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Abstract Dehydrin defines a complex family of intrin-
sically disordered proteins with potential adaptive value
with regard to freeze-induced cell dehydration. Search
within an expressed sequence tags library from cDNAs of
cold-acclimated crowns of alfalfa (Medicago sativa spp.
sativa L.) identified transcripts putatively encoding Ks-type
dehydrins. Analysis of full-length coding sequences
unveiled two highly homologous sequence variants, K3-A
and K5-B. An increase in the frequency of genotypes
yielding positive genomic amplification of the K5-dehydrin
variants in response to selection for superior tolerance to
freezing and the induction of their expression at low tem-
perature strongly support a link with cold adaptation. The
presence of multiple allelic forms within single genotypes
and independent segregation indicate that the two Kj;
dehydrin variants are encoded by distinct genes located at
unlinked loci. The co-inheritance of the Kj3-A dehydrin
with a Y,K, dehydrin restriction fragment length poly-
morphism with a demonstrated impact on freezing toler-
ance suggests the presence of a genome domain where
these functionally related genes are located. These results
provide additional evidence that dehydrin play important
roles with regard to tolerance to subfreezing temperatures.
They also underscore the value of recurrent selection to
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help identify variants within a large multigene family in
allopolyploid species like alfalfa.

Introduction

Insufficient tolerance to subfreezing temperatures affects
winter survival and reduces long-term persistence of alfalfa
(M. sativa spp. sativa L.) stands. Therefore, improvement
of cold hardiness remains a key objective of alfalfa-
breeding programs in regions experiencing harsh winter
conditions. Identification of germplasm with superior
adaptation to cold is typically performed in field nurseries
but this process is costly and unreliable due to the unpre-
dictable occurrence of test winters (Limin and Fowler
1991). This partly explains why conventional selection
approaches have not been very effective to improve winter
hardiness in cultivars of high agronomic value in the past
(Volenec et al. 2002). We recently applied an indoor
screening method to develop a series of populations
recurrently selected for superior tolerance to freezing (TF
populations; Castonguay et al. 2009). Bulk segregant
analysis (BSA) of DNA polymorphisms between TF pop-
ulations identified genomic regions that were the target of
selection and that are potentially linked to superior cold
adaptation (Castonguay et al. 2010).

Dehydrin are stress- or desiccation-related proteins that
are part of the late embryogenesis abundant (LEA) D-11
gene family. They are characterized by a consensus
sequence (EKKGIMDKIKEKLPG) known as the K-seg-
ment and can contain accessory motifs like consensus
Y-segment (DEYGNP) at the N-terminus region and ser-
ine-rich tracks, the S-segment (Rorat 2006). Dehydrin
constitute a complex gene family that can be subdivided in
five principal classes based on different combinations of
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the characteristic segments: Y,SK,,, K,,, K,;S, SK,, and Y, K,,
(Close 1996; Allagulova et al. 2003). Search for polymor-
phisms for a cold-inducible Y,K, dehydrin among alfalfa
TF populations led to the identification of a restriction
fragment length polymorphism (RFLP) that was signifi-
cantly associated with freezing tolerance potential (Rémus-
Borel et al. 2010). Whether other members of the dehydrin
family of genes responded to selection pressure for superior
freezing tolerance should be investigated based on their
reported involvement in cold adaptation (Rorat 2006).

A search for sequences with the conserved K-segment
within an expressed sequence tag (EST) library from cold-
acclimated crowns of alfalfa (M. sativa spp. sativa L.)
identified several transcripts putatively encoding dehydrins
of different types. Among these, ESTs were found to
encode Kj-type dehydrins with partial homology to the
cold-acclimation specific gene casI8 from M. sativa spp.
falcata L. (Wolfraim et al. 1993). In the present study, we
characterized the full-length coding sequences of the two
K5 dehydrins and documented their response to selection
pressure for superior tolerance to freezing. The analysis of
their cold-induced expression was also performed to assess
a potential association with low-temperature adaptation.
This work is part of a long-term effort towards the devel-
opment of functional markers for the improvement of
freezing tolerance in alfalfa.

Materials and methods
Plant materials

Genotypes of alfalfa (M. sativa spp. sativa L.), cultivar
Apica (ATFO) and population (ATF5) obtained after five
cycles of recurrent selection for superior tolerance to
freezing (TF) within that cultivar (Castonguay et al. 2009)
were established under environmentally controlled condi-
tions as described in Rémus-Borel et al. (2010). Briefly,
plants were started from seeds and grown 6 weeks in a
growth chamber set to 22/17 °C (day/night) temperatures,
600800 pmol photons m~2 s~ photosynthetic photon
flux density (PPFD) during a 16-h photoperiod. Environ-
mental conditions were subsequently changed to 8-h
photoperiod, a constant temperature of 2 °C and 150 pmol
photons m~2 s~' PPED for acclimation to low temperature.
After 2 weeks of acclimation, plants were transferred to a
freezer at —2 °C in the dark for an additional period of
2 weeks to promote the second stage of hardening at sub-
zero temperatures. In addition, progenies obtained by inter
crossing ten ATFO genotypes with (D+ cross) and ten
ATFO genotypes without (D— cross) a dehydrin RFLP
that increases in frequency in response to selection for
superior tolerance to freezing as described in Rémus-Borel
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et al. (2010) were grown and cold-acclimated under the
same environmentally controlled conditions.

