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Abstract To increase yield in pea (Pisum sativum L.),
autumn sowing would be preferable. Hence, frost tolerance
of pea became a major trait of interest for breeders. In order
to better understand the cold acclimation in pea, Cham-
pagne a frost tolerant line and Terese, a frost sensitive line,
and their recombinant inbred lines (RIL) were studied. RIL
frost tolerance was evaluated by a frost damage scale under
field as well as controlled conditions. A quantitative trait
loci (QTL) approach was used to identify chromosomal
regions linked to frost tolerance. The detected QTL
explained from 6.5 to 46.5% of the phenotypic variance.
Amongst them, those located on linkage groups 5 and 6
were consistent with over all experiments, in field as well
as in controlled environments. In order to improve the
understanding of the frost tolerance mechanisms, several
cold acclimation key characters such as concentration of
sugars, electrolyte leakage, osmotic pressure, and activity
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of RuBisCO were assessed. Some of these physiological
QTL colocalised with QTL for frost damage, in particular
two raffinose QTL on LG5 and LG6 and one RuBisCO
activity QTL on LG6, explaining 8.8 to 27.0% of the phe-
notypic variance. In addition, protein quantitative loci were
mapped; some of them colocalised with frost damage and
physiological QTL on LG5 and LG6, explaining 16.0—
43.6% of the phenotypic variance. Raffinose metabolism
and RuBisCO activity and its effect on photosynthesis
might play a major role in cold acclimation of pea.

Introduction

A stress is a condition which inhibits the normal function-
ing of living beings (Mahajan and Tuteja 2005). Higher
plants, representing about 99% of the eukaryotic biomass of
the planet (Trewavas 2003), might be better adapted to
changes than animals, because their immobility resulted in
a stronger selection for a greater phenotypic plasticity
(Bradshaw 1972). Cold stress is an important factor in agri-
culture because yield and biomass often largely vary with
temperature conditions. Facing frost stress, plants may
develop two strategies: frost escape and/or frost tolerance
achieved by a preceding cold acclimation. In some plants
such as cereals, vernalization corresponds to a frost escape
strategy, because it delays the transition from the vegetative
to the reproductive phase, the latter being the most sensitive
to frost (Fowler et al. 2001). Some species can tolerate neg-
ative temperatures if they were previously exposed to a few
days of low, but still positive, temperatures. This ability is
known as cold acclimation (Levitt 1980). It depends on
metabolic changes that lead to plant adaptation. For winter
wheat, Baga et al. (2007) have described a quantitative trait
loci (QTL) for low-temperature tolerance, located close to
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the vrn-Al locus (vernalization) and to two CBF (C-repeat
binding factor) genes within the confidence intervals. These
genes are expressed during cold acclimation (Thomashow
1999). Some of the characters often cited for a relationship
with the process of cold acclimation, are the accumulation
of sugars (Castonguay et al. 1995), the modification of the
plasma membrane composition (Uemura et al. 1995) pre-
venting electrolyte leakage (Dexter etal. 1932), and an
increase of the RuBisCO activity (Holaday et al. 1992).

Pea (Pisum sativum L.), a crop used as protein source in
animal feeding because of its relatively high protein seed
content (21-26%) is distinguished from cereals by a high
concentration of the essential amino acid lysine. Thus,
breeders are interested in an increase of yield via an
increase of the production of biomass and/or an extension
of the production area. Both of these goals could be realised
by the availability of frost resistant peas. Higher biomasses,
as well as increased seed numbers, can be naturally
achieved by autumn sowing (peas are normally sown in
spring) and the resulting longer growth period until the
flowering state. But to achieve this goal, they have to resist
different winter stresses amongst which frost is particularly
important.

The pea forage line Champagne possesses the Hr allele
(high response to the photoperiod on linkage group 3)
which delays flowering initiation (Murfet 1973) under short
days. Plants remain in a vegetative stage until a minimum
threshold day length of 13.5 h is reached, normally corre-
sponding to the beginning of April. In this way, plants
escape frost because the vegetative state is less sensitive to
frost (Lejeune-Hénaut et al. 1999). In fact, in a recombinant
inbred line population derived from Champagne
(Hr) x Terese (hr), a field winter frost damage (WFD)
QTL previously described colocalizes with the Hr locus
(Lejeune-Hénaut et al. 2008). In addition to this escape
ability (Hr), other QTL have been also detected. Bourion
et al. (2003) have already shown that, in a controlled envi-
ronment chamber, Champagne also exhibits a better frost
tolerance than Terese.

Amongst known cold acclimation characters, measure-
ments were performed for sugar contents, RuBisCO activ-
ity, electrolyte leakage, and osmotic pressure in field and
controlled environment experiments. De Vienne et al.
(1999) have shown that proteins for which PQL (protein
quantitative loci, Damerval etal. 1994) colocalize with
QTL of interest could be candidate proteins. Our objective
was to detect QTL as well as PQL for physiological and
phenotypical parameters and to verify a possible linkage
with frost damage QTL related to cold acclimation.

In order to eliminate the major effect of the Hr locus, a
homogeneous subpopulation was used for which all lines
possessed the dominant Hr allele from Champagne. Two
regions on the pea linkage groups 5 and 6 were correlated
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to the frost damage QTL in the whole population or the Hr
subpopulation, in the field as well as under controlled con-
ditions. Validations of the subpopulation choice and the
controlled environment study were established. Some PQL
and physiological and morphological QTL colocalised with
the frost damage QTL; the involvement of these characters
in cold acclimation was examined.

