Introgression of an intermediate VRNH1 allele leads to reduced vernalization
requirement without affecting freezing tolerance
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Abstract
The process of vernalization is mainly controlled by two genes in winter barley
(Hordeum vulgare L.), VRNH1 and VRNH2. A recessive allele at VRNH1 and a
dominant allele at VRNH2 must be present to induce a vernalization requirement. In
addition, this process is usually associated with greater low-temperature tolerance.
Spanish barleys originated in areas with mild winters and display a reduced
vernalization requirement compared with standard winter cultivars. The objective of this
study was to investigate the genetic origin of this reduced vernalization requirement and
its effect on frost tolerance. We introgressed the regions that carry VRNH1 and VRNH2
of a typical Spanish barley line into a winter cultivar, Plaisant, using marker-assisted
backcrossing. We present the results of a set of 12 lines introgressed with all four
possible combinations of VRNH1 and VRNH2, which were evaluated for vernalization
requirement and frost tolerance. The reduced vernalization requirement of the Spanish
parent was confirmed, and was found to be completely due to the effect of the VRNH1
region. The backcross lines showed no decline in frost tolerance compared with that of
the recurrent parent unless they carried an extra segment of chromosome 5H. This extra
segment, a carryover of the backcross process, apparently contained the well-known
frost tolerance QTL Fr-H2. We demonstrate that it is possible to manipulate the
vernalization requirement with just minor effects on frost tolerance. This finding opens
the path to create new types of barley cultivars that are better suited to specific
environments, especially in a climate-change scenario.
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Introduction
The onset of flowering is one of the critical transitions in the life cycle of a plant,
marked by the shift from the vegetative to the reproductive meristem stage. This process
is regulated by a complex genetic system that combines internal developmental signals
with environmental cues, such as temperature and photoperiod, and the interactions
between them. This system must be tuned to guarantee that flowering takes place under
suitable environmental conditions, so as to ensure optimal seed production (Izawa et al.
2003; Kim et al. 2009).
Vernalization accelerates heading by the promotion of inflorescence initiation of
the shoot apex (Flood and Halloran 1984) and can be favoured by long-day conditions.
The requirement of vernalization is especially involved in adaptation to winter
temperatures (Trevaskis et al. 2003; Hemming et al. 2009).
Three loci, VRNH1, VRNH2 and VRNH3, control the vernalization requirement
in barley (Takahashi and Yasuda 1971; Distelfeld et al. 2009). The epistatic interaction
between VRNH1 and VRNH2 is responsible for the presence of a winter growth habit
(Takahashi and Yasuda 1971; Laurie et al. 1995; Yan et al. 2003, 2004; von Zitzewitz et
al. 2005). The presence of a dominant VRNH2 allele is needed for a strict winter growth
habit although more recently obtained results suggest that this gene participates in
photoperiod rather than low-temperature sensing (Distelfeld et al. 2009). VRNH1
apparently presents an allelic series that, together with a dominant VRNH2, determines
the gradation of vernalization needs (Takahashi and Yasuda 1971; Szűcs et al. 2007).
Two major loci that control frost tolerance have been identified in temperate
cereals (reviewed by Galiba et al. 2009), Frost Resistance 1 (Fr-1) and Frost Resistance
2 (Fr-2) (Hayes et al. 1993; Galiba et al. 1995; Francia et al. 2004). Both of these loci
reside on chromosome 5 and are about 20–50 cM apart (Vágújfalvi et al. 2000; Toth et
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al. 2003; Francia et al. 2004). In barley, Fr-H1 co-segregates with VRNH1, whereas FrH2 is in a 0.8-cM chromosomal region that encompasses a cluster of genes that encode
C-repeat binding factors (Vágújfalvi et al. 2003; Skinner et al. 2006; Tondelli et al.
2006; Francia et al. 2007). Whether Fr-H1 and VRNH1 are two independent genes or
the pleiotropic effects of the same gene is still unresolved.
Winter cereals, such as barley, are most productive when given a long growing
season, that is, when they are sown in autumn. Most Spanish barley landraces have a
reduced vernalization requirement compared with standard winter cultivars (Ciudad et
al. submitted for publication); in other words, they have an intermediate vernalization
requirement. Intermediate vernalization alleles might offer advantages in autumnsowing areas like the Mediterranean region, where winters are not as cold as those in
more northerly or continental climates, but still prevent the widespread use of spring
cultivars. In the future, if global warming progresses as predicted, these alleles could
become useful in regions currently dominated by strict winter cultivars.
Molecular tools have become integral to the enhancement of breeding efficiency
and effectiveness in many research programmes. One of the main applications of
molecular markers in breeding is to facilitate the targeted introgression of desirable
traits into adapted cultivars through marker-assisted backcrossing, even for
adaptation/productivity-related traits (Neeraja et al. 2007; Ribaut and Ragot 2007; Levi
et al. 2009). In this study, we used marker-assisted backcrossing to introduce the
regions that carry the two main vernalization genes, VRNH1 and VRNH2, from a
Spanish landrace into a winter cultivar. Near-isogenic lines (NILs) introgressed with
genomic regions that contained different vernalization loci (VRNH2 on 4H and VRNH1
on 5H) were developed and tested under controlled conditions. The objectives were to
find out which of these regions is responsible for the reduced vernalization response of
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the Spanish landrace, and to measure their effects on vernalization requirement and frost
tolerance.