DNA extraction

Genomic DNA was extracted from 0.3 g fresh weight
(FW) of leaves of individual genotypes from each of the
cultivar Apica (ATF0) and population ATF5 and the D—
and D+ crosses. Total genomic DNA was extracted using
the CTAB procedure of Rogers and Bendich (1988) and
used for PCR amplification after treatment with RNAse
(RNase A, Sigma-Aldrich, Oakville, ON, Canada).

Double-stranded DNA (dsDNA) was quantitated using a
96-well microplate fluorescence assay with SYBR Green I
as the DNA-binding dye. DNA quantification with SYBR
Green I is not affected by contaminants in the mixture and
has been shown to accurately predict DNA over a broad
range of concentrations (Leggate et al. 2006). For quanti-
fication, 5 pl of DNA samples was mixed with 19 pl of TE
buffer [1 mM Tris—HCI (pH 8.0), 100 pM EDTA] and 1 pl
of a 100x dilution of SYBR Green I 10,000 x concentrate
in DMSO (Lonza, Rockland, ME, USA). For each sample,
the reaction mix was prepared in duplicates, pipetted into
microplate wells (twin.tec real-time PCR plates, Eppendorf
Canada, Mississauga, ON, Canada) and incubated for
3 min at 30 °C. SYBR green I fluorescence was measured
with a Mastercycler® ep realplex system (Eppendorf
Canada, Mississauga, ON, Canada) by setting the EndPoint
measurement in the PCR program and choosing the SYBR
green filter. Concentrations of dsDNA were determined
using a calibration curve established with a 6-point series
of serial dilutions ranging from 0 to 40 ng ml~" of purified
lambda phage DNA (Roche Applied Science, Laval, QC,
Canada) in TE (TE buffer 100x concentrate, Sigma-
Aldrich, Oakville, ON, Canada). Measurements were made
in triplicates by mixing 5 pl of the DNA standard dilutions
with 20 pl of the 100x dilution of SYBR green I. Fluo-
rescence intensity was linear over the whole range with a
R? value of ~ 1.0 and a mean coefficient of variation lower
than 3 %. Electrophoresis of 125 ng of DNA from ran-
domly chosen samples was performed on ethidium bro-
mide-stained gels. Visual assessment of DNA amounts by
comparison with the molecular weight marker II (Roche
Diagnostics, Canada) of known concentration confirmed
the accuracy and repeatability of the SYBR green I method
of quantification.

Primer design, PCR amplification and gel
electrophoresis of amplified products

Nucleotide sequences encoding K3 dehydrins were initially
identified in an alfalfa EST library (Serge Laberge,
unpublished data) prepared from cDNAs from cold-
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acclimated crowns (pooled RNA extracts from 50 geno-
types) of the population ATF2 obtained after two cycles of
recurrent selection for superior tolerance to freezing within
the cultivar Apica (Castonguay et al. 2009). These
sequences were used to design primers (Fig. 1; Table 1)
with the Oligo Explorer software, version 1.1.0 (T. Kuul-
asma, University of Kuopio, Kuopio, Finland). PCR reac-
tions were performed in a total volume of 25 pl in 0.2 ml
PCR strips containing 2.5 pl of 10x PCR buffer, 1 ul each
of 5 pM primers, 0.5 pl of 10 mM dNTP (Roche Diag-
nostics, Laval, QC, Canada), 0.5 pl of 5 Prime Tag poly-
merase 5 U ulfl (Inter Medico, Markham, ON, Canada)
and 1 pl of 10 ng pl~' genomic DNA (10 ng). The con-
ditions for PCR were as follows: an initial denaturing step
was performed at 94 °C for 3 min followed by 35 cycles at
94 °C for 1 min, a 1-min annealing at 63 °C for the two
dehydrins, an extension at 72 °C for 1 min and a final
extension at 72 °C for 7 min. All the reactions were per-
formed on an Eppendorf Mastercycler ep System (Eppen-
dorf Canada, Mississauga, ON, Canada). Upon completing
the PCR cycles, 20 pl of each reaction was 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, USA).

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, USA)
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 prep-
arations were sent for bi-directional sequencing using M13
forward and reverse primers.

RNA extraction and cDNA synthesis

RNA was purified from individual genotypes or pooled
samples from each of the cultivar Apica (ATFO), the
population ATF5 and the D— and D+ crosses. Crowns
with buds (5-cm transition zone between shoots and roots)
were separated from roots and a 0.5-g FW sample was
ground to a fine powder in liquid N,. Total RNA was
extracted using a CTAB procedure as described by Azev-
edo et al. (2003). Total RNA was dissolved in TE [10 mM
Tris—HCI (pH 7.4), 1 mM EDTA] and subsequently stored
at —80 °C. Total RNA was quantified using both the
Experion™ RNA StdSens microcapillary chip (Bio-Rad,

Mississauga, ON, Canada) and the NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Nepean, ON,
Canada). The integrity and purity of the RNA was deter-
mined based on visual inspection of the fluorescence trace
and the RNA quality indicator (RQI) provided by the
ExperionTM software (Bio-Rad, Mississauga, ON, Canada).
All samples had RQI values >8 and any residual genomic
DNA was removed by a treatment with DNasel (Invitro-
gen, Burlington, ON, Canada) prior to cDNA synthesis.
First-strand cDNA was synthesized from 1 pg of total
RNA and oligo(dT),g primers using the Transcriptor First
Strand cDNA synthesis Kit (Roche Applied Science, Laval,
QC, Canada) following the manufacturer’s instructions. A
minimum of two independent cDNA synthesis reactions
were performed for each sample and used as technical
replicates in subsequent RT-qPCR analyses.

