes in a
1:1 ratio; marker present and all individuals susceptible or
marker absent and all individuals resistant. A simplex
marker in repulsion with an allele for resistance would give
four genotypes and two phenotypes. The presence of the
marker would produce two genotypes in a ratio of 1:2 ::
resistant:susceptible phenotypes. The absence of the marker
would produce two genotypes in a ratio of 2:1 :: resis-
tant:susceptible phenotypes. A duplex marker linked to a
simplex susceptibility allele would give four genotypes and
two phenotypes. The presence of the marker would give
three genotypes in a ratio of 2:3 :: resistant:susceptible phe-
notypes. The absence of the marker would give only a
resistant phenotype. A duplex marker linked to a duplex
susceptibility allele would give only two genotypes and two
phenotypes. The presence of the marker would only give a
susceptible phenotype, and the absence of the marker a
resistant phenotype in a ratio of 5:1 with marker present
and absent, respectively.

The two simplex markers with positive additive eVects
(145p10a and CTCG1, Table 3) each Wtted the model for a
simplex marker in repulsion with an allele for S. meliloti
resistance, when the marker was present (X2 = 0.040–0.045,
P = 0.75–0.90). When the marker was absent, a signiWcant
Wt to the model was only observed for 145p10a (X2 = 1.8,
P = 0.2253). These markers are located within the same
region on linkage group 2 and furthermore, on the same
homolog (data not shown). Each of the two alleles of the
co-dominant SSR marker MTIC354 was analysed as a sim-
plex marker. The second allele, when present, Wtted the

Table 3 Markers for resistance and susceptibility to Stagonospora
meliloti identiWed in the backcross population (W126 £ D) £ D at
P < 0.01. Sm1 and Sm2 represent results from two separate inocula-
tions conducted on all individuals. Smp is the highest rating recorded
for individuals in the two tests (Sm1 and Sm2)

a Markers associated with a positive additive eVect were further anal-
ysed to determine their phase to the disease reaction QTL
b These data apply to the second allele of co-dominant marker
MTIC354

Test Linkage 
group

Marker % Total 
variance

P Estimated 
additive eVecta

Sm1 Unlinked CCCAA14 8 0.00128 ¡0.45

2 MTIC354b 7 0.00458 0.48

2 CTCG1 7 0.00257 0.47

6 2CCCCA13 16 0.00001 0.67

7 MtB213 17 0.00000 ¡0.75

7 CATG21 8 0.00113 ¡0.52

7 CCCG12 13 0.00002 ¡0.67

7 CCCC16 9 0.00054 ¡0.55

Sm2 Unlinked 2AGCG10 5 0.00484 ¡0.41

2 MTIC354b 8 0.00153 0.52

2 145p10a 5 0.00813 0.43

2 CTCG1 8 0.00077 0.52

6 2CCCCA13 15 0.00001 0.67

7 MtB213 13 0.00002 ¡0.66

7 CATG21 10 0.00017 ¡0.58

7 CCCG12 9 0.00018 ¡0.58

7 CCCC16 5 0.00526 ¡0.43

Smp Unlinked 2AGCG10 5 0.00571 ¡0.40

2 MTIC354b 7 0.00224 0.50

2 CTCG1 7 0.00111 0.50

6 2CCCCA13 16 0.00000 0.68

7 MtB213 12 0.00003 ¡0.65

7 CATG21 9 0.00024 ¡0.57

7 CCCG12 9 0.00026 ¡0.57

7 CCCC16 5 0.00685 ¡0.42
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model for a simplex marker linked in repulsion with a resis-
tance allele (X2 = 1.54, P = 0.2733). This allele is located in
the same homolog of linkage group 2 as markers 145p10a
and CTCG1 (data not shown). The Wrst allele of co-domi-
nant marker MTIC354 does not Wt the expected ratio for a
marker linked to a resistance allele. The duplex marker
2CCCCA13, located on linkage group 6, was also linked to
a QTL for susceptibility. Inspection of observed genotype/
phenotype ratios suggest that the marker is most likely to be
linked to a simplex susceptibility allele.

