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Abstract Sequence-related ampliWed polymorphism
(SRAP) analysis was used to uncover genetic polymor-
phisms among alfalfa populations recurrently selected for
superior tolerance to freezing (TF populations). Bulk DNA
samples (45 plants/bulk) from each of the cultivar Apica
(ATF0), and populations ATF2, ATF4, ATF5, and ATF6
were evaluated with 42 diVerent SRAP primer pairs.
Several polymorphisms that progressively intensiWed or
decreased with the number of recurrent cycles were identi-
Wed. Four positive polymorphisms (F10-R14, Me4-R8,
F10-R8 and F11-R9) that, respectively, yielded 540-, 359-,
213-, and 180-bp fragments were selected for further analy-
sis. SRAP ampliWcations with genotypes within ATF popu-
lations conWrmed that the polymorphisms identiWed with
bulk DNA samples were reXecting changes in the fre-
quency of their occurrence in response to selection. In
addition, the number of genotypes cumulating multiple
polymorphisms markedly increased in response to recurrent
selection. Independent segregation of the four SRAP poly-
morphisms suggests location at unlinked loci. Homology
search gave matches with BAC clones from syntenic Medi-
cago truncatula for the four SRAP fragments. Analysis of
the relationship with low temperature tolerance showed that

multiple SRAP polymorphisms are more frequent in geno-
types that maintain superior regrowth after freezing. These
results show that SRAP analysis of bulk DNA samples
from recurrent selections is an eVective approach for the
identiWcation of genetic polymorphisms associated with
quantitative traits in allogamous species. These polymor-
phisms could be useful tools for indirect selection of freez-
ing tolerance in alfalfa.

Introduction

Alfalfa is an open-pollinated autotetraploid (2n = 4x = 32)
that shows extensive genetic variability within its gene pool
(Jones and Bingham 1995). Cultivars currently available
are not well adapted to harsh winter conditions that occur in
the midwest United States, Canada and northern Europe
(Volenec et al. 2002). Improvement of winter hardiness has
essentially been achieved by selection within Weld nurseries
of plants that survive test winters. However, the unpredict-
ability of the occurrence of adequate screening conditions
along with genotype by environment (G £ E) interactions
requires the costly maintenance of nurseries for many years
and, in some cases, at several locations (Limin and Fowler
1991). We recently applied a recurrent selection protocol
entirely performed indoor to accelerate the development of
alfalfa populations selectively improved for their tolerance
to freezing (TF populations). These TF populations showed
signiWcant increases in freezing tolerance and survival to
harsh winter conditions in response to selection (Caston-
guay et al. 2009).

Bulked segregant analysis (BSA; Michelmore et al.
1991) is a simple and very eVective approach to identify
genetic polymorphisms linked to a speciWc trait by compar-
ing pools of DNA from plant siblings with contrasted
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phenotypes (Toppino et al. 2008). BSA of alfalfa TF popu-
lations that show a progressive increase in freezing toler-
ance could be particularly useful to uncover variations in
genomic DNA closely linked to loci controlling freezing
tolerance in alfalfa. The sequence-related ampliWed poly-
morphism (SRAP) technique of Li and Quiros (2001) is a
highly reproducible technique for tagging and mapping
neutral markers in plants (Jones et al. 2009). These poly-
morphisms result mainly from diVerences in length of
introns, promoters and spacers among genotypes or popula-
tions. SRAP was shown to be more informative for detect-
ing genetic diversity than other PCR-based techniques
(Budak et al. 2004a). SRAPs have been successfully used
to study genetic relationships and diversity and to uncover
molecular markers in several species (Bertrand et al. 2009;
Budak et al. 2004b; Ferriol et al. 2003; Gulsen et al. 2007;
Liu et al. 2007; Sun et al. 2006; Yi et al. 2008), including
alfalfa (Ariss and Vandemark 2007; Vandemark et al.
2006).

The objective of this work was to identify and validate
DNA polymorphisms associated with superior freezing tol-
erance in alfalfa. Bulk DNA samples from populations
recurrently selected for superior tolerance to freezing (TF
populations) were used to uncover SRAP polymorphisms
linked to tolerance loci. The co-inheritance of these poly-
morphisms with the freezing tolerance trait in segregating
genotypes within TF populations was also assessed.