Real-time PCR

RT-qPCR analysis of gene expression was performed
according to the MIQE guidelines (Bustin et al. 2009)
using four independent biological replicates/pots
(10 plants pot™ ") and two technical replicates of each PCR
reaction. Assays were carried out in 96-well plates
(twin.tec real-time PCR plates, Eppendorf Canada, Miss-
issauga, ON, Canada) in a Mastercycler® ep realplex sys-
tem (Eppendorf Canada, Mississauga, ON, Canada) using
the QuantiTect® SYBR Green PCR kit (QIAGEN, Tor-
onto, ON, Canada). The 10-pl reaction mixture contained
3wl of first-strand cDNA and 0.5 uM of each of the for-
ward and reverse primers. The thermocycler program was
set to: 15-min activation at 95 °C followed by 40 cycles of
15s at 95°C, 15s at annealing temperature; 1-min
extension at 72 °C. The annealing temperature was set to
60 °C and 65 °C for the two dehydrins and the two refer-
ence genes respectively. Real-time PCR was carried out in
duplicates and control samples without template or with
RNA alone without reverse transcription were included as
checks for potential contamination with genomic DNA.
Amplified products were electrophoresed on agarose gels,
purified, cloned and confirmed by sequencing as described
above. PCR efficiency was calculated from the linear
regression of a sevenfold dilution of PCR products using
the following equation: Efficiency % = (10"51°P9 — 1) x
100. Efficiency was between 98 and 102 % for all genes.
The threshold cycle (C,) values at which the PCR product
fluorescence rises over the background fluorescence was
determined by the instrument software which was set to
default parameters. Data were analyzed with the qBasePLUS
software version 1.57 (Biogazelle, Ghent, Belgium).
Samples were normalized according to Vandesompele
et al. (2002) using the geometric mean of two reference
genes (Table 1) with a cut-off V value lower than 0.15.
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* 345 bp
K2 K3 bp
TGTGTGTIGH DT TTGVGHQOHGENRGVVDKIKEKIPGTGTGTGTGTGTGHGTT HGHOQHGEEGVVDKIKEKIPGTGS 372
TGTGTGTGHCTTGYGDTGVGOGTTGVGHOQHGENRGVVDKIKEKI PGTGTGTGTGTGTGHGTTG? HGHQQHGEKGVVDKIQEKLEG - 354

327 bp

B K1

Ks-A M ENKBAVDKIKEKIP

Ky-B ENREAVDKIKEKIP
WCOR726 Triticum aestivum 3 ENKSBVVESITEKLE

Wdhn13 Triticum aestivum ; EKKEVMESITEKLER
QRDHNS3 Quercus robur MS ONOQKKELVEKIKEKIP

Dhn3 type 1 Quercus petraea MS ONQQKKELVEKIKEKIP

Dhn3 type 2 Quercus petraea MS QOQKKELVEKIKEKIP

Cas18 M. sativa ssp. falcata MS ENRSVVDKIKEKIBVALELELE

Ks-A

KB

WCOR726 Triticum aestivum
Wdhn13 Triticum aestivum
QRDHN3 Quercus robur
Dhn3 type 1 Quercus petraea
Dhn3 type 2 Quercus petraea
Cas18 M. sativa ssp. falcata

STGQE

Fig. 1 a Alignment of full-length coding sequences for the K3-A and
K;-B dehydrin sequence variants identified in Medicago sativa spp.
sativa. These sequences are deposited in GenBank under the
accession numbers JX460852 and JX460853. K-segments are shown
in shaded areas. The location of primers used for the amplification of
full-length sequences and RT-qPCR amplification of the K5 dehydrins
are shown in dotted boxes and their sequence is provided in Table 1.
Predicted length of the RT-qPCR amplicons is indicated above the
Ks-A sequence and below the K3-B sequence. The number of amino
acids and nucleotides (bp) for the full-length open reading frame is

K2

Q- HGENR
0 HGENR
TSEKK
)GH- TGVTGTGT TCEKK
QHHHQEE

VVDKIKEKIP
'VVDKIKEKIP
VIENIKEKLP
VVENIKEKLP
LTEKIKENIP
QHHHQKEGLTEKIKENIP
QHHHQKEGLTEKIKENIP

MERNREAVDKIKEKI PG

Amino
acids
124
118
125
124
112
112
100

OTKP 158

K3

JGH

NESMMDEIKDELEBEO!
VMEKIKEKIR
VMEENQEKTR
VMEKIKEKIBSLH

KEGHHGHDEQHLGE IMERKIKEEIRET

KK

SCTGH
indicated to the right of the sequences. b Amino acid alignment of the
two M. sativa K5 dehydrin sequence variants with K;-type dehydrins
from other species. K-segments are shown in light gray shaded areas,
and conserved residues are indicated in dark gray. GenBank
accession numbers for each dehydrins are: AAB18204.1 (WCOR?726,
Danyluk and Sarhan, unpublished data), BACO1112.1 (Wdh13, Ohno
et al. 2003), AAU06816.1 (QRDHNS3, Sunderlikova et al., unpub-
lished data), CAM98306.1 (Dhn3 type 1, Vornam et al. 2011),
CAM98307.1 (DHN3 type 2, Vornam et al. 2011) and AAA21185.1
(CAS18, Wolfraim et al. 1993)