Materials and methods
Plant material

Two pea lines were chosen for their contrasted behaviour
against frost: Champagne, a winter forage frost tolerant
variety and, Terese, a spring dry frost sensitive variety.
Champagne and Terese differ for leaf structure: Champagne
is a wild-type pea and Terese an afila-type. A population of
164 recombinant inbred lines (RIL) has been derived by
SSD (single seed descent) from the cross between Cham-
pagne and Terese until the F8 generation. This population
named Pop2 has been described by Loridon et al. (2005). It
segregates for the Hr locus: 78 lines are Hr and 86 lines are
hr.

By delaying the floral initiation, a critical stage, the Hr
allele confers a better frost tolerance to peas. An earlier
study (Lejeune-Hénaut et al. 2008) has described a major
QTL of frost damage colocalizing with the Hr locus. The
strong influence of this gene might limit or even prevent the
detection of other QTL having lower effects. We, therefore,
only used the subpopulation carrying the Hr allele issued
from the frost tolerant parent Champagne in order to elimi-
nate its influence. In any case, a recovery of Ar lines is nor-
mally excluded, as they are generally destroyed by frost.

Growth conditions and samplings
In field experiments

For the Hr subpopulation, plants were sown in two different
INRA experimental stations: Clermont-Ferrand Theix
(45°70'N, 3°02'E) in the middle of France (mountainous
area, 890 m) and Mons (49°53’N, 3°00'E) in northern
France. Sowing dates were 27 September 2004 in Clermont-
Ferrand and 30 September 2004 in Mons. Each plot was
sown in three replicates contained 12 rows of 1.5 m, 20 cm
apart, with a density of 20 seeds per row in Clermont-
Ferrand and 25 seeds per row in Mons. For biochemical
measurements, four samplings (S1-S4) were carried out:
three of them were performed during the acclimation period
(S1: 26 October 2004, S2: 16 November 2004 and S3: 07
December 2004 in Clermont-Ferrand or S1: 19 October
2004, S2: 22 November 2004 and S3: 13 December 2004 in
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Fig. 1 Temperature conditions
in field experiment. Mean daily
temperature during field experi-
ments in Clermont-Ferrand
(continuous line) and in Mons
(dotted line). Standard screen air
temperature was registered 2 m
above the ground. Four sam-
plings were conducted (S1-S4)
at each location. S7 10.26.2004,
$211.16.2004 and S3
12.07.2004 in Clermont-Ferrand
and S7 10.19.2004, S2
11.22.2004 and $3 12.13.2004 in
Mons, and the fourth at the end
of winter S4 03.20.2005 in Cler-
mont-Ferrand and $4 03.24.2005
in Mons

Mean temperature (°C)

Mons) and the fourth at the end of winter (S4: 20 March
2005 in Clermont-Ferrand or S4: 24 March 2005 in Mons)
as shown on Fig. 1.

In the controlled environment chamber

In the controlled environment chamber, plants were grown
in 12 cm high isolating trays, each having one hundred
holes containing a Jiffy block (Ets Puteaux, France) with
one seed. The chamber allows 800 plants to be grown at a
time. Plants were grown according to the temperature and
day length conditions described in Table 1 with a photosyn-
thetically active radiation varying from 250 pmol m~2s~!
(for cold and frost periods) to 300 pumol m~2s~! (for nurs-
ery and recovery).

After a 11-day-nursery period at 19°C/12°C (day/night)
which allowed the seeds to emerge and to produce up to
two fully expanded leaves, the plants were submitted to an
11-day-cold acclimation period at 10°C/2°C. Frost (6°C/
—8°C) was then applied during 4 days and plants were
finally allowed to recover at 16°C/5°C during 8 days. A
first set of experiments was carried out with the whole Pop2
population (78 Hr and 86 hr lines). Three successive

Table 1 Growth conditions for the frost experiment with cold accli-
mation in the controlled environment chamber

Period Nursery Cold Frost Recovery
acclimation

Number of days 11 11 4 8

Daylength (h) day/night 10/14  10/14 8/16 10/14

Temperature (°C) day/night 19/12  10/2 6/—8 16/5

Total length of the experiment was 34 days

Date

Clermont- - - -Mons

repetitions were realised with four plants per line. Owing to
this small number only the frost damage could be scored at
the end of these experiments. A second set of experiments
was undertaken in order to evaluate the cold acclimation
traits on the Hr subpopulation. Four experiments were per-
formed successively in the same chamber using the resis-
tant parental line Champagne as a control. Each experiment
followed a 3-block design in which each line was repre-
sented by 15 plants. At each sampling date, five plants were
harvested for each of the three biological repetitions.
Before harvesting, the developmental stage of each plant
was evaluated. For the afila lines, the score 0.25 was attrib-
uted at the emergence of the tendrils; 0.50 to the entire
spreading of the tendrils; 0.75 to the beginning of the open-
ing of the stipules and 1 to the complete opening of both
tendrils and stipules. For the other lines, leaflets were con-
sidered instead of the tendrils. Samples were furthermore
separated in aerial part and roots. Three samplings (T1-T3)
were realised during each experiment: the first one after
10 days of the nursery period (T1), and the second one after
10 days of the cold acclimation period (T2). Five plants
remained in the controlled room for an evaluation of their
frost damage before being sampled for the other measure-
ments at the end of the recovery period (T3).