Materials and methods

Plant materials

Genotypes of alfalfa (Medicago sativa spp. sativa), cultivar
Apica (ATF0) (Michaud et al. 1983), and populations
(ATF2, ATF4, ATF5, and ATF6) derived from this cultivar
after, respectively, 2, 4, 5, and 6 cycles of recurrent selec-
tion for superior freezing tolerance (Castonguay et al.
2009) were seeded individually in Ray Leach Cone-tain-
ers™ (SC-10 Super Cell, Stuwe & Sons Inc) Wlled with a
mixture of (10:3, v:v) of top soil/peat moss (Pro-mix BX,
Premier Peat Moss, Rivière-du-Loup, QC, Canada) supple-
mented with a controlled release fertilizer [N: 17% (w:w);
P: 7.31% (w:w); K: 14.1% (w:w); 250 g/35 l; Muticote 4,
Haifa Chemicals Ltd, Haifa Bay, Israel]. Plants were main-
tained in an environmentally controlled chamber set to:
photoperiod 16 h, day-time temperature 22°C, and night-
time temperature 17°C. ArtiWcial lighting was provided by
a mixture of high pressure sodium and metal halide 400 W
lamps (PL light systems, Beamsville, ON, Canada) with
photosynthetic photon Xux density of 600–800 �mol
photons m¡2 s¡1. Plants were kept well watered and fertil-
ized twice a week with a 1 g l¡1 of a commercial fertilizer

(20–20–20 plus micronutrients, Plant-Prod, Brampton, ON,
Canada). Micronutrients percent composition of the fertil-
izer was 1.0 mg l¡1 Mn, 0.5 mg l¡1 Cu, 0.2 mg l¡1 B, and
0.005 mg l¡1 Mo.

Evaluation of freezing tolerance

In the summer of 2004, several cuttings were harvested
from newly developed internodes from each of »45 geno-
types within each of ATF0, ATF2 and ATF5 populations
and placed in wet vermiculite beds for rooting. Cuttings
were maintained under the environmentally controlled con-
ditions described previously for a period of 3–4 weeks until
roots were initiated. Clonal propagules were then individu-
ally transplanted in 10 cm pots Wlled with the top soil/peat
moss mixture described above, and grown 6 weeks. After
this establishment period, shoots were trimmed to stimulate
new stems development and promote plant vigor. Plants
were then allowed to grow for three more weeks before
their transfer to cold acclimation conditions.

At the beginning of October 2004, the clonal propagules
were transferred to an unheated greenhouse located at a site
near Québec City, Canada (latitude 46°47�15�, longitude
71°12�00�, altitude t45 m asl) for their acclimation to nat-
ural hardening conditions. The unheated greenhouse was
continuously ventilated during the day to keep the inside
temperature close to that of the outside. When the inside air
temperature remained permanently below freezing, plants
were covered with a layer of Astro-Foil™ reXective insula-
tor (Innovative Energy Inc., Lowell, IN) to simulate snow
cover. Air temperature outside and inside the greenhouse
and soil temperature in pots were monitored at 30-min
intervals and recorded from the end of October 2004 to
mid-March 2005 using stand alone data loggers (RD-temp).
Plants were assessed twice (25 January and 23 February
2005) for their freezing tolerance.

Freezing tests were conducted in a large walk-in freezer
equipped with a programmable ramp temperature control-
ler. Temperatures were decreased to ¡12°C by steps of 2°C
using a stepwise decline described by Castonguay et al.
(2009). BrieXy, after a 24-h equilibration period at ¡2°C,
temperatures were lowered by 2°C decrements using a
30-min decline period followed by a 90-min plateau at each
temperature until ¡12°C was reached. Plants were then
maintained 90 min at the ¡12°C test temperature and were
subsequently thawed 24 h at 4°C. A group of plants used as
non-stressed controls were transferred directly from the
unheated greenhouse to 4°C without being exposed to the
freezing stress. After thawing, shoots were clipped and
plants were transferred to the environmentally controlled
growth chamber conditions for regrowth. Three weeks
later, shoots were individually harvested and dried at 65°C
for the determination of the dry matter of regrowth.
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Freezing tolerance of each genotype was estimated as the
ratio of regrowth of six clonal propagules exposed to a sin-
gle test temperature of ¡12°C (T) over that of six
unstressed controls (C). A ratio (T/C) value near 0 reXects
almost complete sensitivity to the freezing test whereas a
ratio of »1 indicates full tolerance.

