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Abstract Breeding alfalfa (Medicago sativa L.) with

superior freezing tolerance could be accelerated by the

identification of molecular markers associated to that trait.

Dehydrins are a group of highly hydrophilic proteins that

have been related to low temperature tolerance. We pre-

viously identified a dehydrin restriction fragment length

polymorphism (RFLP) among populations recurrently

selected for superior tolerance to freezing (TF). Analysis of

crosses between genotypes with (D?) or without (D-) that

RFLP revealed a significant impact on freezing tolerance.

In this study, we sought to develop a PCR marker for

freezing tolerance based on prior evidence of a relationship

between size variation in Y2K4 dehydrins and the RFLP.

Results confirm the enrichment of Y2K4 sequences of

intermediate size (G2 group) in response to recurrent

selection and in the D? progeny. Analysis of genomic

sequences revealed significant intron-length polymorphism

(ILP) within the G2 group. G2 sequences with a charac-

teristic short intron were more frequently found in

D? genotypes. Amplification using sequence-character-

ized amplified region (SCAR) primers bordering the intron

confirmed an increase in the number of fragments with

small introns in the D? progeny and in the ATF5 popu-

lation obtained after five cycles of recurrent selection for

superior TF within the cultivar Apica (ATF0). Conversely,

there was a reduction in the number of fragments with long

introns in the D? progeny and in ATF5 as compared to

ATF0. Recurrent selection for superior tolerance to freez-

ing in combination with ILP identified a sequence variant

of Y2K4 dehydrins associated to the phenotypic response to

selection.

Introduction

The development of marker-assisted selection (MAS)

approaches for the improvement of complex traits in open-

pollinated populations of polyploids is a daunting task. The

challenge is to sort out and to identify functional genetic

markers among a myriad of allelic possibilities (Ponting

et al. 2007). Sequence-based allele mining of candidate

genes among plant siblings with contrasted phenotype

would give tremendous impetus to precision breeding in

crop plants (Kumar et al. 2010). In that respect, analysis of

populations of autotetraploid (2n = 4x = 32) alfalfa

recurrently selected for superior tolerance to freezing (TF)

(Castonguay et al. 2009) could facilitate the identification

of sequences associated with superior winter survival.

Evidence from genetic and physiological studies support

a close relationship between the accumulation of dehydrins

and low temperature tolerance in plants (Brini et al. 2007;

Houde et al. 2004; Ismail et al. 1999; Marian et al. 2004;

Patton et al. 2007; Yin et al. 2006). Dehydrin refers to a

large family of plant proteins induced under conditions

leading to extensive cellular desiccation including drought,

salinity and extracellular freezing (Beck et al. 2007). These

proteins are structurally characterized by conserved

domains known as the Y-segment (V/TDEYGNP) located

at the N-terminus, the S-segment (stretches of Ser) and the
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Lys-rich K-segment (EKKGIMDKIKEKLPG) that are

separated by U segments that contain repeated stretches of

Gly and polar amino acids (Close 1996). Dehydrins are

categorized into five sub-classes identified as YnSKn, SKn,

Kn, YnKn and KnS based on the combination and number of

the Y-, S- and K-segments (Rorat 2006).

Using bulk segregant analysis (BSA) of alfalfa popula-

tions recurrently selected for superior tolerance to freezing,

Rémus-Borel et al. (2010) uncovered a Y2K4 dehydrin

restriction fragment length polymorphism (RFLP) that

intensifies in response to selection. Analysis of progenies

from crosses between genotypes with (D?) or without (D-)

that dehydrin RFLP showed a significant impact of that

polymorphism on freezing tolerance. In that same study,

amplification of the K-segment region of the Y2K4 dehy-

drin revealed fragment size variations that were assigned to

three major groups of amplicons based on the number of

nucleotides: the G1, G2 and G3 groups. A more intense

amplification of the G2 group was observed in pools of

genotypes with the dehydrin RFLP and in recurrent

selection with a superior freezing tolerance phenotype.