Evaluation of frost damage

In the controlled chamber, at the end of the recovery period
(T3), seedlings were at the four leaf stage and frost damage
(FD) were evaluated through the extent of yellowing and
necrotic areas on leaves. Injury were ranged from 0 to 5, 0
corresponded to uninjured plants, one to plants with their
first leaf injured at the margin, two for their first and second
leaves injured, three for three leaves injured, four for three
leaves totally injured and five for the dead plants. The
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number of total branches (NTB) and green branches (NGB)
at T3 were assessed. The number of green branches is
another means to evaluate frost damage. In the field
experiment, adult plants were submitted to winter frost and
WEFD was evaluated at S4 with scores varying from O to 5
(Lejeune-Hénaut et al. 2008).

Electrolyte leakage assay

The electrolyte leakage assay was used to estimate cell
damage following frost. Measurements were realised after
8 days of recovery period (T3) in the controlled environ-
ment chamber. In the field, the electrolyte leakage assay
was performed at S1, S2, and S3, both in Clermont-Ferrand
and Mons.

Two stipules per plant were taken on five plants at each
repetition. They were placed in 15 mL of deionised water
for 24 h and the first measurement was done (C,) with an
Ion Check 30 conductivity metre (Radiometer Analytical,
France). C, corresponds to the quantity of ions that diffuse
freely through the membranes. The samples were then
placed at —80°C for 24 h in order to make the cells burst
and to measure the total quantity of ions in the cells (C)).
The ratio (Cy/C,) x 100 corresponded to the percentage of
electrolyte leakage (Campos et al. 2003).

RuBisCO activity

In the field experiment in Clermont-Ferrand (S2), the car-
boxylase activity of RuBisCO (Ribulose-1,5-bisphosphate
carboxylase/oxygenase) was determined via the oxidation
rate of NADH at 340 nm. Plants were ground in liquid
nitrogen to a fine powder and 500 pL of an extraction buffer
[100 mM bicine pH8.2, 1 mM EDTA, 20 mM MgCl,,
5mM DTT, 10% (v/v) glycerol and inhibitors cocktail
(Sigma)] were added to 500 mg of fresh material to extract
soluble proteins. Samples were centrifuged (21,000 g, 4°C,
10 min), the supernatant was transferred to a new tube and
centrifuged a second time. The assay was performed in the
presence of two enzymes: 3-phosphoglycerate kinase
(PGK, EC2.7.2.3) and glyceraldehyde-3-phosphate dehy-
drogenase (Gal3PDH, EC1.2.1.12). Phosphocreatine and
creatine phosphokinase (EC2.7.3.2) were used to regener-
ate ATP during the assay. Ten microlitres of the superna-
tant (soluble proteins) were placed in 1 mL of a solution
composed of 100 mM bicine KOH pHS, 25 mM NaHCO;,
20mM MgCl,, 025mM NADH, 3.5mM ATP,
5UmL™'3PGK, 5UmL™' Gal3PDH, 5U mL™" creatine
phosphokinase and 5 mM phosphocreatine. The extract was
incubated 15 min at 30°C. The reaction was initiated by the
addition of 0.5 mM RuBP (ribulose-1,5-bisphosphate) (Di
Marco and Tricoli 1983; Ward and Keys 1989). The assay
was performed at 30°C and the absorbance at 340 nm was
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measured in a spectrophotometer (CARY50, Varian).
Enzyme activities were expressed as nanomoles CO,
(RuBisCO) degraded per second (nanokatal) in relation to
total protein unit. Total soluble proteins were determined
by the method of Bradford (1976) with BSA (bovine serum
albumin) as a standard.

Osmotic pressure

For the samples from the field experiment in Clermont-
Ferrand (S2), the osmotic pressure was estimated by mea-
suring the vapour pressure deficit, which is a linear function
of the osmolarity. After grinding the plants, deionised water
was added to the powder in order to recover all the soluble
substances (ions, soluble sugars...) of the cells. The sam-
ples were then centrifuged and 10 pL of the supernatant
were put on a disc of blotting paper which was inserted
in the chamber of the micro-osmometer (Vapro® 5520,
Wescor, UT, USA) (Ball and Oosterhuis 2005).

Analysis of soluble sugars
Sample preparation

Analysis of soluble sugars was realised for the samples T1
and T2 in the controlled environment chamber (both aerial
parts and roots) and for the sample S2 in Clermont-Ferrand,
for the aerial parts only.

Plant material was ground in liquid nitrogen in a mortar
to a fine powder. For carbohydrate extraction, 200 mg of
this powder were lyophilised and mixed with 1 mL 80%
ethanol, vortexed and placed at 60°C for 30 min. After a
15 min centrifugation at 15,000 g and 4°C, the supernatant
was transferred to a new tube. The pellet was resuspended
in 500 pL 80% ethanol for 15 min at 60°C, followed by a
second centrifugation under the same conditions. Superna-
tants were combined. The same extraction procedure was
repeated with 250 pL. 80% ethanol and the supernatants
were gathered and dried in a speed vacuum. The dried resi-
due was resuspended in 150 pL of distilled water for aerial
parts and 100 pL for roots, and the aerial extracts were
filtered and diluted (1/3) before the HPLC assay (high-per-
formance liquid chromatography).