DNA extraction

Genomic DNA was extracted from individual and pooled
samples from 45 genotypes from each of the cultivar
Apica (ATF0) and populations (ATF2, ATF4, ATF5, and
ATF6) derived from this cultivar through recurrent
cycles of selection for superior freezing tolerance. Total
genomic DNA was extracted using the CTAB procedure
of Rogers and Bendich (1988). DNA was quantiWed by
visual assessment by comparison with the molecular
weight marker II (Roche Diagnostics, Canada) of known
concentration, and diluted to 10 ng �l¡1 for use in SRAP
reactions.

SRAP reactions

All SRAP reactions were performed in a total volume of
25 �l in 0.2 ml PCR strips containing 2.5 �l of 10£ PCR
buVer, 1 �l each of 5 �M primers, 0.5 �l of 10 mM dNTP
(Roche Diagnostics, Indianapolis, IN), 0.5 �l of 5� Taq
polymerase 5 U �l¡1 (Inter Medico, Markham, ON, Canada)
and 5 �l of 10 ng �l¡1 genomic DNA (50 ng). The condi-
tions for PCR were as follows: an initial denaturing step
was performed at 94°C for 3 min followed by Wve cycles at
94°C for 1 min, 35°C for 1 min, 72°C for 1 min, 35 cycles
at 94°C for 1 min, 50°C for 1 min, 72°C for 1 min and a
Wnal extension of 7 min at 72°C. All the reactions were per-
formed on an Eppendorf Mastercycler ep System (Eppen-
dorf Canada, Mississauga, ON, Canada). Twenty
microliters of each reaction was loaded and run for 3 h at
70 V on a 2% agarose gel stained with ethidium bromide.
DNA fragments were visualized using a UVP BioDoc-It
system (UVP, Upland, CA). The nucleotide sequences of
the forward and reverse primers used in this study are listed
in Table 1.

Cloning and sequencing of ampliWed fragments

DNA fragments were recovered from agarose gels using the
QIAquick gel extraction kit (QIAGEN Inc., Mississauga, ON,
Canada) according to the manufacturer’s recommendation.
PuriWed DNA was cloned into the pGEM®-T Easy Vector
(Promega, Madison, WI) as recommended by the manufac-
turer’s instructions. Positive transformants were recovered,
grown on liquid medium and submitted to a plasmid puriWca-
tion protocol using the QIAprep Spin Miniprep Kit (QIAGEN
Inc., Mississauga, ON, Canada). Plasmid preparations were
sent for bidirectional sequencing using M13 forward and
reverse primers. BLASTn and BLASTx sequence homology
searches were performed using the BLAST algorithm at http://
www.ncbi.nlm.nih.gov of National Center for Biotechnology
Information, with the program BLASTN and BLASTX.

Stastistical analyses

Chi-squared tests for diVerences in the distribution of
cumulative SRAP polymorphisms between ATF popula-
tions and Cochran-Mantel–Haenszel Chi-square statistic
for independent assortment for pairwise combinations of
SRAP polymorphisms were performed with the FREQ pro-
cedure of SAS (1999). Means of groups of genotypes with
contrasted freezing tolerance were compared using the
Student’s t test procedure of SAS (1999).