Materials and methods
Plant material
An introgression backcross program was carried out using marker-assisted selection, as
reported by Frisch et al. (1999) and Frisch and Melchinger (2001). The recurrent parent
was the French barley cultivar Plaisant (Ager × Nymphe). It is a typical winter cultivar
that carries a dominant allele in VRNH2 and a recessive vrnh1 allele, (full-length
intron). The donor line was SBCC058, an inbred line derived from a Spanish landrace,
which belongs to the Spanish Barley Core Collection (Igartua et al. 1998). SBCC058 is
an intermediate cultivar that carries the dominant allele in VRNH2 and a partial deletion
in VRNH1, similar to Albacete or Calicuchima-sib (von Zitzewitz et al. 2005; Szűcs et
al. 2007), which seems to be associated with a reduced vernalization requirement
(Cockram et al. 2007; Hemming et al. 2009). VRNH1 was genotyped in both parents
using markers already reported by von Zitzewitz et al. (2005), as shown in Fig. ESM 1.
The NILs studied were derived from BC3F3 families. For the marker-assisted backcross
(MAB) scheme, SBCC058/Plaisant F1s were backcrossed to Plaisant to obtain BC1F1
seeds. In the BC1F1 generation, individual plants that were heterozygous at the VRNH2
(flanking markers HvM067 and HdAMYB) and VRNH1 (flanking markers Hv635P2
and scssr10148) regions were identified (forward selection). The heterozygous plants
were further screened with other markers to select plants that were homozygous for the
recurrent genotype just outside both regions (backward elimination). A similar strategy
was adopted in BC2F1 and BC3F1, namely, forward selection of heterozygous plants in
the region of both VRN genes and backward elimination of the SBCC058 genome, with
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sequential addition of markers for the rest of the seven chromosomes (up to 79 SSR,
Table ESM 1). HvBM5A, the candidate gene for VRNH1 (von Zitzewitz et al. 2005),
was used from BC2F1 onwards. Homozygous plants for VRNH1 and VRNH2 were
selected in BC3F2. On the basis of the allelic combination for these genes, four groups
were established (Table 1). Group 1 referred to NILs that contained VRNH1 and
VRNH2, such as Plaisant. This group was used to check the effectiveness of recovery of
the recurrent genotype. Group 2 was NILs that had VRNH1 from Plaisant and VRNH2
from SBCC058. Group 3 NILs had VRNH1 from SBCC058 and VRNH2 from Plaisant.
Group 4 NILs carried VRNH1 and VRNH2 from SBCC058.