High-performance liquid chromatography

A Prominence system (Shimadzu) was used. Separations
were performed using an Alltech OA-1000 organic acids
column (300 x 6.5 mm) with 0.01 N H,SO, mobile phase.
The flow was 0.4 mL min~' and the column was heated to
40°C. Runs lasted for 20 min. Peaks corresponding to raffi-
nose, glucose and sucrose were detected with a refractive
index detector (RID-10A, Shimadzu). The use of standards
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allowed us to determine the concentration of the different
metabolites with the LCsolution software (Shimadzu). For
each sample, the sugar content was expressed as mg g~ of
dry matter.

Two-dimensional electrophoresis

Protein gels were realised with leaves harvested at T2 in the
controlled environment. Stipules, leaflets and tendrils were
harvested for wild-type leaf pea and stipules and tendrils
for afila-type leaf pea. Plant material was ground in liquid
nitrogen in a mortar to a fine powder and the extraction pro-
tocol was performed according to Dupire etal. (1999).
Immobilized pH gradient strips (17 cm ReadyStrip IPG
Strips, BioRad) with a linear pH gradient from 4 to 7 were
used with 80 pg of proteins. After active rehydration at
20°C during 16 h at 50 V, the IEF was run until 35,000 V h
were reached. The second dimension was realised in
a 12.5% polyacrylamide gel at 350 V using an Ettan
DALTtwelve (GE Healthcare). Protein spots were silver-
stained according to Blum et al. (1987). Gels were com-
pared using ImageMaster 2D Platinum (GE Healthcare)
and spots were quantified in each gel. Seventy spots were
identified by nanoLC-MS/MS.

Statistical and QTL and PQL analyses

Statistical analyses were done with the SAS package ver-
sion 8 (SAS Institute Inc. 1999). The GLM (general linear
model) procedure was used for the analysis of variance, the
GLM procedure with manova for the genetic correlations
and the univariate procedure to test the normality and to
detect abnormal residues. The data being out of the Henry’s
line in the normal probability plot were verified and mea-
sured once again if possible. If necessary, they were elimi-
nated from the data-set. For each variable, the adjusted
means were calculated and used in the QTL and PQL anal-
yses.

Quantitative trait loci and PQL analyses were performed
with Windows QTL Cartographer version 2.5 (Wang et al.
2007). The genetic map has already been used for QTL
mapping in Lejeune-Hénaut et al. (2008), and the genetic
data are detailed in Aubert et al. (2006) and Loridon et al.
(2005). The genetic map comprises 1,491 cM with 258
markers on seven linkage groups (LG). QTL mapping was
realised by composite interval mapping (model 6) with the
forward and backward regression method for covariate
selection (method 3). The LOD threshold was determined
for each variable after running five times a 1,000 permuta-
tion test (o = 0.05) and calculating the mean LOD for the
five repetitions. In addition, the part of the phenotypic vari-
ance (R%) explained by the QTL and the corresponding
additive effect (a) were calculated for each QTL.

Results
Frost damage QTL

The evaluation of the Hr subpopulation in the field in Mons
and Clermont-Ferrand resulted in the detection of six win-
ter frost damage (WFD) QTL: on LGl (WFDcle.a), LG4
(WFDmon.a), LG5 (WFDcle.b and WFDmon.b) and LG6
(WFDcle.c and WFDmon.c), as shown in Fig.2 and
Table 2. Based on the scale 0-5, the WFD varied from 0.5
to 4.5 for Mons, and from 0.0 to 5.0 for Clermont-Ferrand.

The QTL mapping for frost damage on the 164 RIL in a
controlled cold-acclimated experiment led to the detection of
three frost damage (FD) QTL on LG3 (FD164.a), LG5
(FD164.b) and LG6 (FD164.c) (Fig. 2; Table 2). The FD val-
ues for this experiment ranged from 0.03 to 2.39. For the Hr
subpopulation, three FD QTL were detected: on LGS (FD.a)
and LG6 (FD.b) as for the whole population and another one
on LG7 (FD.c) (Fig. 2; Table 2). The FD varied from 0.06 to 3.

Linkage group 5 and LG6 QTL were very consistent
between the field and the controlled chamber conditions.
LOD values ranged from 3.54 (FD.c) to 17.31 (WFDcle.c)
and phenotypic variance explanation (R?) from 8.0
(FD164.c) to 46.5% (WFDcle.c). The favourable alleles for
winter frost damage on LG5 and LG6 were those given by
the Champagne parent.