Table 1 PCR primers used for amplifying, cloning, characterizing and sequencing K3 dehydrin variants from Medicago sativa cv. Apica, with

their corresponding T,

Primers Description Sequences (5" — 2') Tm
°C)
Ksfullf 5" forward primer for full length K3 dehydrins ATGTCTCAATATCATGGAGAAAAT 56.0
Kiqgf Forward primer for qPCR analysis of K53-A and K3-B GGAGCTGTGGACAAGATCAAGG 63.0
K5-Ar 3’ reverse end specific for K3-A GTGTCCTTGTCCATGTCCAGTACA 63.0
K;-Br 3’ reverse end specific for K3-B GTGCCCTTGTCCATGACCAGGAAG 70.0
Ms03_50f03F Forward primer for reference gene; putative function: translation initiation ATGCACTGGAGGAAGAGCAC 60.4
factor 5
Ms03_50f03R  Reverse primer for reference gene; putative function: translation initiation TCCTCCGACTCTGACTCTGC 60.7
factor 5
Ms03_69f07F Forward primer for reference gene; putative function: ubiquitin GAAGGTTCGCGTGAAGTGC 62.0
Ms03_69f07R  Reverse primer for reference gene; putative function: ubiquitin CACCGAGAGTGATGTGATCC 59.1
MI3F Universal M13 forward primer for sequencing TGTAAAACGACGGCCAGT 79.0
MI13R Universal M13 reverse primer for sequencing CAGGAAACAGCTATGAC 69.4

These reference genes were selected by screening several
candidate genes for stable expression under non-acclimated
and cold-acclimated conditions using the geNorm program
included in the gBase™ Y software (Castonguay et al. in
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preparation). Inter-run calibrators were included on each
plate to account for plate-to-plate variation. Normalized
relative expression levels were calculated using the 2724

or comparative Cy method based on the differences in Cy
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between the target and the reference genes and corrected
for PCR efficiency (Hellemans et al. 2007).

Western blot analysis

Soluble proteins from crowns were extracted in a 50-mM
HEPES buffer at pH 7.0 and separated by one dimensional
SDS-PAGE analysis prior to immunoblotting. Buffer-sol-
uble protein concentrations were determined with a
NanoDrop™ 1000 spectrophotometer (Thermo Fischer
Scientific, Nepean, ON, Canada). Equal amounts of total
soluble proteins were loaded on a Criterion™ TGX Any
kD™ precast gel (Bio-Rad Laboratories, Mississauga, ON,
Canada). Proteins were subsequently transferred electro-
phoretically onto Immobilon-P™ polyvinylidene fluoride
(PVDF) membranes (Sigma-Aldrich, Oakville, ON, Can-
ada) and blocked with TBST buffer (10 mM Tris—HCI, pH
7.5, 150 mM NaCl, 0.05 % Tween-20) containing 5 %
skim milk for 60 min at room temperature. Membranes
were incubated with a 1:1,000 dilution of rabbit anti-de-
hydrin polyclonal antibody (PLA-100, Stressgen Biore-
agents Corp., Victoria, BC, Canada) in TBST for 2 h. After
primary antibody incubation, membranes were immersed
in TBST containing the secondary goat anti-rabbit IgG
polyclonal antibody (dilution 1:1,500) conjugated to alka-
line phosphatase (Bio-Rad Laboratories, Mississauga, ON,
Canada). Secondary antibodies were detected using
5-bromo-4-chromo-3-indolyl phosphate and nitroblue tet-
razolium substrate solution.

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
7.1.3.0 (Hall 1999). Amino acid sequences were aligned
using the CLUSTALW tool included in BioEdit and
refined manually. VecScreen, an online contaminant vector
screening software developed by NCBI (http://www.ncbi.
nlm.nih.gov/VecScreen/VecScreen.html) was used to
remove vector sequence. Sequence data from this article
have been deposited in the GenBank data library under the
following names and associated accession numbers (in
parentheses): K3-A (JX460852) and K5-B (JX460853).

Data analysis

A total of 145 genotypes for each of the ATFO and the
ATFS5 population were scored for the presence of the two
K3 sequence variants (K3-A and Kj3-B). The sample set
included 45 genotypes used in Rémus-Borel et al. (2010)

and Castonguay et al. (2012b) and a group of 100 geno-
types that was sampled for DNA and for RNA extraction
from cold-acclimated crowns. Genotypes showing a strong
amplification of the K53 dehydrins were deemed positive. A
separate group of 100 genotypes was also sampled for
DNA and for protein extraction from cold-acclimated
crowns. These samples were used for Western blot analy-
ses but were not included in the analysis of the frequency
of occurrence of the two K; dehydrin variants in the gen-
ome. Chi-square (x°) tests to assess difference in the dis-
tribution of frequencies of K3 dehydrins between the ATFO
and ATF5 populations and the Cochran—-Mantel-Haenszel
statistics for independent assortment of pairwise compari-
sons of dehydrin sequence variants were performed with
the FREQ procedure of the Statistical Analysis System
(2006). Statistical comparisons of relative gene expression
between treatments are reported independently for each
gene based on 95 % confidence intervals calculated by the
qBase™ " software.