Results

SRAP polymorphism among ATF populations

A total of 42 SRAP primer pairs combinations were used for
the ampliWcation of DNA bulk samples (genotypes) of ATF
populations (Table 1). The PCR proWles were highly consis-
tent among the recurrently selected populations with the
noticeable exception of several polymorphisms that either
increased or decreased in intensity in response to selection for
superior tolerance to freezing as illustrated in Fig. 1a, b. Four
polymorphisms that showed a clear positive response to
selection were retained for further analyses (Supplementary

Table 1 Sequence of forward 
and reverse SRAP primers used 
in this study

Forward primers Reverse primers

F8 5�-GTA GCA CAA GCC GGA AT-3� R7 5�-GAC ACC GTA CGA ATT TGC-3�

F9 5�-GTA GCA CAA GCC GGA CC-3� R8 5�-GAC ACC GTA CGA ATT GAC-3�

F10 5�-GTA GCA CAA GCC GGA AG-3� R9 5�-GAC ACC GTA CGA ATT TGA-3�

F11 5�-CGA ATC TTA GCC GGA TA-3� R14 5�-CGC ACG TCC GTA ATT AAC-3�

F13 5�-CGA ATC TTA GCC GGC AC-3� R15 5�-CGC ACG TCC GTA ATT CCA-3�

Me2 5�-TGA GTC CAA ACC GGA GC-3� Em2 5�-GAC TGC GTA CGA ATT TGC-3�

Me4 5�-TGA GTC CAA ACC GGA CC-3�
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Fig. 1). Assessment of the occurrence of the F10-R14 poly-
morphism within 45 genotypes of each ATF population
revealed that the increase in intensity of this polymorphic
fragment detected with bulk samples reXects diVerences in
genotypic frequency within these populations (Supplementary
Fig. 2). Four genotypes of ATF0 had the speciWc F10-R14
fragment while the number of positive genotypes increased to
7 and 13 in the ATF2 and ATF5 populations, respectively.
Similar results were obtained for the three other primer pair
combinations (Table 2). It is noteworthy that except for the
F10-R14 polymorphism, increase in genotypic frequency of
the SRAP polymorphisms was noticeable only in the later
cycle of selection (ATF5) which is consistent with the obser-
vations made with bulks. Analysis of the distribution of geno-
types in Wve categories from zero up to four polymorphisms
revealed that several ATF0 genotypes did not have any of the
four SRAP polymorphisms and very few genotypes combined
more than one polymorphism (Table 3). Conversely, the pro-
portion of ATF5 genotypes that did not have a SRAP poly-
morphism was very low while the number of those that had
two or more polymorphisms markedly increased from ATF2
to ATF5. This resulted in a highly signiWcant diVerence in the
distribution of genotypes in groups of cumulative polymor-
phisms between ATF0 and ATF5. However, the distribution
of the ATF2 genotypes among the Wve classes of polymor-
phisms did not signiWcantly diVer from that of ATF0.

DNA sequence analysis of polymorphic fragment

Sequence analysis of the SRAP fragments revealed GC
contents exceeding 40% in three of the four sequences.

Homology search performed by the Blast program of the
National Center for Biotechnology Information did not
reveal any signiWcant hit with coding sequences in gene
data banks. However, it did Wnd matches with BAC clones
sequences from Medicago truncatula for the four SRAP
polymorphisms (Table 4; Supplementary Table 1). Three
of these homologous sequences from M. truncatula were
putatively located on distinct linkage groups (data not
shown).

Fig. 1 SRAPs of bulk samples 
(45 genotypes/bulk) from the 
cultivar Apica (ATF0) and from 
populations ATF2, ATF4, 
ATF5, and ATF6, recurrently 
selected for superior tolerance to 
freezing (TF) within this culti-
var. a and b show, respectively, 
a positive (black arrow) and a 
negative (open arrow) polymor-
phism in response to selection 
for superior freezing tolerance. 
Primer pair combinations are 
indicated

F10-R8

ATF0    ATF2   ATF4   ATF5   ATF6

F10-R9

ATF0    ATF2   ATF4   ATF5   ATF6
A B

Table 2 Genotypic frequency of four SRAP polymorphisms among
ATF populations recurrently selected for increase tolerance to freezing

Primer pairs ATF0 ATF2 ATF5

F10-R14 4 7 13

F10-R8 8 3 16

F11-R9 10 8 24

Me4-R8 10 9 27

Table 3 Distribution of genotypes in each of Wve groups of cumula-
tive polymorphisms from zero up to four polymorphisms

9 Probability that observed distribution is signiWcantly diVerent from
that of ATF0 based on goodness-of-Wt (�2) analysis