Vernalization treatments
The vernalization requirement was evaluated at the Martonvásár (Hungary) Phytotron,
according the procedures described by Karsai et al. (2004). Vernalization was applied in
15-day increments, for a total of four treatments that ranged from no vernalization to 45
days of vernalization at a temperature below 3°C, with an 8 h light/16 h dark
photoperiod and low light intensity (12–13 µmol m–2 s–1). After the vernalization
treatment, seedlings were transferred to a 16 h light regime, (340 ± 22 µmol m–2 s–1) at a
constant temperature of 18°C. Two plants per genotype and treatment were tested. For
each plant, the number of days to heading, namely, developmental phase 49 on the
Zadoks scale (Tottman and Makepeace 1979), number of tillers at heading, number of
leaves on the main shoot, and number of reproductive tillers were recorded.
The frost tolerance of the BC3F3 plants, together with that of the two parents
and check cultivars, was evaluated in artificial freezing tests in which two freezing
temperatures of –11.5 or –13°C were applied in accordance with the methodology of
Tischner et al. (1997). After germination, the seedlings were planted into wooden boxes
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and were acclimated to cold for 7 weeks under conditions of weekly decreasing
temperature, photoperiod, and light intensity. After gradual cooling, the frost tests were
carried out in C-912 Conviron chambers (Conviron Ltd., Winnipeg, MB, Canada) for
24 h at the freezing temperature, which was followed by gradual warming. The plants
were then grown under optimal conditions for 3 weeks for recovery, and the percentages
of plants that survived were recorded. Five replications of ten plants per genotype and
treatment were tested.

Field trials
The BC3F3 family NILs, the parents (SBCC058 and Plaisant), and several cultivars that
were included as checks were tested in the field in the 2008–2009 season. The first trial
was sown in autumn, on 27th November 2008. The second one was sown in winter, on
12th February 2009. Both trials took place in Zaragoza (Spain). Plots were 1.5 m wide
by 3 m (first sowing) or 1.2 m (second sowing) long, with four rows. A randomised
complete block design with three replications was used. The heading date of each plot
was recorded as the date when 50% of the stems presented 2-cm emerged awns. The
time to flowering was expressed as the number of days from 1st January until heading
time.

SNP genotyping
To estimate the recovery of the genome of Plaisant through the MAB process, the 12
BC3F3 NILs plus the parents were genotyped for 1536 SNPs using Barley Oligo Pool
Assay 1 (BOPA) of Illumina (Close et al. 2009) at the Southern California Genotyping
Consortium. Genomic DNA was extracted from one individual plant of each genotype.
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Statistical analyses
To evaluate the effect of the introgressed regions, differences among the four groups of
NILs and the parents were evaluated together using ANOVA and orthogonal contrasts.
In these ANOVA models, replication, genotype (NILs), and treatment were considered
as fixed factors. Genotype by treatment interaction was also included in the models. The
variability due to replicates and their interaction with the other factors was used as the
error term to test genotype, treatment, and their interaction. All the analyses were
carried out with GenStat 12.1 (VSN International Ltd, UK).

Results
Recovery of the recurrent parent
Out of the 1536 SNPs evaluated, 1313 had a known position in a genetic map and only
459 of these were polymorphic between the parents of this cross. The 12 NILs that were
obtained covered 92% of the genome of Plaisant, with slight differences between them
(Table 2). As expected, the highest recovery was for group 1, whose plants were similar
to Plaisant in both 4H and 5H, and where recovery should have been 100%. The lowest
percentages occurred for plants of group 4, with introgression of SBCC058 regions in
both 4H and 5H. Graphical genotypes are shown in Fig. 1 (detailed information in Fig.
ESM 2).