Colocalization of frost damage QTL with QTL
for soluble sugars concentrations and other physiological
measurements in the aerial parts

Two QTL (RafCleS2.c and GlcT2.b) were detected on LG5
between the markers AA475 and AA163.2, the first being a
QTL for the concentration of raffinose at S2 in the field and
the second related to the concentration of glucose at T2 in the
controlled environment chamber (Fig. 3). For example, the
genetic correlation between frost damage and raffinose con-
centration is 0.78 (o < 0.0001) with minimum and maximum
values of 0.60 and 7.89 (Table 3). On linkage group 6, six
QTL were detected between the markers AD159 and
G04.950. For the controlled chamber plants, one QTL for the
concentration of raffinose was detected after 10 days of cold
acclimation (RafT2.b). The other QTL were detected from
field data during the cold acclimation period: the concentra-
tion of raffinose at S2 (RafCleS2.d), the RuBisCO activity at
S2 (RuBisCOcleS2), and the electrolyte leakage at S1 and S2
(LeakCleS1 and LeakCleS2) for Clermont-Ferrand, and S3
for Mons (LeakMonS3). All these QTL colocalised with the
QTL of frost damage in the LGS and LG6 (Fig. 2). The LOD
values ranged from 3.78 (GIcT2.b) to 8.31 (RafCleS2.d) and
R? from 14.3 (RafT2.b) to 25.2% (RafCleS2.d).

In roots no QTL for sugar concentrations were found to
colocalize with QTL for frost damage, whereas in leaves no
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Fig. 2 QTL of winter frost LG1 LG3 LG4 LG7
damage (WFD) and frost dam-
age (FD). Each field QTL (black 0.0 AA386 = o PYep:
box) is identified by WFD and §?;? 232551 14.3 FCA g 87.0 D24
. a 65.8———H11.1640 187 sucsyn W2 99.3 AA317AB36
the location abbreviation (mon . 3127 EMEa or T Niscoo M3 100.7 )| |}/ AAS05 -
Mons, cle Clermont-Ferrand). b = 325 E16.650 25.3 AD1862 e 23},396 o
4 QP4 83.2—1 R13.1800 SR s04 AAIT5 326 V12.1600 117.0
For the controlled chamber 2P 9.1 \—/ééﬁg u55 £4 40 HR ]gl; xgé
experiment (white box), QTL SZ;‘;;=< AD147 < 526 1265 101.750
were named only FD for the Hr 133:2 /—\gfg.: 200 § '
subpopulation or followed by ° "
164 for the whole population. s 5:<¢522_§ 500 P
Confidence intervals are defined 130.07] [\R11.730 by 2926 bfruct P
as 1 (box) and 2 (whisker) units EB | 263 AB6s ié
decrease in LOD. The closest = 3009 A8 ®
markers to the peaks are in bold.
On the [eft, the QTL detected by
Lejeune-Hénaut et al. (2008) in LGS LGo
field with the whole population
(asterisks name used in the pub- gg:g\ ?éﬁ? Z gg'g ﬁgfgg
lished article) were figured with 132.2 % 11133'7200 . 82.2 AD60
. ; - = 87.0 E16.1630
hat.ched boxes. Only major QTL 108.7 009.800 S © 8;.3 ADIM s $T3z
regions are shown - 119.6 AA99 o] _|§_| - [ 90.1 =/ AD59 3 =903 | |5
By 127.3 AA475 ig !g 9 &3 = 92.27\- N14.500 ia g TR
o 144.9 7 DHPS1 > By o R Lo 925 IM16.1300101.600 — S @ —°
=N 1457 AGL20a T o & 100.4 G04.950 5
148.1 Tri
154.0 AD79 116.3 ——— Sus3
. AA163.2
& 1?1112 TE002M14 127.0 ——— TE002E04
BQ 193.0 Y02.900
s 2210 Viola1
228.6 AA399
Table 2 Characteristics of the QTL obtained in the entire or sub F8 RIL population derived from Champagne x Terese
QTL identification Population Condition Linkage Closest LOD R (%) a Phenotypical values
group marker
Minimal Maximal
WEFDcle.a Hr Clermont-Ferrand 1 AA67 4.74 6.53 0.33 0.00 5.00
WFDcle.b 5 AGL20a 7.31 16.22 0.53
WEDcle.c 6 AD141 17.31 46.46 0.88
WFDmon.a Hr Mons 4 SucSyn 7.36 14.10 0.31 0.50 4.50
WFDmon.b 5 AA475 7.71 17.01 0.33
WFDmon.c 6 101.600 10.66 24.71 0.40
FD164.a Whole Controlled chamber 3 AB64 591 10.03 0.12 0.03 2.39
FD164.b 5 AGL20a 8.02 16.56 0.16
FD164.c 6 ADI141 4.19 8.06 0.11
FD.a Hr Controlled chamber 5 AGL20a 4.55 20.81 0.30 0.06 3.00
FD.b 6 AD60 3.66 15.72 0.24
FD.c 7 D24 3.54 14.32 0.24

LOD logarithm of odds, WFD field winter frost damage, cle Clermont-Ferrand, mon Mons, FD frost damage in controlled environment chamber,
R? phenotypic variance, a additive allelic value of Terese

osmotic pressure QTL could be detected. The data of addi-
tional QTL are shown in Figs S1 and S2.