In the current study, we sought to determine whether

Y2K4 dehydrins of intermediate size (G2 group) can be

used as markers for the presence of the dehydrin RFLP

associated with superior tolerance to freezing. Our objec-

tive was to develop a robust marker to screen broad-base

populations and facilitate the introgression of cold toler-

ance in alfalfa germplasms from diverse origins.

Materials and methods

Plant materials and DNA extraction

Genotypes of alfalfa (Medicago sativa spp. sativa), cultivar

Apica (ATF0) and populations (ATF2, ATF4, ATF5 and

ATF6) derived from this cultivar through, respectively, 2,

4, 5, and 6 cycles of recurrent selection for superior tol-

erance to freezing (Castonguay et al. 2009) were grown as

described in Rémus-Borel et al. (2010). Progenies from

crosses obtained by inter crossing ten ATF0 genotypes with

(D? cross) and ten ATF0 genotypes without (D- cross) a

polymorphic variant of the cold-inducible msaCIG gene

(EU652338) encoding a Y2K4 dehydrin were grown under

the same environmentally controlled conditions.

Genomic DNA was extracted from 1 g of leaves of

individual and pooled genotypes (*45) from each of the

cultivar Apica (ATF0), populations ATF2, ATF4, ATF5

and ATF6 recurrently selected for superior tolerance to

freezing and individual and pooled genotypes (*20) of the

D- and D? crosses. Total genomic DNA was extracted

using the CTAB procedure of Rogers and Bendich (1988)

and subsequently used for PCR amplification.

Primer design, PCR amplification and gel

electrophoresis of amplified products

The cDNA sequence of the cold-inducible msaCIG gene

(GenBank accession no. EU652338) was used to design

primers (Fig. 1; Table 1) with the Oligo Explorer software,

version 1.1.0 (T. Kuulasma, University of Kuopio, Kuopio,

Finland). PCR reactions were performed in a total volume

of 25 ll in 0.2 ml PCR strips containing 2.5 ll of 109

PCR buffer, 1 ll each of 5 lM primers, 0.5 ll of 10 mM

dNTP (Roche Diagnostics, Laval, QC, Canada), 0.5 ll of 5

Prime Taq polymerase 5U/ll (Inter Medico, Markham,

ON, Canada) and 5 ll of 10 ng/ll genomic DNA (50 ng).

The conditions for PCR were as follows: an initial dena-

turing step was performed at 94�C for 3 min followed by

35 cycles at 94�C for 1 min, a 1 min annealing at the

temperature indicated in Table 1 for each primer pair, an

extension at 72�C for 1 min and a final extension at 72�C

for 7 min. Annealing temperature of the 164c-299r primer

pair was raised to 70�C to increase specificity. All the

reactions were performed on an Eppendorf Mastercycler ep

System (Eppendorf Canada, Mississauga, ON, Canada).

Upon completing the PCR cycles, 20 ll of each reaction

were run for 2–3 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).

Cloning and sequencing of amplified fragments

DNA fragments were recovered from agarose gels using

the QIAquick gel extraction kit (QIAGEN Inc., Mississa-

uga, ON, Canada) according to the manufacturer’s

recommendations. Purified DNA was cloned into the

pGEM�-T Easy Vector (Promega, Madison, WI) according

to the manufacturer’s instructions. Positive transformants

were recovered, grown in liquid medium and plasmids

purified using the QIAprep Spin Miniprep Kit (QIAGEN

Inc., Mississauga, ON, Canada). Plasmid preparations were

sent for sequencing using M13 forward and reverse primers

for bi-directional sequencing.

Bioinformatic analyses

BLASTn and BLASTp sequence identity searches were

performed at the National Center for Biotechnology

Information (NCBI, http://www.ncbi.nlm.nih.gov). Chro-

matograms from the sequencing of the different fragments

were edited and assembled using BioEdit software version

7.0.9.0 (Hall 1999). Amino acid sequences were aligned

using the CLUSTALW tool included in BioEdit and

refined manually. VecScreen, a online contaminant vector

screening software developed by NCBI (http://www.

ncbi.nlm.nih.gov/VecScreen/VecScreen.html) was used to
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remove vector sequence. Representative full-length

sequences of Y2K4 dehydrins presented in this article have

been deposited in the GenBank data library under the

accession numbers JN226736 to JN226743.