Population Number of polymorphisms

0 1 2 3 4 P9

ATF0 19 19 5 1 0 –

ATF2 25 14 6 0 0 0.532

ATF5 3 17 14 9 2 0.001
123



Theor Appl Genet (2010) 120:1611–1619 1615
Relationship between SRAP polymorphisms and freezing 
tolerance

To evaluate the link between SRAP polymorphisms and
freezing tolerance, genotypes that were screened for DNA
polymorphisms within each of ATF0, ATF2, and ATF5
populations were also evaluated for their tolerance to freez-
ing. A quantitative response ranging from almost complete
sensitivity to almost complete tolerance to exposure to
¡12°C was observed in the ATF0 and ATF5 populations
(Fig. 2). However, the average ratio of regrowth in ATF5
(0.58) was greater than that of ATF0 (0.50). This was
attributed to diVerences in the number of genotypes in the
bottom quartile of tolerance (·0.25) which decreased from
ten sensitive genotypes in ATF0 down to four in ATF5.
Conversely, the number of genotypes in the upper quartile
of tolerance (¸0.75) increased from 7 in ATF0 up to 16 in
ATF5. Based on the ranking of the two freezing tests, nine
genotypes from ATF0 that showed a high sensitivity to
freezing and nine genotypes from ATF5 that showed high
tolerance to freezing were selected. These two groups
showed highly signiWcant diVerences in freezing tolerance
in both tests (Table 5). These genotypes were scored for the
presence of the polymorphic fragments initially identiWed

with bulk samples from ATF populations. A highly con-
trasted occurrence of the polymorphisms was observed
between the two groups of genotypes (Fig 3a–d). Whereas
only four polymorphisms were found among the highly
freezing sensitive genotypes, this number increased to 23 in
the group of highly freezing tolerant genotypes (Fig. 4).
Within that latter group, several genotypes had three
polymorphisms or more and all genotypes had at least one
polymorphism. The occurrence of the four SRAP polymor-
phisms shown in Fig. 3 appears to be unrelated based on
their independent segregation. This was conWrmed by the
analysis of independent assortment of all pairwise combi-
nations of the polymorphisms among 136 genotypes from
ATF0 which showed a lack of correlation for all pairwise

Table 4 Homology search for SRAP fragment polymorphic amongst
ATF populations

a Bits scores provide an estimate of the quality of the homology be-
tween sequences. Additional indicators of the biological signiWcance
of these sequence alignments can be found in Supplementary Table 1

Primers Size 
(bp)

GC 
(%)

BLASTN 
score (bits)a

Accession number

F10-R8 213 41 123 Gb/AC146307.24

F10-R14 540 42 44.6 Emb/CR932039.2

F11-R9 180 42 257 Gb/AC144406.17

Me4-R8 359 30 100 Gb/AC166147.11

Fig. 2 Genotypic distribution of freezing tolerance expressed as the
mean ratio of regrowth of clones of ATF0 (N = 44) and ATF5 (N = 42)
genotypes that were exposed to ¡12°C over respective controls that
were immediately transferred to growth chambers. A ratio near 1 indi-

cates complete tolerance while a ratio near zero indicates complete
sensitivity. Each bar represents a single genotype. Mean ratio of each
population is indicated
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Table 5 Freezing tolerance index expressed as the ratio of regrowth
of plants exposed to ¡12°C over that of unstressed controls

Ratio for nine highly sensitive genotypes from ATF0 and nine highly
tolerant genotypes from ATF5 based on two separate tests are shown

ND not determined
‡ Means followed by diVerent letters are statistically diVerent at
P · 0.01

Sensitive genotypes (ATF0) Tolerant genotypes (ATF5)

Number Ratio Number Ratio

Test 1 Test 2 Test 1 Test 2

7 0.10 0.00 1 0.82 0.74

16 0.21 0.14 4 1.10 0.25

17 0.08 0.13 6 0.85 0.48

19 0.00 ND 12 0.76 1.04

23 0.11 0.00 15 0.95 0.36

24 0.22 ND 25 0.79 0.49

26 0.10 0.00 29 0.82 0.48

29 0.14 0.00 36 0.88 0.68

41 0.25 0.03 38 0.90 1.21

Mean 0.13 b‡ 0.04 a Mean 0.87 c 0.63 c
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combinations except for the Me4R8 and F10-R14 combina-
tion (Table 6).