Results
Amino acid sequence of K5 dehydrins

Two groups of homologous transcripts encoding Ks-type
dehydrins were identified within an EST library and used to
design primers (Table 1). Following amplification, full-
length sequences were cloned and the analysis of nucleo-
tide sequences revealed the presence of two sequence
variants of, respectively, 372 bp (K3-A; accession no.
JX460852) and 354 bp (K3-B; accession no. JX460853)
that are not interrupted by introns. The full-length sequence
of the K3-A encodes a putative 124-residue polypeptide
with predicted molecular mass of 12.2 kDa and an iso-
electric point of 7.2 (Fig. 1a). The shorter K3-B sequence
encodes a putative 118-residue polypeptide with predicted
molecular mass of 11.7 kDa and a more basic isoelectric
point of 8.1. Sequence analysis of several cloned fragments
within two ATFO genotypes indicated the presence of
multiple allelic forms within each of the K3 dehydrin
groups (Table 2; Supplementary Fig. 1 and 2). In addition,
more than four alleles were detected for both K3 sequences
in one of the genotypes.

The two K5 dehydrin sequences contain three copies of
the K motif and lack the Y and S segments often present in
other dehydrins. The three K-segments of the “A” group of
K3 dehydrins share a conserved KIKEKIPG sequence of
amino acids at the end of that signature motif. The residues
that precede that sequence do, however, vary with the
replacement of N by E in position 2, K by R or its deletion
in position 3 and A by V in position 5 of the K-segments.
The “B” group of K3 dehydrins is highly homologous to
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Table 2 Number of cloned sequences of K;-A and Kj3-B in two
genotypes with corresponding number of alleles

Dehydrin variant ~ Genotype 1 Genotype 2
Sequences Alleles Sequences  Alleles

K5-A 6 4 8

K5-B 8 3 10

the “A” group of sequences with, however, unique fea-
tures. The most striking difference is the deletion of a
TGSCTG stretch of six residues at the C terminus. Dif-
ferences between the K1 and K3 segments of the “A” and
“B” groups are also observed with the exchange of a K for
an R residue in position three of the K1 segment as well as
the replacement of E by K, K by Q and I by L in position 2,
9 and 12 of the K3 segment, respectively.

The M. sativa K53 dehydrins were aligned with homol-
ogous sequences found in other species (Fig. 1b). The
length of the K3 dehydrin was very similar among species
and varied from 100 up to 150 amino acid residues. In spite
of frequent conservative substitutions of amino acids, the
K-segments are highly conserved both in size and structure.
Except for the M. falcata sequence, we note that the
spacing between the K-segments is of the same order of
magnitude and that each sequence ends with a histidine
residue. The unique presence of a SCTGHG stretch of
residues at the C terminus of the K5-A group of M. sativa
and M. falcata sequences and its conspicuous absence from
the other sequences is also noteworthy.

K3 dehydrins respond to selection for freezing tolerance

Amplification of full-length Kj3-A dehydrin revealed
marked differences in intensity between pools of genotypes
of the initial population ATFO and population ATFS5
(Fig. 2a, pools). Genotypic assessment of K;-A amplifi-
cation in a group of 45 genotypes in each population
showed a marked increase in the number of genotypes with
a strong amplification from 3 positive scores in ATFO up to
16 in the ATF5. Chi-square (%) analysis of 145 genotypes
in each population confirmed a significant increase in the
frequency of occurrence of the K3-A sequence in response
to selection for superior freezing tolerance (Table 3). The
most intense signals in Fig. 2a were found to occur in
genotypes identified by black arrows that were previously
scored as being positive for a Y,K, dehydrin RFLP linked
to superior freezing tolerance in alfalfa (Rémus-Borel et al.
2010). An association between strong amplification of the
K3-A dehydrin and the RFLP is further supported by
observations made with pools of genotypes from the D+ or
D— crosses that were, respectively, obtained by crossing
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genotypes with (+) or without (—) the Y,K, dehydrin
RFLP (Fig. 2a, pools).

In comparison with the K3-A results, there was a lesser
intensification of the full-length amplification signal of the
K3-B dehydrin in pools of genotypes from the ATFS5
population as compared with ATFO (Fig. 2b, pools).
Analysis of genotypic frequency in the group of 45 geno-
types revealed a higher initial number of positive scores in
ATFO and a smaller increase in the number of individuals
with a strong signal in ATF5 (7 vs. 13 for K3-A). Never-
theless, the proportion of positive genotype for K;-B is
significantly higher in ATF5 than in ATFO when the 145
genotypes are included in the Chi-square (y*) analysis
(Table 3). No association was apparent between a strong
amplification of K5-B and the Y,K, dehydrin RFLP (black
arrows in Fig. 2a). This is consistent with the lack of dif-
ference in the intensity of amplification between pools of
genotypes from the D— and D+ crosses (Fig. 2b, pools).
Independent assortment of the K5-A and K3-B sequences is
supported by a non-statistically significant correlation
between their respective genotypic distribution (Table 4).
A highly significant correlation between K;-A and the
Y,K,; RFLP supports a co-inheritance of these two
sequences. On the other hand, the non-significant correla-
tion between K5-B and the Y,K, RFLP indicates a lack of
association between these two genes.