Results

PCR discrimination of Y2K4 dehydrins size variants

Based on sequencing a portion of Y2K4 dehydrins in alfalfa,

Rémus-Borel et al. (2010) previously identified three size

groups identified as G1, G2 and G3 that were differentiated

by deletions between the K-segments. In the current study,

analysis of full-length coding sequences obtained from a

pool of ATF5 genotypes was performed to determine whe-

ther additional regions of Y2K4 dehydrins could be used to

differentiate G2 from the other groups of size variants.

Results confirmed the presence of three broadly defined

group sizes that vary between *960, *905 and *860 bp

for the G1, G2 and G3 groups, respectively. Representative

genomic sequences from each group are illustrated in Fig. 1

and were deposited in GenBank under the accession numbers

JN226736 to JN226738. These genomic sequences reveal

that alfalfa Y2K4 dehydrins are highly homologous and are

characterized by the presence of two exons interrupted by a

single intron located between the Y- and K-segments near

the 50 end of the sequence. They also show that the most

significant variations between the G1, G2 and G3 sequences

occur in the K-segments region.

A set of primers (486c-694r; Table 1) was designed to

discriminate between the three groups of Y2K4 dehydrins

variants. These primers allow the detection of fragments

of *200 and *150 bp for the G1 and G2 groups,

respectively. The presence of a deletion at the putative

annealing site of the 694r primer precluded amplification of

the G3 group (Fig. 1). These primers were then used to

assess variations in the amplification of the G1 and G2

G2

486c

694r

Intron

G1

G3

G2

G1

G3

G2

G1

G3

Y1 Y2 K1

K2 K3
299r

164c

K4
Amino 
acids bp

(321)

(301)

(285)

(963)

(903)

(855)

1c

969r

Fig. 1 Alignment of representative full-length coding sequences for

the G1, G2 and G3 groups of size variants of Y2K4 dehydrins

previously defined by Rémus-Borel et al. (2010) from partial

sequences. These sequences are deposited in BenBank under the

accession numbers JN226736 to JN226738. The location of a single

intron is indicated. Conserved Y motifs are identified in boxes with

solid lines while the K-segments are shown in shaded areas. Primers

used for the amplification of internal regions of dehydrins are

indicated. Nucleotide variations at annealing sites between the three

groups of sequences are highlighted by boxes with dotted lines. The

number of amino acids and nucleotides (bp) for the open reading

frame is indicated at the end of the sequences

Table 1 PCR primers used for cloning, characterizing and sequencing Y2K4 dehydrin variants from Medicago sativa cv. Apica with their

corresponding Tm

Primers Description Sequences (50?30) Tm (�C)

1c 50 forward primer for full length msaCIG ATGTCTCAATATCAACAAGGTGG 58.0

969r 30 reverse end for full length msaCIG TGGTTTAGTTTGTCCATGTCC 57.0

486c Forward primer for discrimination of msaCIG group sizes AAATAGAGGAGTTGTGGACAA 54.0

694r Reverse primer for discrimination of msaCIG group sizes CAGCTCCTCTATTATCTCC 49.0

164c Forward primer for intron amplification CAGGTGTTGGGAGCAACACAGGTA 67.0

299r Reverse primer for intron amplification GTTTCGGTTCCGGTTCCATCAA 67.0

M13F Universal M13 forward primer for sequencing in pGEM T TGTAAAACGACGGCCAGT 79.0

M13R Universal M13 reverse primer for sequencing in pGEM T CAGGAAACAGCTATGAC 69.4

The primers are named based on their position on msaCIG open reading frame (GenBank accession no. EU652338)
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groups in populations recurrently selected for superior

tolerance to freezing (Fig. 2a). Size variation was notice-

able within the G1 group whereas the length of the G2

fragments was more uniform. An intensification of the G2

signal with increasing number of selection cycles

supported prior evidence by Rémus-Borel et al. (2010) that

the G2 group of dehydrins is enriched in response to

recurrent selection for superior freezing tolerance.