Discussion

Bulk segregant analysis of recurrent selections

Although some improvement in winter hardiness has been
achieved in cultivars released in the US in late twentieth
century, the variability for winter stress tolerance remains
largely untapped by plant breeding programs (Volenec
et al. 2002). Tolerance to low subfreezing temperatures is
the single most determinant factor that aVects winter

survival across a wide range of environments (Castonguay
et al. 2006). The identiWcation of linked markers that target
loci with genes that confer superior adaptation to cold
would greatly facilitate the selective improvement of freez-
ing tolerance without aVecting other agronomic traits. In
that perspective, alfalfa TF populations that are signiW-
cantly improved in their tolerance to freezing temperatures
and winter survival under Weld conditions constitute a
unique resource to identify the genetic bases of superior
freezing tolerance in alfalfa.

The genetic bases of abiotic stress resistance are diYcult
to determine due to the quantitative nature of inheritance
and large environmental eVects (Miklas et al. 2006). Recur-
rent selections are powerful tools to study quantitative

Fig. 3 Occurrence of four SRAP polymorphisms in nine highly freez-
ing sensitive genotypes from ATF0 and nine highly freezing tolerant
genotypes from ATF5. Polymorphisms detected with bulks (45 plants)
from both populations are identiWed in boxes. Genotypes with positive

ampliWcations are marked with dots below each panel. Molecular
weights (bp) of the four polymorphic fragments and primer pair com-
binations are indicated in a–d
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Fig. 4 Distribution among and 
cumulative number of the four 
SRAP polymorphisms in the 
nine most freezing sensitive 
genotypes from ATF0 and the 
nine most freezing tolerant 
genotypes from ATF5
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genetics relevant to agricultural traits. They are however
seldom exploited in genetic studies because of the large
number of cycles that are sometimes required to evoke phe-
notypic changes (Briggs and Goldman 2006). In the current
report, we present evidence that SRAP analysis of bulk
DNA samples from recurrent selections is a very eVective
strategy to search for DNA polymorphisms associated to
quantitative traits in populations of allogamous species.
BSA is an eYcient genotyping approach that has been fre-
quently used to identify markers linked to loci aVecting
qualitative traits but that has been seldom applied for the
study of quantitative traits (Abberton et al. 2003; Quarrie
et al. 1999; Serraj et al. 2009; Shashidar et al. 2005).
Recently, Venuprasad et al. (2009) used BSA to identify
loci associated with grain yield under stress at considerable
savings of time, cost and eVorts. Their success was also
partly attributed to the strategic nature of the genetic mate-
rial they used.

Using BSA of alfalfa TF populations, we identiWed
several positive and negative DNA polymorphisms that
occured in response to selection. This indicates that the
improvement of freezing tolerance relies on both the
increase in frequency of favorable alleles and the elimina-
tion of unfavorable ones within populations of alfalfa.
These DNA polymorphisms likely arise from changes in
allele frequency at loci aVecting freezing tolerance since
selection was performed within a close genetic background
and was speciWcally targeted toward the improvement of
that trait under highly controlled conditions (Castonguay
et al. 2009). We thus conclude that BSA of heterogeneous
populations selectively improved through several cycles of
recurrent selection can facilitate the identiWcation of mark-
ers for complex traits.

SRAP polymorphisms and freezing tolerance

We uncovered several polymorphisms between ATF popu-
lations that were indicative of selection. This is in agree-
ment with reports that SRAP markers combine reliability
and genomic abundance with high levels of polymorphisms
(Yi et al. 2008). Variations in the intensity of the ampliWca-
tion of the polymorphic fragments between bulk samples
reXected diVerences in genotypic frequency between ATF
populations. This is an important observation that suggests

that SRAP analysis of bulk DNA samples provides a near
quantitative assessment of allele frequency within hetero-
geneous populations. Although further analyses are needed
to validate this preliminary evidence, this could mean that
BSA identiWcation of DNA polymorphisms could allow
inferences on a population genetic response to selection.
Given the heterogeneous nature of alfalfa cultivars, Vande-
mark et al. (2006) suggested that real-time PCR could be
used to quantify the amount of target SRAP markers pres-
ent in bulk plant samples from diVerent genetic back-
grounds.