Colocalization of frost damage QTL with QTL for plant

development

In the cold-acclimated experiment, one QTL for NTB
(NTB.a) and another for NGB (NGB) were detected on
LG5 (Fig. 3). This was in agreement with the correla-
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tions in cold-acclimated experiment between frost dam-
age and NTB or NGB (Table 3). In addition, two QTL
for seedling stage were detected at T1 (Stage T1) and T2
(Stage T2) in the same linkage group 5 region. The loca-
tion might be independent of the physiological stage of
the seedlings. On LG6, only a QTL for NTB was
detected (NTB.b). LOD ranged from 3.66 (NTB.b) to
6.24 (NGB) and R? from 10.8 (NTB.b) to 27.0% (Stage
T2).
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LG5

72.9 LD

94.4 AA497

96.0 TFL1a

100.9 Y15.200

103.4 AB47

108.7 009.800

119.6 AA99 Y > )
@ 1273 AA4T75 9 =] 5 []8
144.9 DHPS1 b =2 R
145.7 AGL20a QTS w 270
148.1 Tri o

154.0 AD79

154.5 AA163.2

Fig. 3 Metabolites, physiological and morphological QTL on LG5
and LG6. Field data QTL (black box) in Clermont-Ferrand or Mons are
identified by cle or mon, respectively. Controlled chamber QTL are
represented in white boxes. T1 harvest after 10 days of nursery, 72 har-
vest after 10 days of cold acclimation, S2 harvest during cold acclima-
tion in field, Leak electrolyte leakage, Raf concentration of raffinose,
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Glc concentration of glucose, Suc concentration of sucrose, sfage num-
ber of leaves on the plants, NTB total number of branches, NGB num-
ber of green branches after recovery period, RuBisCO activity of
RuBisCO. When the term root is added, the QTL was detected with
root data. black circle, on the left, indicates the position of frost damage
QTL represented in Fig. 2. Only QTL regions of interest are shown

Table 3 Characteristics of metabolites, physiological and morphological QTL obtained in the sub F8 RIL population derived from

Champagne x Terese

QTL identification =~ Condition Linkage  Closest LOD R*(%) a Phenotypical values Genetic
group marker correlation
Minimal Maximal with WED or FD
RafCleS2.c Clermont-Ferrand 5 DHPS1 451 8.8 —-0.53  0.60 7.89 0.78%*%*
RafCleS2.d 6 AD60 8.31 25.2 —0.93
RafT2.b Controlled chamber 6 AD159 4.71 14.3 —-0.04 0.01 0.54 0.36%*
GIcT2.b Controlled chamber 5 AD79 3.78 12.3 —-0.57 1.54 7.45 n.s.
LeakCleS1 Clermont-Ferrand 6 E16.1630 3.92 14.8 315 5.15 46.83 0.447%%*
LeakCleS2 6 AD159 473 234 691 5.15 65.32 0.49%%%*
LeakMonS3 Mons 6 AD159 597 246 11.56 595 97.93 -
RuBisCOcleS2 Clermont-Ferrand 6 101.600 4.89 15.8 —-0.16  3.29 5.70 0.56%%*
NTB.a Controlled chamber 5 AA475 4.80 218 —-0.42 026 4.20 0.43%%*
NTB.b 6 AD141 3.66 10.8 —-0.29
NGB Controlled chamber 5 AD79 624 263 —-045 O 3.90 0.717%%*
StageT1 Controlled chamber 5 AGL20a 5.05 15.5 —-0.14 052 2.12
StageT2 5 AA475 490 27.0 —-0.17 229 351 n.s.

LOD logarithm of odds, R? phenotypic variance, a additive allelic value of Terese, cle Clermont-Ferrand, mon Mons, Raf concentration of raffinose,
Glc concentration of glucose, Suc concentration of sucrose, Leak electrolyte leakage, RuBisCO activity of RuBisCO, NTB total number of branch-
es, NGB number of green branches after recovery period, stage number of leaves on the plants, T1 and T2: harvest after 10 days of nursery and
after 10 days of cold acclimation in controlled environment chamber respectively, SI-S3 harvest during cold acclimation in field, roor QTL

detected with data of roots in the controlled environment chamber

Genetic correlation between WFD (or FD) and other parameters, level of significance (*** P < 0.001, ** P < 0.01, * P < 0.05, n.s. not significant)

Colocalization of frost damage QTL with PQL

Amongst 264 spots detected in 2D gels, 191 spots allowed
for the mapping of 315 PQL across seven linkage groups
(Fig. S3). LOD ranged from 2.83 (L264, GL2) to 18.80
(L269, GL3) and R?> from 12.1 (L173, GL3) to 63.0%
(L606: OEEIl, GL3) (Table 4). Twenty-two PQL were
colocalised with frost damage QTL on LG5 (Fig.4).
Amongst these PQL, four spots were identified: fructose
bisphosphate aldolase (L.522), triose phosphate isomerase
(L680), chaperonin 21 (L768), and RuBisCO small subunit
(L925). On LG6 five PQL colocalized with the frost dam-
age QTL; one of them was related to plastocyanin (L917).