Vernalization requirement
The groups of NILs showed significant differences among them for time to flowering
and other variables, in response to the duration of the vernalization treatment (Table
ESM 2). Most of the genotypic variation detected occurred between groups (97.5%),
and this was mostly due to significant contrasts between groups 1/2 and 3/4, and
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between the parents (Table ESM 2). The interaction of genotype with treatments
presented a similar pattern, with most of the interaction being due to the different
response of flowering time of groups 1 and 2 compared with that of groups 3 and 4 (Fig.
2A, Table ESM 2) in response to the duration of the cold treatment. This means that the
introgression of the SBCC058 region with VRNH1 reduced the vernalization
requirement, whereas there was no difference between the SBCC058 and Plaisant
VRNH2 regions. Groups 1 and 2, which carry the Plaisant allele in VRNH1, behaved in
similar ways. In these groups, flowering did not occur without vernalization, and was
still remarkably late after 15 days of cold treatment, and became earlier with each
vernalization time increment. This pattern of response was similar to that of Plaisant.
Given the trend observed for these groups and for the parent Plaisant, it is likely that
longer vernalization would have further shortened the time to flowering. Groups 3 and
4, which share the SBCC058 VRNH1 allele, also presented similar performances. These
lines flowered much earlier than groups 1 and 2 under all conditions (Fig. 2A), but still
with a clear and significantly shorter interval after 15 days of vernalization. Parent
SBCC058 responded to vernalization similarly to groups 3 and 4, although it flowered
later than these groups in all treatments. A similar result was detected for the number of
reproductive tillers at heading, with a clear difference between groups and their
differential response to vernalization (Fig. 2B, Table ESM 2). Owing to the fact that all
the groups consistently flowered only after 30 and 45 days of cold treatment, we only
analysed the differences for number of tillers at heading and number of leaves on the
main shoot for these two treatments (Fig. 2C and D, Table ESM 2), as it was not
possible to get realistic estimates of them for the treatments of 0 and 15 days. Again,
plants that carried the introgression of the SBCC058 VRNH1 allele were more stable in
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their behaviour, and exhibited fewer tillers at heading and fewer leaves than those with
the Plaisant VRNH1 allele.

Frost tolerance
Almost all the NILs showed a good survival rate, around 90% at –11.5°C and around
70% at –13°C, close to the values of the parent Plaisant (Fig. 3A and B), and most of
them were more frost tolerant than the donor parent SBCC058. There were significant
differences between genotypes for both treatments (Table ESM 3), but these were not
concentrated among groups. At –11.5°C, the only significant differences detected were
the higher tolerance of groups 3 and 4 compared with SBCC058. At –13°C, again
genotypic differences were not related to comparisons between the groups (Table ESM
3). This means that, in general, the introgressed regions did not affect frost tolerance.
The genotypic differences were caused by a markedly lower frost tolerance observed for
some NILs. At both temperatures, NIL 4b, and at –13°C, NIL 4c, showed significantly
reduced frost tolerance compared with the other NILs (even in the same group), and
reached values close to those of SBCC058 (Fig. 3B). Examination of the graphical
genotypes (Fig. 1 and ESM 2) revealed that these two plants shared some regions with
residual alleles of SBCC058 at chromosomes 2H, 4H and 5H, which were outside the
target regions of the introgression program. The factor behind their lower frost tolerance
must be located in these regions. The most likely candidate is the region on 5H just
above VRNH1, which carries the well-known frost resistance locus Fr-H2.
To test whether VRNH1 itself had an effect on freezing tolerance, independent of
other regions that may affect frost tolerance, we carried out new analyses of variance
without NILs that carried the Fr-H2 region from SBCC058 (1b, 4b and 4c). Significant
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differences between groups were now detected, but concentrated in the differences of
the recurrent parent SBCC058 from all the introgression groups and Plaisant (Fig. 3,
Table ESM 3). Actually, none of the introgression groups was significantly different
from the recurrent parent Plaisant. The contrast between VRNH1 alleles (groups 1 and 2
vs. groups 3 and 4) was barely significant (P = 0.012).

Field flowering date
Significant differences in time to flowering in the field were found between genotypes
and groups. In the group sown in autumn, all the introgression lines flowered around the
same date as Plaisant. Only SBCC058 flowered significantly later (Fig. 4). The
differences between groups and genotypes were larger in the group sown in late winter
(Fig. 4), for which groups 1 and 2 and Plaisant were significantly later than the rest.
This behaviour resulted in the occurrence of significant sowing by genotype
interactions, which was caused mainly by the differences in response between sowing
for groups 1 and 2 and Plaisant versus groups 3 and 4 and SBCC058. As described
above for the phytotron experiment, the differences were based on the VRNH1 region,
whereas no significant differences between the two VRNH2 alleles were detected (Table
ESM 4).