Cold-induced expression of K3 dehydrins

Using RT-qPCR we assessed the cold induction of Kj
dehydrins in M. sativa and the impact of the observed
differences in genotypic frequency between populations on
the level of cold-induced transcripts. The two K3 dehydrins
were strongly and significantly up-regulated in cold-accli-
mated crowns of alfalfa (CA vs. NA treatments in Fig. 3a
and b). For both dehydrins, there was a clear tendency for a
higher expression in ATF5 than in ATFO although this
difference was not statistically significant. The observation
that K5-A transcripts did not accumulate in cold-acclimated
crowns of D— progenies is in stark contrast with the strong
cold-induced expression in D+ progenies (Fig. 3c). Tran-
scripts of the K3-B dehydrin were markedly up-regulated in
cold-acclimated plants of ATFO and ATF5 and showed
similar relative levels of cold-induced expression in the
D— and D+ crosses (Fig. 3d). In ATFO and ATF5 popu-
lations, significant differences in the expression of the
K5-A dehydrin were observed between genotypes yielding
a positive (+) or negative (—) genomic amplification
(Fig. 4a). Variation in the expression of the K;-B gene was
linked to the intensity of the amplification of its encoding
gene but was not related to the amplification signal for the
K3-A dehydrin (Fig. 4b).
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Fig. 2 Amplification of the full-length coding sequences of a K;-A

and b K3-B dehydrin sequence variants using K3 fullf as a common
forward primer and the K3-Ar or K3-Br primers for the K;-A and K;-
B variants, respectively. Amplifications were performed with 45
genotypes within each of the ATFO and ATF5 populations, and with
pooled DNA samples (x~45 genotypes) from the ATFO and ATF5
populations and with pooled samples (~20 genotypes) from crosses

Table 3 Distribution of genotypes with positive or negative ampli-
fication of the K3-A and Kj3-B dehydrins in the ATFO and ATFS
populations

Gene Population PY
ATFO ATF5
Negative Positive Negative Positive
K5-A 129 16 102 43 <0.0001
K5-B 103 42 74 71 <0.0005

T Probability that the observed distribution of genotypes is signifi-
cantly different between ATFO and ATF5 based on Chi-square (y%)
analysis

Detection of K3 dehydrin polypeptides

Western blot hybridization with a polyclonal dehydrin
antibody revealed the complexity of this large multigene
family in alfalfa. The striking difference in the detection of
dehydrin polypeptides between non-acclimated (NA) and
cold-acclimated (CA) samples indicates that several

between ATFO genotypes with (D+) and without (D—) a dehydrin
polymorphism. N indicates the number of genotypes with a positive
amplification signal for the corresponding K3 fragment. Length of the
amplified fragments is indicated on the left of a and b. Downward
arrows in a indicate genotypes that were previously scored positive
for a dehydrin RFLP with a demonstrated impact on freezing
tolerance (Rémus-Borel et al. 2010)

Table 4 Probability of independent assortment of three dehydrin
sequences in genotypes of ATFO and ATF5

Ks-A Y,K,
K;-B 0.15 0.06
Y,K, <0.0001

According to the Cochran-Mantel-Haenszel correlation

n = 290 (145 genotypes in each population)

members of this gene family are cold inducible in alfalfa
(Fig. 5a). The presence of an additional peptide of the
expected molecular weight (MW) in pooled extracts from
genotypes with a strong amplification of the K3-A gene
suggests an association with the accumulation of this gene
product (Fig. 5b). The low MW polypeptide putatively
corresponding to the K3-A dehydrin was unambiguously
detected in protein extracts from the D+ cross and did not
appear to be present in extracts from the D— cross. The
relationship between genomic amplification of K3-A and
the accumulation of its encoded polypeptide is further
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Fig. 3 RT-qPCR assessment of K3-A
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Fig. 4 RT-qPCR determination of the expression of the K3-A (a) and the group of genotypes with positive K;-A amplification when

K5-B (b) dehydrin sequence variants in cold-acclimated genotypes compared to the group with negative amplification. Genomic
from the ATFO and ATF5 populations. Genotypes were selected on amplification results for the K3-A and the K3-B dehydrins is provided
the basis of positive or negative genomic amplification of the K;-A in bottom panels. Arrows to the right of bottom panels indicate the
dehydrin. Relative levels of gene expression are shown in the top length of the fragments

panels. Asterisk indicates significant difference at P < 0.05 between
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confirmed by the consistent detection of an additional
polypeptide of low MW in genotypes of ATFO and ATF5
with a positive amplification (Fig. 5¢). Conversely, no
additional polypeptide was found in genotypes with a
negative amplification. The detection of a polypeptide
corresponding to the putative K3-B encoded product dif-
fered between genotypes with a negative and positive
amplification of the K3-A gene. Whereas its presence was
associated to the strength of the K;-B gene amplification in
genotypes with a negative K3-A amplification, a polypep-
tide was detected in all genotypes with a positive Ks-A
amplification regardless of the intensity of the K;-B
genomic amplification signal. The putative K;-B poly-
peptide detected in genotypes with a positive Ks-A
amplification does, however, appear to have a slightly
lower MW than the one detected in genotypes with a
negative K3-A amplification (Fig. 5c).