Enhancement in the intensity of the G2 group was also

noted in progenies issued from crosses between genotypes

C

N=5

N=16

D- genotypes

1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20

G2

G1

G2

G1

D+ genotypes

1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20

A ATF0 ATF2 ATF4 ATF5 ATF6 D- D+

G2

G1

B
ATF0

1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2423 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4241 43 44 45 A
T

F
0

A
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F
5

1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2423 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4241 43 44 45

ATF5

A
T

F
0

A
T

F
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N=24

N=35

G2
G1

G2
G1

Pools

Pools

Fig. 2 Amplification of the Y2K4 group size variants using the 486c-

694r primer pair with: a pooled DNA samples from populations

recurrently selected for improved tolerance to freezing (ATF0 to

ATF6) and pooled samples from crosses of ATF0 genotypes with

(D?) or without (D-) a dehydrin polymorphism; b 45 genotypes

within each of the ATF0 and ATF5 populations; c 20 genotypes

derived from the D? and D- crosses. Arrows indicate fragments

derived from the G1(*200 bp) and G2 (*150 bp) groups. N indi-

cates the number of genotypes with a positive amplification for the

G2-derived fragment
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with a dehydrin RFLP linked to the improvement of

freezing tolerance (D?) as compared to progenies obtained

by crossing genotypes without the RFLP (D-). Subsequent

screening of 45 genotypes within each of the ATF0 and the

ATF5 populations with the 486c-694r primers revealed an

increase in the number of genotypes with G2 amplicons

from 24 in ATF0 to 35 in ATF5 (Fig. 2b). Genotypic

assessment also showed an enrichment of G2 amplicons

from 5 in the D- cross to 16 in the D? cross within a set

of 20 genotypes randomly sampled within each progeny

(Fig. 2c).

The similarity of the D of percent increase of G2

amplicons and of the dehydrin RFLP between the ATF0

and ATF5 populations suggests a relationship between

these two observations (Table 2). Although PCR amplifi-

cations support the enrichment of the G2 group in response

to selection, the high frequency of their occurrence in

ATF0 (53%) as compared to the RFLP (15%) indicates that

only a subset of variants is associated to the dehydrin

RFLP. Eighty percent of D? progenies yielded positive G2

amplifications confirming an enrichment of these sequen-

ces as compared to D- progenies and population ATF0.

However, the observation that twenty-five percent of the

D- progenies give a positive amplification further indi-

cates that G2 sequences unrelated to the RFLP polymor-

phism are present within the Apica (ATF0) genetic

background.

Sequence analysis of the G2 group of Y2K4 dehydrins

In order to determine whether or not a subset of the G2

group of Y2K4 dehydrins may be associated with the

dehydrin RFLP, we amplified full-length sequences from

ATF5 genotypes either positive (D?) or negative (D-) for

the dehydrin RFLP (4 in each group) using the 1c-969r

primer pair (Fig. 1; Table 1). The D? genotypes 1, 6, 22

and 41 and the D- genotypes 9, 10, 11 and 40 were

selected within a group of 45 ATF5 genotypes previously

scored for the dehydrin RFLP by Rémus-Borel et al.

(2010). These numbers correspond to ATF5 genotypes

used in amplifications presented in Figs. 4a, 5 of this study.

Fragments were size-selected and validated as being G2

sequences using the 486c-694r primer pair. Sequence

analysis of cloned fragments revealed that the length of the

open-reading frame of the G2 sequences varied from 867 to

921 bp (Fig. 3a). The shortest sequences resulted from a

deletion before the intron while their K-segments region

was typical of the G2 group including the presence of the

annealing site for primer 694r (Fig. 1). The most noticeable

variations among the exons of G2 sequences were found to

occur in the sequences bordering the intron. Substitution of

a valine to an alanine within the K3 segment and the

occurrence of four amino acid substitutions before the K3

segment are also noticeable features of the I2 group of

sequences in Fig. 3a.