The two unlinked markers, representing two putative
QTL, 2AGCG10 and CCCAA14 contributed 5 and 8% of
the phenotypic variation, respectively. Three out of the Wve
QTL were consistently detected in both experiments. When
the four QTL identiWed for each experiment were included
in the multiple regression model they explained from 23 to
25% of the variation. Two signiWcant interactions were
detected: one between the QTL on linkage group 2 (marker
MTIC354) and 7 (marker MtB213) and another between
the same QTL on linkage group 7 (marker MtB213) and a
marker on linkage group 4 (marker CGTCC8) (not previ-
ously identiWed as a QTL). When these were included in
the model from 29 to 31% of the phenotypic variation was
explained. This provides further evidence of the importance
of complementary gene interactions in autotetraploid luc-
erne, as outlined by Bingham et al. (1994).

Discussion

The work presented here is the Wrst report of QTL confer-
ring reaction to S. meliloti in lucerne. The QTL for reaction
to S. meliloti were located on three linkage groups, and two
unlinked markers. The QTL on linkage groups 2, 6 and 7
were consistently identiWed for the three sets of phenotypic
data (Sm1, Sm2 and Smp), indicating the presence of at
least three genes conditioning reaction to S. meliloti. The
largest QTL, contributing up to 17% of the phenotypic var-
iation, was identiWed on linkage group 7 and was associated
with increased resistance to S. meliloti. The QTL on linkage
group 2 is potentially a resistance allele in repulsion to the
markers for susceptibility and the QTL located on linkage
group 6 was associated with increased susceptibility. These
QTL contributed up to 8 and 16% of the phenotypic varia-
tion, respectively. Two unlinked markers, representing two
putative QTL (2AGCG10 and CCCAA14) contributed 5
and 8% of the phenotypic variation, respectively. It is pos-
sible that additional QTL remain undetected since only a
maximum of 31% of phenotypic variation has been
accounted for. With the incorporation of more markers and
a larger population size additional QTL may have been
identiWed. Vales et al. (2005) conducted a study on the
eVect of population size on the estimation of QTL using

resistance to barley stripe rust as a test and reported that the
number of QTL increased as the population size increased.
They also found that QTL with large eVects can be detected
with small populations, but it is necessary to increase the
population size to be able to detect QTL with small eVects.
Hackett et al. (1998) demonstrated, through a simulation
study into linkage analysis in tetraploids, that a population
size of at least 150 individuals should be used and that
around 250 individuals improved the ability to identify
homologous chromosomes. They also reported that the
accuracy of linkage estimates depended on the type of
markers involved and that simplex–simplex coupling pairs
were the most reliable, of which the majority of our mark-
ers are.

While this is the Wrst report of detection of QTL for reac-
tion to S. meliloti in lucerne, there have been extensive
studies identifying major QTL for reaction to Stagonospora
nodorum in wheat at diVerent stages of plant growth, in
diVerent plant organs and also during varying conditions of
infection (Aguilar et al. 2005; Liu et al. 2004; Schnurbusch
et al. 2003). The application of these markers to selecting
resistant wheat plants for use in breeding programs is also
discussed in these papers. The QTL we have identiWed on
linkage group 7 should also have application for use in
marker assisted breeding for S. meliloti resistance in luc-
erne. This disease is believed to seriously limit the persis-
tence and productivity of lucerne in southern Australia
(Irwin et al. 2004), and the development of resistant culti-
vars should be a high priority in lucerne breeding programs.