Discussion

Several QTL described by Lejeune-Hénaut et al. (2008) in
a field experiment with the Pop2 lines were used to verify
that our detection of QTL was relevant. In our field study,
two QTL were detected on LG5 (Mons and Clermont-
Ferrand) and two on LG6 (Mons and Clermont-Ferrand).
These QTL were at the same position (except for LG3) as
those found with the entire population by Lejeune-Hénaut
etal. (2008). Therefore, the use of the Hr subpopulation
allowed us to eliminate the influence of Hr (no colocalized
QTL) and to observe the intrinsic frost tolerance obtained
by cold acclimation.
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Table 4 Characteristics of PQL

detected on linkage groups LGS PQL identification Linkage group Closest marker LOD R? (%) a

and LG6 derived from the sub L132 5 Tri 5.44 311 —0.02
F8 RIL population derived from i ' ’ ’
Champagne x Terese L191 5 Tri 4.73 27.6 ~0.08
L257 5 Tri 4.20 254 —0.06
L294 5 AD79 4.12 29.0 —0.06
L305 5 AA163.2 4.53 23.0 —0.05
L339 5 Tri 7.17 35.0 —0.07
L365 5 AA99 5.27 32.1 —0.04
L664 5 Tri 4.44 29.0 —0.01
L680 5 Tri 6.19 26.0 —0.01
L727 5 AD79 4.02 21.3 —0.11
L732 5 Tri 5.16 31.6 —0.10
L733 5 Tri 5.02 30.3 —0.17
L749 5 Tri 3.50 16.0 —0.04
L768 5 AA47T5 5.14 30.9 —0.16
L779 5 Tri 6.03 28.9 —0.09
L873 5 AA47T5 3.32 25.2 0.25
L905 5 DHPS1 6.54 26.5 —0.09
L925 5 AGL20a 7.61 38.6 —-0.49
L1024 5 Tri 9.32 35.2 —0.01
L1071 5 Tri 4.99 274 —0.03
L1185b 5 AD79 5.68 28.3 —0.08
L349b 6 ADS59 4.77 27.2 0.01
L733 6 AD141 7.83 34.7 0.20
_ 5 L779 6 AD59 5.69 36.7 0.10
LOD logarithm of odds, R”phe- ) ¢, 6 AD59 472 23.1 0.05
notypic variance, a additive alle-
lic value of Terese L917 6 E16.1630 5.31 38.6 —1.06
GLs
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Fig. 4 PQL colocalised with frost damage QTL on LG5 and 6. PQL were identified by the spot name (L leaf). Black circle, on the left, indicates
the position of frost damage QTL represented in Fig. 2. Only QTL regions of interest are shown

Both analyses in field and controlled environment  of individuals since the results were consistent between the
showed the same QTL on LG5 and LG6. The reliability of ~ whole population (164 lines) and the Hr subpopulation (78
the detection for these QTL did not depend on the number  lines). These QTL probably depend on mechanisms
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independent of the vegetative developmental stage of the
plants, as described for pathogenesis-related QTL (Prioul et al.
2004). Our study was focused on linkage groups 5 and 6.

Involvement of physiological parameters and some proteins
during cold acclimation

We chose to analyse soluble sugars because of their
involvement in cold acclimation as osmoprotectants (Levitt
1980) and their detection in different pea lines (Bourion
et al. 2003). In the field, a QTL for raffinose concentration
was observed during the cold acclimation on both LG5 and
LG6, in the controlled chamber only on LG6. They all colo-
calize with the QTL of frost damage. This triholoside cer-
tainly plays a role in cold acclimation as in other species
(Arabidopsis: Ristic and Ashworth 1993; Lonicera: Imani-
shi et al. 1998; poplar: Renaut et al. 2004). Raffinose is the
soluble sugar having been shown to have a major effect dur-
ing cold acclimation for different species like poplar, with a
correlation of —0.96 between raffinose and LT50 (tempera-
ture inducing 50% of injured cells) (Renaut et al. 2004) but
its effect is also much debated (Taji et al. 2002; Zuther et al.
2004). Even if the role of raffinose is not yet well estab-
lished, our results for pea strongly suggest its implication in
frost tolerance.

A QTL for glucose at T2 in the controlled environment
chamber was detected on LGS5. Additional QTL for glu-
cose, sucrose or raffinose were detected but did not colocal-
ize with those for frost damage. In 3-week-old seedlings of
Arabidopsis, Wanner and Junttila (1999) have observed
that sucrose, glucose and fructose are accumulated within a
few hours after the transfer of plants to 1°C and during the
5 days of cold acclimation under different photoperiods.
The content of these sugars increased in our experiment
under cold acclimation, but no correlation with frost
damage could be observed for sucrose and fructose.

On LGS, a QTL for branching traits was detected. Cold-
acclimated seedlings having more branches (NTB) and
green branches (NGB) were more resistant to frost. This
was in accordance with the fact that pea seedlings must
have a minimum number of leaves (1 or 2) to resist frost
(Lejeune-Hénaut et al. 2004). Hence, the number of green
branches represents an indication for the degree of frost
tolerance in resistant plants.

Two hundred and sixty-four protein spots were detected
and 70 proteins amongst them identified. Amongst the 22
PQL having been mapped on LG5, four could be attributed
to functions: triose phosphate isomerase (L680) and
fructose bisphosphate aldolase (L522) are involved in gly-
colysis and the RuBisCO small subunit (L925) in photosyn-
thesis. These two primary metabolisms are linked with
sugars and these three PQL colocalised with glucose
concentration QTL. The fourth PQL corresponded to

chaperonin 21. This protein binds to cpn60 which is indis-
pensable for the assembly of RuBisCO (Yong et al. 2006).
Chaperonin 21 shows homologies with E. coli GroES
(Baneyx et al. 1995) involved in the folding of several pro-
teins. The chaperonin 21 might promote the protein folding
in order to maintain metabolism during the cold acclima-
tion. PQL can colocalize or not with their structural genes
(de Vienne et al. 1999). The density of the actual genetic
map of pea (one marker every 5.7 cM corresponding to
16,820 kb: 1 cM = 2,951 kb) and the relatively low number
of identified genes does not yet allow us to draw conclu-
sions for possible colocalizations.