For ease of comparison, the introns were translated into

notional peptides. Based on variations in the introns and

their flanking regions, sequences were divided into five

distinct groups identified as I1–I5 (Fig. 3a and supple-

mentary Fig. 1). Intron polymorphism arose mainly from

length variation ranging from 189 up to 447 bp (Table 3).

A representative sequence from each group was deposited

in GenBank under accession numbers JN226739 to

JN226743. Single nucleotide polymorphisms accounted for

the other variations. The presence of multiple allelic forms

for each intron variant in alfalfa genotypes indicates the

presence of paralogs within the G2 group of Y2K4

dehydrins (Table 3). Sequences A to D within the intron

variants group I1, share a highly homologous short intron

that was only found in full-length sequences of

D? genotypes. Intron variant I1-A occurred at a much

higher frequency than the other three variants within

that group and was the only one observed in the four

D? genotypes. Intron sequences were more variable in the

D- genotypes particularly with regard to their length

(Table 3). Also, no single variant was shared by all

D- genotypes. Intron variant I2 with noticeable exonic

variations in the K-segments region was the only other

intron variant cloned from a D? genotype.

Analysis of exonic variations within subgroup I1-A

(Fig. 3b) revealed the presence of 9 allelic forms among

the 16 sequences available from the 4 D? genotypes

(Table 3). Allelic variation was associated with minor

changes resulting from amino acid substitutions either

found outside or within the K-segments. Peptide sequence

variant no. 1 in Fig. 3b was present in all D? genotypes.

Table 2 Frequency of PCR amplifications of G2 amplicons in initial

genetic background (ATFO) and population ATF5 obtained after five

cycles of recurrent selection for superior tolerance to freezing

Populations PCR amplifications RFLP polymorphisma

Frequency (%) D (%) Frequency (%) D (%)

ATFO 53 25 15 23

ATF5 78 38

D- 25

D? 80

Frequency of G2 amplicons was also assessed in progenies from

populations D? and D- obtained by inter crossing ATFO genotypes

with (?) or without (-) a dehydrin RFLP previously identified by

Rémus-Borel et al. (2010). Comparative frequency of this RFLP in

populations ATFO and ATF5 is also provided. Difference of fre-

quency (D) is indicated
a Source: Rémus-Borel et al. (2010)
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Development of SCAR markers

SCAR primers (164c-299r) were developed based on the

sequences flanking the intron (Fig. 3a; supplementary

Fig. 1). Differential amplification resulting from polymor-

phisms at the anchoring sites and variations in the length of

the introns allowed us to differentiate G2 intron variants.

Intron group I2 and I3 with short introns and group I4 with a

long intron gave no amplification products due to the

presence of InDels or single nucleotide changes at primers

annealing sites. Therefore a single group of sequences with

a short intron (I1) and a single group with a long intron (I5)

were amplified. A nucleotide mutation within the 164c

annealing site of the I1-C sequence also prevented its

amplification. The presence of InDels at the annealing sites

of primers also precluded the amplification of G1 and G3

dehydrins (Fig. 1).

Amplification with the 164c-299r primer pair clearly

distinguished the small and long introns (Fig. 4a). The

presence of a short fragment that was more strongly

amplified in D? than in D- genotypes, was particularly

striking. Conversely, a weaker amplification signal for this

short fragment and the presence of additional bands of

higher and slightly lower molecular weights were noticed in

D- genotypes. The reduction in the number of sequences

with a long intron with the concomitant intensification of

sequences with small introns was equally observed between

pools of genotypes from the D- and D? crosses and

between pools of genotypes from population ATF0 and

population ATF5 obtained after five cycles of selection for

superior tolerance to freezing (Fig. 5, pools). We also

observed that the strong amplification of a short fragment

co-segregates with the polymorphic dehydrin initially

detected by RFLP analysis (Figs. 4b, 5). Confirmation that

this short fragment correspond to intron variant I1 was

achieved by sequence analysis from four D? genotypes

(ATF5 genotypes 4, 7, 25 and 34 in Fig. 5) and in four

D- genotypes (ATF5 genotypes 26, 27, 35 and 36 in

Fig. 5). Results showed the presence of the intron variant I1

in all genotypes regardless of the strength of the amplifi-

cation signal or the relationship with the dehydrin RFLP

(Supplementary Fig. 2). Taken together, these results sug-

gest that the dehydrin RFLP is associated with an enrich-

ment of group I1 of intron variants.