Based solely on phenotypic data, Irwin et al. (2004)
reported that resistance to S. meliloti in clone W116
selected from cv. Sequel was not simply inherited. Resis-
tance was inherited as an incompletely dominant trait, with
57% of plants from an R £ S cross resistant, although the
backcross population had an excess of susceptible individu-
als. In this autotetraploid BC population derived from clone
W126 from cv. Trifecta, a 1:1 segregation of R:S was
obtained, Wtting a model of W126 being simplex for a sin-
gle dominant gene conditioning resistance. Our analysis
detected one major QTL for resistance to S. meliloti on
linkage group 7 and one QTL on linkage group 2 which is
potentially a resistance allele in repulsion to the markers for
susceptibility to S. meliloti. The trace graph of linkage
group 7 (Fig. 2) is suggestive of two eVects although after
permutation testing the second peak is not above the 95%
LOD threshold. With the addition of extra markers to the
map, more markers linked to QTL for reaction to S. meliloti
may have been identiWed. Further testing for validation of
our markers in a larger BC population than the one we used
here may assist in resolving the relative importance of these
QTL to determining phenotypic response to S. meliloti. A
further two unlinked markers (CCCAA14 and 2AGCG10)
were also associated with resistance, and explained up to
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8% of the phenotypic variation. Possibly with a larger pop-
ulation size these QTL and other QTL with smaller eVects
may have been consistently detected in the two tests (Sm1
and Sm2) and pooled data (Smp).

Our map contained 201 simplex and duplex DNA mark-
ers and two phenotypic simplex markers with 12.5% (29
markers) of markers unlinked; these formed eight linkage
groups, which was the expected number. Duplex markers
were located on every linkage group. The parent clones
W126 and D, and WA647 were also screened with 517
SSR primers from M. truncatula. Only 27 SSR primers
(6.2%) were polymorphic and suitable to genotype in our
BC population. These SSRs enabled us to align our M.
sativa linkage map with the M. truncatula linkage map,
also resulting in putative locations for the QTL in M. trun-
catula. It is unknown whether M. truncatula is a host of S.
meliloti; although the pathogen is reported to cause a leaf
spot on other annual Medicago species (Barbetti 1988,
Tivoli et al. 2006).

In our autotetraploid population 14.3% of AFLP and
SSR markers do not show a typical Mendelian segregation
ratio, of which 10.8% distortion was towards presence of
the marker and 3.5% towards absence of the marker. This
rate of distortion is between the rates Brouwer and Osborn
(1999) and Julier et al. (2003) observed. Brouwer and
Osborn (1999) reported 5.5% distortion in their autotetra-
ploid map containing simplex RFLP alleles and stated that
autotetraploidy could reduce the eVect of deleterious alleles
that cause segregation distortion. Julier et al. (2003)
reported 25 and 35% distortion over the SSR and AFLP
markers, respectively. The low segregation distortion rate
we observed could be attributed to the large number of sim-
plex alleles analysed (84.1%). Julier et al. (2003) also
reported that lower rates of distortion are observed if a low
number of duplex alleles has been studied. This could also
contribute to our low rate of distortion as only 15.1% of
total markers included in this study were duplex.

Medicago sativa and M. truncatula share highly con-
served nucleotide sequences and exhibit nearly perfect
synteny between the two genomes (Choi et al. 2004a; Julier
et al. 2003). We mapped 27 common SSR markers which
tag the eight linkage groups of the M. sativa genetic map.
To facilitate comparison, we gave the same numbering to
homeologous linkage groups. The relative orientation and
nomenclature of linkage groups between M. sativa and M.
truncatula could be determined due to linkage of at least
two common SSR markers. The numbering of linkage
groups 1 and 3 was deduced from the positioning of one
common SSR marker. All these markers were similarly
located in the two species except for Wve SSR markers in
linkage groups 2, 5 and 6. Choi et al. (2004a) also reported
similar observations when mapping PCT primers, the
NUM1 gene and the position of the 5S rDNA locus in M.

sativa. More common markers are needed between the two
species to determine if the diVerence in the Wve SSR posi-
tions is due to translocations or the M. truncatula SSR
markers utilised not being syntenic in M. sativa. Choi et al.
(2004b) suggested that chromosomal rearrangements
involving Medicago (M. sativa and M. truncatula) linkage
group 6 might also be responsible for the diVerence in chro-
mosome number between Medicago and pea (Kalo et al.
2004). Translocations have also been detected in other
polyploid species (Moore et al. 1995).

This is the Wrst report of QTL conditioning reaction to S.
meliloti in lucerne. Markers linked to the QTL for resis-
tance to S. meliloti will be useful for marker assisted selec-
tion of individual resistant lucerne clones, for incorporation
into breeding populations, and also for comparative geno-
mic studies in M. truncatula.
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