For a given QTL, many genes could be found within the
confidence interval focusing on markers with a known
function localised on the genetic map. On LGS, QTL were
located in the same region as the 7ri locus (trypsin inhibitor
activity), AGL20a (Agamous-like 20a = SOC1 suppressor
of overexpression of CONSTANS) and DHPS! (dihydro-
dipicolinate synthase). With respect to the 7ri locus, Page
etal. (2002) have shown that trypsin inhibitor activity
decreases the nutritional value of pea seeds. Therefore, cau-
tion should be exercised in the use of this QTL in a breed-
ing programme for improvement of frost tolerance in pea.
Besides, it will be difficult to consider Tri as a good candi-
date gene for our study.

The gene agl20a is an activator of flowering (Lee et al.
2000) and is regulated by photoperiod, vernalization, and
autonomous floral induction pathways. Ohto et al. (2001)
have demonstrated that sugars have a negative effect on the
floral transition: sucrose, glucose, fructose and galactose,
can delay flowering time. As raffinose can be hydrolysed to
sucrose and galactose by a-galactosidase, it might be inter-
esting to measure the activity of this enzyme during cold
acclimation. Raffinose accumulation and its degradation in
sucrose and galactose could possibly delay floral initiation
which would result in an increase in resistance to cold tem-
peratures since the reproductive state is the most sensitive
to frost (Fowler et al. 2001). The observed increase in raffi-
nose content in our seedlings during cold acclimation is
consistent with this hypothesis.

DHPS] is a key enzyme for amino acid biosynthesis, in
particular lysine biosynthesis via the DAP (diaminopimelic
acid) pathway. Amongst the amino acids, proline might be
an osmoprotectant in plants. According to Trischuk et al.
(2006), thylakoid membranes are protected from frost inac-
tivation by exogenous proline, arginine, threonine and
lysine. Another hypothesis was that the higher amino acid
concentrations are caused by the need to enhance protein
synthesis.

A QTL for the activity of RuBisCO colocalised with a
QTL for frost damage on LG6. RuBisCO is the key enzyme
of the Calvin cycle that allows the fixation of CO, during
the photosynthesis. Holaday et al. (1992) have observed
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that the activity of RuBisCO in spinach increases by 20%
after 10 days at 10°C. In winter rye, the photosynthetic
capacity of cold hardening leaves at 5°C increases and is
correlated with a threefold increase in RuBisCO activity
(Hurry etal. 1994). The same phenomena have been
observed for wheat and rape at 5°C (Hurry et al. 1995).

Quantitative trait loci for electrolyte leakage measured in
field experiments were detected on LG6. This measurement
gives information on cell damage (Dexter et al. 1932). If it
is high, damage in the plasma membrane are significant so
the plant is not able to adapt itself to frost. In the field, a
correlation between electrolyte leakage and the score for
frost damage of 0.44 (o< 1%0) was detected. Electrolyte
leakage is the physical measurement of a phenomenon
(membrane damage), which could be used to screen more
quantitatively and objectively for tolerance to frost damage.

Markers under the QTL on the LG6 did not provide can-
didate genes, but with the map from Aubert et al. (2006),
different markers with known function were found: Gbsts2
(granule-bound starch synthase II), GA20ox (Gibberellin20
oxidase) and RNAhel (RNA helicase).

Up till now, 70 out of 264 protein spots have been identi-
fied. Consequently, many of the observed PQL are not yet
informative, but the ongoing identification process should
enable us to further elucidate the mechanisms of cold accli-
mation and frost resistance.

To our knowledge, our study is the first one to focus on
frost damage QTL (abiotic stress) in pea under both field
and controlled conditions. Gusta et al. (2005) noticed some
difficulties in this kind of comparison, namely the differ-
ences in plant age and growth conditions. Our study was
conducted under field and controlled conditions on an
entire population (Hr and Ar lines, 164 lines) and also on
the Hr subset of the population. QTL found on LG5 and
LG6 were consistent in all experiments, hence independent
of plant age (seedling or adult). Using the entire population
under field conditions, Lejeune-Hénaut et al. (2008) have
detected a major QTL around the Hr locus that we chose to
eliminate by working on the homogenous Hr subpopula-
tion. Our results enable us to conclude that the QTL on
LGS and LG6 are linked to cold acclimation and not to frost
escape conferred by the Hr allele. The second new was
approach involved the use of physiological data measured
during cold acclimation to detect QTL. The increase in
RuBisCO activity seems to have an important impact on
cold acclimation in pea, as it has been shown for others spe-
cies including spinach (Holaday et al. 1992) and rye (Hurry
et al. 1994). Raffinose is a soluble sugar which seemed to
have a major effect during the cold acclimation for different
species. Although the mechanism of its action has not been
well established, it seems to be linked to frost tolerance in
pea. The observed electrolyte leakage might represent the
major damage caused by frost. The consistency of the
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results for field and controlled growth conditions represents
a major finding of our study. The search and validation of
candidate genes will be performed by dissecting chromo-
somal regions of interest. Experiments will also be
expanded to a higher number of segregating populations in
different varieties with the aim to confirm the localised
regions in the linkage groups.
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