Discussion

Analysis of recurrent selections is an effective strategy for

the discovery of DNA polymorphisms associated with

variations of quantitative traits (Falke et al. 2007). In the

current study, we sought further insight into the allelic

form of a Y2K4 dehydrin size variant previously found to

be associated with a dehydrin RFLP with a demonstrated

impact on freezing tolerance in alfalfa (Rémus-Borel et al.

2010). Our objective was to develop a robust marker to

screen alfalfa genetic backgrounds for the presence of a

cold adaptive locus. Limited data on full-length cDNAs or

genomic sequences of dehydrins in alfalfa and in other

Table 3 Number of intronic variant sequences in positive (D?) or

negative (D-) genotypes

Intron variant Frequency in Length (bp) Genotypes

D? D-

l1 A 16 217 1?, 6?, 22?,41?

B 1 217 6?

C 1 217 6?

D 1 217 41?

l2 A 1 215 41?

B 1 215 40-

C 5 215 40-

D 1 215 40-

E 1 189 9-

l3 A 1 223 10-

B 2 223 10-, 11-

C 1 224 9-

I4 A 3 446 9-

B 1 445 9-

C 1 444 9-

D 1 445 9-

l5 A 1 446 11-

B 1 447 11-

C 1 446 11-

The length of the intron and the presence in genotypes positive (?) or

negative (-) for the dehydrin RFLP is indicated

Fig. 3 a Full-length alignment of exonic and intronic sequences of

the G2 group of Y2K4 dehydrins amplified with the 1c and 969r

primer pair. The Y- and K-segments and the intron are indicated in

shadowed boxes. Introns were translated into notional peptides for

ease of comparison. Five groups (I1–I5) were defined by the presence

of InDels and sequence variations in the intron and their flanking

regions. Variations in amino acids in the exons are indicated in bold
letters. The orientation and anchoring sites of primers 164c and 299r

are indicated with black arrows. The number of amino acids and

nucleotides (bp) for the open reading frame is indicated in brackets at

the end of each sequence. A representative sequence from each group

was deposited in GenBank under accession numbers JN226739 to

JN226743. b Full-length alignment of coding sequences of variant A

of the intron group I1. The Y- and K-segments are indicated in

shadowed boxes and the location of the intron is shown. The

orientation and anchoring sites of primers 164c and 299r are indicated

with black arrows. Variations in amino acids are indicated in bold
letters. Identification of D? genotypes in which sequences were

found is provided in the left margin. The number of observed

sequences in D? genotypes is indicated at the end of each peptide

sequence

b
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plant species severely limit the conduct of studies on their

functional roles and the development of marker-assisted

applications. To fill that gap, we investigated the variability

of Y2K4 dehydrin size variants in Medicago sativa spp

sativa. PCR primers designed to discriminate the three

groups of size variants identified by Rémus-Borel et al.

(2010) confirmed the enrichment of G2 sequences in

response to recurrent selection for superior tolerance to

freezing. A unexpectedly high frequency of G2 sequences

in the initial genetic background indicated that only a

subset of G2 sequences is related to the dehydrin RFLP.

Intron polymorphism identifies a dehydrin variant

linked to freezing tolerance

The presence of a single intron is a feature typical of

dehydrins that has been documented in YnKn (Welling et al.