Although the SRAP method of Li and Quiros (2001) has
been successfully used with BSA to narrow the search for
markers tightly linked to qualitative traits (He et al. 2009;
Mutlu et al. 2008; Yi et al. 2008; Zhang et al. 2009), this
combination had yet to be applied to quantitative traits. In
species such as alfalfa lacking genome information, anony-
mous SRAP markers could provide a starting point for the
identiWcation of functional genes through the search for
homologous regions in model species. This is supported by
the existence of signiWcant homologies between the poly-
morphic SRAP fragments and BAC sequences from
M. truncatula, a model species with reported synteny with
diploid and tetraploid M. sativa (Choi et al. 2004; Endre
et al. 2002). The M. truncatula genomic resources have
been previously used to identify the physical position of
functional genes in Medicago sativa (Dalmadi et al. 2008).
Pursuit of a similar approach with SRAP polymorphisms
associated to freezing tolerance could help Wnd genes
aVecting this trait.

Independent assortment of SRAP polymorphisms is con-
sistent with their homologies with sequences located on
diVerent chromosomes of M. truncatula (Table 4). This
suggests that these polymorphisms are associated with dis-
tinct regions of the genome that aVect freezing tolerance.
These polymorphisms could thus be used to increase the
frequency of desirable alleles and pyramid adaptive genes
in alfalfa populations of high agronomic value using
marker-assisted selection. The observation of a markedly
higher frequency of the four SRAP polymorphisms in
ATF5 as compared to ATF0 or in cold tolerant as compared
to cold-sensitive genotypes strongly suggests a link
between these variations in the genome and tolerance to
low subfreezing temperatures. It is noteworthy that Brouwer
et al. (2000), using two backcross populations of tetraploid
alfalfa, identiWed QTLs aVecting winter injury that showed
additive gene action. The lack of response or slow
increase in the frequency of the four SRAP polymorphisms
observed in ATF2 could be due to low allele frequency in
the initial population, the need to break up undesirable link-
ages and to recombine favorable alleles in the early cycles
of selection. Regardless of the underlying genetic causes, it
highlights the importance to pursue several cycles of

Table 6 Probability of independent assortment of the four SRAP
polymorphisms among 136 genotypes of ATF0 according to the
Cochran–Mantel–Haenszel correlation

F10-R14 F10-R8 F11-R9

ME4-R8 0.03 0.64 0.55

F10-R14 0.24 0.56

F10-R8 0.93
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selection in order to increase the response to selection and
increase chances to identify allelic selection associated to
the trait of interest.

Conclusions

The large genomes and complex genetics of open-polli-
nated species such as alfalfa pose enormous challenge to
the identiWcation of genes with major eVects on quantitative
traits like freezing tolerance (Brummer 2004). Approaches
that exploit gene diversity among populations could
facilitate the identiWcation of polymorphisms that correlate
with phenotypic variation (Buckler and Thornsberry 2002;
Takeda and Matsuoka 2008). In this report, we show that
long-term investment in the development of recurrent
selections performed within heterogeneous populations of
allogamous species and the subsequent probing of their
genome with BSA can lead to the identiWcation of DNA
variants associated to the improvement of quantitative
traits. Using this approach we identiWed DNA polymor-
phisms with potential linkage with loci that aVect freezing
tolerance in alfalfa. A closer analysis of four SRAP poly-
morphisms supports an association with cold tolerance and
potential usefulness in marker-assisted selection (MAS).
Evaluation of the phenotypic impact of selection based on
these SRAP markers is currently underway. MAS could
increase selection eYciency not only by allowing earlier
selection but also by reducing population size during breed-
ing. This would be particularly advantageous in perennial
crops such as alfalfa by reducing years of Weld assessment
(Castonguay et al. 2006). Whether these SRAP polymor-
phisms are present in other initial backgrounds and if they
show a similar association with freezing tolerance is an
important question that is currently under investigation.
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