Discussion
Sequence features of alfalfa K5 dehydrins

An initial search of an EST library from cold-acclimated
crowns of alfalfa led us to the identification of transcripts
encoding Kj-type dehydrins that were assigned to two
groups (K5-A and K3-B) of sequence variants. Analysis of
full-length coding sequences indicated the absence of intron
and revealed hydrophilic peptides with three repeats of the
obligate K-segment as well as a lack of the facultative
S- and Y-segments. The three K-segments of the alfalfa
K3-A dehydrin and two K-segments of the K;-B variant
share a DKIKEKIPG motif that only differs from the
DKIKEKLPG terminal sequence of the highly conserved
K-segment of dehydrins (Rorat 2006) by the conservative
replacement of leucine by isoleucine. There were, however,
several departures from the consensus sequence at the
beginning of the 15-amino acid K-segment. Conservative
(R) and non-conservative substitutions (N/E) of charged K
residues may have implications on the folding of the pre-
dicted o-helices. Several studies suggest a role of dehydrins
in membrane and protein stabilization in the dehydrated
state through interactions with the K-segments (Kovacs
et al. 2008; Koag et al. 2009; Hughes and Graether 2011).
Protonable histidine residues that are flanking the K-seg-
ments of the K3-A and K3-B dehydrins may be involved in
reversible interactions with negatively charged lipids in a
pH-dependent manner as recently proposed by Eriksson
et al. (2011). These authors also presented evidence that
phosphorylation of the numerous threonine (T) sites located
in the intervening @ segments of alfalfa K5 dehydrins may
also be equally determinant by preventing the formation of
lipid vesicles aggregates in freeze-desiccated cells.

The unusual presence of a cysteine at the C-terminus of
the K;-A variant is also noteworthy considering that
dehydrins are typically devoid of cysteine and tryptophan
(Close 1997). This single cysteine residue is part of a
conserved “TGS/GCTG” stretch of residues found at the C
terminus of dehydrins of several legume species including
Y,K, dehydrins from Medicago truncatula (Pennycooke
et al. 2008) and M. sativa spp. sativa (Rémus-Borel et al.
2010), a Y,K;5 dehydrin from the very winter hardy forage
legume Galega orientalis (accession no. ADT80777),
a Y,K, dehydrin from Pisum sativum (Grosselindemann
et al. 1998), a Y,K dehydrin from Vicia monantha
(accession no AB5006695.1) and a K; dehydrin from
M. sativa spp. falcata (Wolfraim et al. 1993). The deletion
of this particular segment is a distinctive feature of the
K3-B variant. This sequence modification may have
important functional impacts considering that disulfide
bridges between thiol groups of cysteines are involved in
crosslinking of proteins or may contribute to the determi-
nation of the tertiary structure of a protein when it occurs
within a polypeptide. Yakubov et al. (2005) reported the
presence of two cysteine residues in a cold-inducible Ks
dehydrin from Pistacia vera L. Prediction of a non-disul-
fide-bonding state for these cysteine residues led to the
conclusion that they were unlikely to contribute to the three
dimensional conformation of the protein. However, a role
in protein—protein interactions following post-translational
modification of cysteine residues remains a possibility.

K3 dehydrins are closely associated with cold tolerance

K3 dehydrins are not frequently reported in the literature
but have been identified in species able to develop toler-
ance to subfreezing temperatures after a cold acclimation
period. In wheat (Triticum aestivum L.), the Wdhnl3 and
WCOR726 genes encode small K; dehydrins that share
88 % identity in their amino acid sequence (Ohno et al.
2003). Vornam et al. (2011) recently described two variant
forms of a K3 dehydrin in sessile oak (Quercus petraea
[Matt.] Liebl.). Although there is still no demonstrated
in vitro function, evidence suggests that K,, and Y,K, de-
hydrins may exert important roles with regard to adaptation
to low temperature (Rorat 2006). The fact that Kj
sequences from distant species code for short hydrophilic
polypeptides of nearly identical MW (12-13 kDa) and that
their K-segments are similarly spaced may be relevant to
their physiological function. There are indeed indications
that spacing of K-segments may be geometrically impor-
tant for interactions with specific membrane domains
(Eriksson et al. 2011). In that respect it is noteworthy that
the K;-type dehydrin which differs the most in size from
the K3-A and K3-B dehydrin variants is the cas/8 sequence
(17.6 kDa) isolated from a diploid population of the closely
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Fig. 5 Western blot hybridization of a dehydrin polyclonal antibody
with soluble proteins extracts from a pools of non-acclimated (NA)
and cold-acclimated (CA) genotypes (n = 50) from ATFO and ATFS5
populations: b pools of cold-acclimated ATFO and ATF5 genotypes
(n = 10) with positive or negative genomic amplification of the K5-A
dehydrin and pools of cold-acclimated genotypes (n = 20) from the
D+ and D— crosses; ¢ cold-acclimated ATFO and ATF5 genotypes
with positive or negative genomic amplification of the K5-A dehydrin.

related M. sativa spp. falcata. Although the K-segments of
casl8 are highly conserved, its @ segments are signifi-
cantly different due to atypical motifs not present in the
other K3 dehydrins. Based on this observation, the alfalfa
K3 dehydrins described in the current study are clearly
different from the cas/8 gene (Wolfraim et al. 1993).