2004) and in YnSKn (Mehta et al. 2009; Natali et al. 2003;

Xiao and Nassuth 2006) genes. Pennycooke et al. (2008)

reported the presence of a short intron of 190 bp in a Y2K4

dehydrin from Medicago sativa spp. falcata and of a larger

intron of 698 bp in a homologous sequence from related

Medicago truncatula. Analysis of full-length sequences of

the G2 group of Y2K4 dehydrins in alfalfa revealed variable

intron structures among otherwise highly homologous G2

sequences (92–100% identity). Natali et al. (2003) similarly

observed a higher allelic diversity in the intron of a

Helianthus annuus dehydrin gene than in the coding and the

30-UTR regions. The identification of allelic variants within

individual genotypes for each of the five groups of intron

variants (I1–I5) indicated the presence of paralogs within the

G2 group of Y2K4 dehydrins. Variations with regard to the

consensus K motif (Close 1996) were observed in Y2K4

dehydrins of alfalfa. The frequent replacement of the highly

conserved lysine (K) residue by asparagine (N) in position 2

and 8 of the K motif is particularly noteworthy as it may

affect the secondary structure of the polypeptide. Analysis

of intron sequences among genotypes with (D?) or without

(D-) the dehydrin RFLP associated with superior freezing

tolerance showed a noticeably lower intron variability in

D? genotypes (5 distinct sequences in two groups) than in

the D- genotypes (16 distinct sequences in four groups).

A group of sequences that share a characteristic short intron

(variant I1 in Fig. 3a; Table 3) was present at a high fre-

quency (19 out of 20 sequences) in D? genotypes; the other

groups of variants (I2–I5) had a lower occurrence and were

almost exclusively found in the D- genotypes. We thus

conclude that intron polymorphism can be used to track the

full-length sequence of a dehydrin variant previously linked

to superior tolerance to freezing using RFLP analysis of

recurrent selections (Rémus-Borel et al. 2010).

The conservative location of an intron of variable length

within the Y2K4 dehydrins gave us the opportunity to

pursue intron-length polymorphism (ILP) screening of G2

group of size variants. Using this approach, we confirmed

the enrichment in population ATF5 as compared to ATF0,

of a unique form of a small intron (I1) which was accom-

panied by a concomitant decrease in the frequency of

highly homologous Y2K4 dehydrin variants with a longer

intron (I5). Similar ILPs were observed between crosses of

genotypes with (D?) and without (D-) the dehydrin RFLP

providing strong evidence for a convergence between these

two polymorphisms (RFLP and ILP). Whether the intron

variability observed in our study is specific to the Y2K4

family of dehydrins or if it reflects a more general behavior

of intron sequences in alfalfa is unknown. Giordani et al.

(2011) recently analyzed intron polymorphisms in eight

candidate genes cloned from maize inbred lines of con-

trasted level of drought tolerance. Although intron vari-

ability was low and in the same range than that of coding

regions for seven of these genes, there was in contrast a

B

300 bp

400 bp
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D+ genotypes
4 7 13 15 32 34 43 4417 19 25

100 bp

200 bp

1500 bp

1000 bp

Std

A

300 bp

400 bp

600 bp

D- genotypes D+ genotypes

9 10 11 40 1 6 22 41

100 bp

200 bp

1500 bp

1000 bp

Std

Fig. 4 a SCAR amplification of the intronic region of the G2 group

of Y2K4 dehydrins in four ATF5 genotypes without (D-) and four

genotypes with (D?) a dehydrin RFLP associated to superior

tolerance to freezing using the 164c-299r primer pair. b SCAR

amplification of 11 ATF5 genotypes with (D?) a dehydrin RFLP

associated to superior tolerance to freezing, using the 164c-299r

primer pair. Annealing temperature of SCAR primers was raised to

70�C to increase specificity. Molecular weight standards (Std) are

indicated (100 bp ladder, New England Biolabs)
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large nucleotide diversity for the intron of a dehydrin

homolog. It is noteworthy that some of the introns in alfalfa

Y2K4 dehydrins were comparatively larger (400–500 bp)

than introns (80–260 bp) present in other dehydrins (Fan

and Wang 2006; Mehta et al. 2009; Xiao and Nassuth

2006). The impact of intron length variation, if any, in

alfalfa Y2K4 dehydrin is unknown. There is evidence that

ILP may have an effect on phenotypic diversity in

eukaryotes (Kumar et al. 2010; Sureshkumar et al. 2009).

Whether or not ILP in Y2K4 dehydrins affects their

expression or the phenotype are questions that should be

addressed in the future. At this point, ILP can only be

interpreted as a linkage association with the trait since

functional aspects may lie in other mutations within

translated or untranslated regions of the dehydrin variant or

even in another gene that co-segregates with that allele.

SCAR markers can track ILP in Y2K4 dehydrins

Sequence-characterized amplified regions (SCAR) markers

have been successfully used for the simple, low-cost

selection of desirable traits in various plant species

(Fondevilla et al. 2008; Gutierrez et al. 2007; He et al.

2009; Sakthivel et al. 2009). Based on the sequence of the

full-length genomic sequences of Y2K4 dehydrins, we

developed ‘‘intron-flanking’’ SCAR primers to discriminate

intron variants. Our results showed that SCAR primers

targeting the intron region can differentiate among highly

homologous Y2K4 paralogs. A strong amplification of the

short I1 intron was shown to be co-inherited with a dehy-

drin RFLP associated to superior tolerance to freezing.

Interestingly, intron sequence analyses revealed the pres-

ence of the short I1 intron in both D? and D- genotypes;

That specific intron variant was however, more strongly

amplified in D? genotypes. The underlying causes of

intensification of the short intron signal in genotypes with

the dehydrin RFLP remain unknown. The possibility that

the intensification of the I1 intron signal observed in several

genotypes from populations recurrently selected for supe-

rior freezing tolerance may be the result of copy number

variation (CNV) is certainly worth investigating. Debolt

(2010) recently observed an exceptional rate of CNV in

Arabidopsis progeny obtained after only five generations of

exposure to temperature stress and salicylic acid treatment.

Whether a specific allele or the entire Y2K4 paralog defined

by intron variant I1 is associated to the RFLP remains to be

ATF0

1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2423 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4241 43 44 45 A
T

F
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A
T
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D- D+
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1 2 3 4 65 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2423 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4241 43 44 45 A
T

F
0

A
T

F
5

D- D+

564 bp

334 bp

564 bp

334 bp

*

* This genotype was not included in the original study by Remus-Borel et al., 2010. 

Pools

Pools

N=3

N=16

Fig. 5 SCAR amplification with primer pair 164c-299r using 45

genotypes within the ATF0 population and forty-five other genotypes

within the ATF5 population. Amplification was also performed with

DNA samples of pooled genotypes from the ATF0 and ATF5

populations and the D- and D? crosses. Annealing temperature of

SCAR primers was raised to 70�C to increase specificity. Black
arrows indicate genotypes with intense amplification signal for the

intron group I1. Size of amplicons are indicated in the left margin

while the number (N) of genotypes yielding a strong amplification

signal for the I1 intron group is indicated in the right margin
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determined. Genotyping based on high-throughput

sequencing of PCR products or high resolution melting

(HRM) analysis of single nucleotide polymorphisms will

help clarify this question in future association studies.

Conclusions

Using populations recurrently selected for superior toler-

ance to freezing and ILP, a SCAR marker targeting a Y2K4

dehydrin variant associated to cold adaptation was devel-

oped. The selection of germplasm has been identified as the

greatest challenge for the identification of functional alleles

(Kumar et al. 2010). Our results show that recurrent

selections are rich reservoirs of rare alleles that can facil-

itate the identification of trait-related sequences among

highly homologous variants arising from allelic forms

within paralogs. Our results concur with the recent obser-

vation by Herrmann et al. (2010) that a candidate gene

approach is a relevant strategy for the discovery of marker-

trait associations in synthetic populations of autotetraploid

alfalfa. Future studies will assess the impact of selection

based on this SCAR marker on alfalfa tolerance to expo-

sure to subfreezing temperatures and other abiotic stresses

as well as the adaptive value of the dehydrin variant tar-

geted by this marker.
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