The significant increase in the number of genotypes
positive for K3-A and for K3-B in response to recurrent
selection for superior freezing tolerance clearly suggests an
association with this trait. Moreover, the accumulation of
K3-A and K;5-B transcripts and their encoded products was
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The location of a low MW dehydrin detected in genotypes with a
positive K;-A signal or in the D+ cross is indicated by a black arrow
inb and c¢. Molecular weight standards in kDa are indicated on the left
of the Western blots in a—c. Genomic amplification of the K3-A and
the K5-B dehydrins in ATFO and ATFS5 genotypes are provided at
bottom of ¢. MW standards in bp are provided at the left while the
length of the amplified fragments is indicated on the right

strongly up-regulated at low temperatures. Cold-induced
accumulation of transcripts of the two K3 dehydrins in the
ATFS5 population did not statistically differ from that of
ATFO. However, a tendency for superior levels of
expression in ATF5 and markedly higher levels of tran-
scripts in genotypes showing positive gene amplification
support an impact of recurrent selection on the expression
of these genes. Whether K3 dehydrins are landmarks for
regions of the genome under selection pressure or are
partly responsible for the observed increase in tolerance to
freezing in TF populations remains to be elucidated. In that
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regard, the report by Holkova et al. (2009) that cold-
induced expression of the K3 gene Wdhni3 is highly cor-
related to variation in freezing tolerance among wheat
cultivars is particularly interesting. On the other hand,
Vornam et al. (2011) noted few differences in K5 gene
diversity between populations of sessile oak from different
altitude. They did not, however, assess whether the pres-
ence of specific allelic forms could be associated with
altitudinal provenance nor compare cold-induced expres-
sion of K3 dehydrins between these populations.

The alfalfa K3 sequence variants are encoded
by different genes

The identification, within genotypes, of multiple allelic
forms of the K53-A and Ks-B variants constitutes evidence
that these two highly homologous K3 dehydrin sequences
are encoded by two distinct genes (Supplementary Fig. 1).
In addition, the detection, based on a limited sampling of
cloned sequences, of more than four allelic variants within
a genotype of tetraploid M. sativa suggests the presence of
multiple copies of the K3-A and K3-B encoding genes.
Superior levels of expression of dehydrins in arctic-adapted
species of the legume Oxytropis as compared with tem-
perate species was related to tandem duplication (Archa-
mbault and Stromvik 2011). A parallel was recently drawn
between the observation by Zhang et al. (2011) of superior
accumulations of cold-induced Y,K, dehydrin transcripts
in cold hardy M. sativa spp. falcata than in cold-sensitive
M. truncatula and highly contrasted genomic amplification
signals for these genes between these two species (Cas-
tonguay et al. 2012a). This, along with marked genotypic
variations in the amplification signals for a Y,K, dehydrin
variant (Castonguay et al. 2012b) and the K3-A dehydrin
raises the possibility that copy number variation may play a
role in adaptation to subfreezing temperatures. In Populus
trichocarpa (Torr. & Gray), dehydrins were found to occur
as duplicated blocks distributed throughout the genome
likely as a result of segmental and tandem duplication (Liu
et al. 2012). The independent segregation of the K3-A and
K5-B genes (Table 3) and the unrelated genotypic variation
of the levels of both genes transcripts and encoded poly-
peptides (Figs. 4, 5c) provide additional evidence for the
occurrence of two genes located at distinct loci.

K3-A co-segregates with a Y,K, variant that affects
freezing tolerance

Amplification with genotypes from ATFO and ATF5
revealed a highly significant association between the
presence of the K3-A dehydrin and a Y,K, dehydrin RFLP
with a demonstrated impact on freezing tolerance (Rémus-
Borel et al. 2010). The marked enrichment of the K3-A

genomic amplification signal in pools of genotypes with
the RFLP (D+ cross) along with the absence of cold-
induced expression in plants without the RFLP (D— cross)
further support the co-inheritance of the K3;-A gene with
the Y,K, dehydrin RFLP. Chromosome blocks that vary in
size with the extent of linkage disequilibrium are the
genomic unit of genetic transmission (Bingham 1998.).
Investigations on the nature of heterosis in alfalfa led to the
conclusion that the accumulation over generations of
favorable alleles on chromosome blocks rather than allelic
interactions at a single locus was responsible for genetic
gains in heterotic crosses (Woodfield and Bingham 1995).
Chromosomal domains with groups of co-expressed genes
or with genes that are functionally related have been
recently described (Zhan et al. 2006; Michalak 2008; Liu
and Han 2009). Zhan et al. (2006) noted an over repre-
sentation of housekeeping and stress-related genes that
could share a common regulatory environment within these
clusters. In wheat and barley, K,, dehydrins were located on
the homologous group 6 chromosomes with the exception
of the Ks-type WDHNI3 that was encoded by genes
located on the group 7 chromosomes (Ohno et al. 2003).

Differences in transcriptional regulation may also
influence the function and expression patterns of dehydrin
genes (Wisniewski et al. 2006). Specific motifs of cis-
acting regulatory elements like (DRE)/-C repeats are often
found in promoter regions of cold-inducible genes, and
their organization affects the molecular processes of abiotic
stress responses (Yamaguchi-Shinozaki and Shinozaki
2005). Transcript initiation sites can also vary according to
the developmental stages of the plant, as described by
Basset et al. (2009) in peach, leading to products of dif-
ferent sizes. These authors also found that conformational
transitions associated with decreasing temperature, in the
sequences surrounding the TATA box, can contribute to
the regulation of expression of cold-inducible dehydrin
genes. The analysis of the upstream sequences of both K3
dehydrin variants could thus be interesting.

In spite of evidence that the K3-A and K;3-B genes are
located at different loci both variants responded positively
to recurrent selection for superior tolerance to freezing and
were strongly up-regulated at low temperatures. This raises
the question whether concomitant selection for both vari-
ants could have a synergistic impact on cold tolerance of
alfalfa. Puhakainen et al. (2004) noted a significant
increase in freezing tolerance of Arabidopsis plants over-
expressing two dehydrin genes when compared with single
dehydrin transformants. Based on these considerations,
search for other adaptive genes co-located at the K3-A and
the K3-B loci is certainly warranted.
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