Discussion
The MAB program led to the efficient integration of VRNH1 and VRNH2 from the
Spanish landrace SBCC058 into the background of the winter cultivar Plaisant, with a
good recovery of the recurrent genome (average, 95.9%). Overall, the recovery of the
recurrent genome was good in all chromosomes not directly affected by the
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introgression. It was better for chromosomes 1H, 2H, 3H and 7H, whereas for 6H,
recovery was only 93.1%, which indicated that the tagging of this chromosome during
the process was not optimal. The values for chromosomes 4H and 5H, on which the
VRN genes are located, were slightly lower (91.8%). In particular, the region distal to
VRNH1 on 5H was more diverse than the others. Selection for the VRNH1 gene was
carried out using markers within the VRNH1 candidate gene HvBM5A, and using the
microsatellite Bmag0223 as a flanking marker. These two markers are 50 cM apart in
the map of the Beka × Mogador population (Cuesta-Marcos et al. 2008) or 30 cM apart
according to a new barley integrated map (Aghnoum et al. 2010). In either case, the gap
between these markers proved to be too large to facilitate clean recovery of the recurrent
parent.
Plants were grouped on the basis of genetic constitution for VRNH1 and VRNH2
into four groups made by plants from independent lineages. Only two plants from group
4 (4b and 4c) were sister lines. Both parents contained the VRNH2 gene, although
flanking markers differed between them, which facilitated tracking of the two parental
segments during the introgression. The comparison of the two VRNH2 alleles did not
reveal any phenotypic difference in any of the experiments; both of them seemed
equally functional. The objective of this work was not to establish sequence differences
between the parents, but the data available confirms that we are in presence of two
winter alleles. A partial sequence (1470 bp) of the HvZCCT-Hb gene from SBCC058
was 100% identical to that of Calicuchima-sib (GenBank accession DQ492696), and
slightly different from the sequences of Oregon Wolfe Barley Dominant, Dairokkaku,
and Kompolti korai (Szűcs et al. 2007), all of them carrying functional winter VRNH2
alleles. We did not sequence the allele from Plaisant, but it presumably carries a typical
winter VRNH2 allele. The same cannot be said for VRNH1. The allele from SBCC058
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clearly reduced the vernalization requirement of Plaisant and enabled plants to flower
earlier in the phytotron and in the field under late winter sowing. This effect was
detected irrespective of the VRNH2 allele present.
Plants introgressed with the SBCC058 VRNH1 allele showed a small but clear
response to vernalization in the phytotron experiment. On average, they flowered 22
days earlier when fully vernalized. This behaviour was significantly different from the
responses of the facultative cultivar Dicktoo (5 days of cycle shortening due to
vernalization) and of the typical spring cultivar Morex (0 days). However, their
behaviour was also clearly different from the typical winter behaviour, with a strict
vernalization requirement; here represented by Plaisant and groups 1 and 2. Takahashi
and Yasuda (1971) have described a continuous gradation of growth habit in barley,
from an extreme spring to an extreme winter habit. They classified plants into six
growth habit classes and concluded that a multiple allelic series at the VRNH1 locus is
responsible for the grade of growth habit. Hemming et al. (2009) have identified 10
alleles that contain insertions or deletions within the first intron of VRNH1, and are
associated with different flowering behaviour. In addition to the wild-type winter allele
VRNH1 in cultivars Plaisant or Dicktoo, two other alleles were involved in our
experiments: VRNH1-1 in cultivar Morex and VRNH1-4 in the breeding line
Calicuchima-sib. Both of these deletions have been described previously (von Zitzewitz
et al. 2005; Cockram et al. 2007; Szűcs et al. 2007), and were found to be associated
with a reduced vernalization requirement. SBCC058 carries the same alleles at VRNH1
(VRNH1-4) and VRNH2 as Spanish cultivars Albacete and Pané or the breeding line
Calicuchima-sib (von Zitzewitz et al. 2005; Szűcs et al. 2007). To date, these kinds of
genotypes with the VRNH1 allele of SBCC058 and VRNH2 have been classified
agronomically as spring varieties that show a reduced vernalization requirement
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(Cockram et al. 2007; Szűcs et al. 2007; Hemming et al. 2009). This allelic constitution
is representative of a large class of Spanish barleys that have been classified as
exhibiting a winter growth habit on the basis of their suitability to be sown in autumn
and their mild vernalization requirement (Lasa et al. 2001). As proposed by Szűcs et al.
(2007) for Calicuchima-sib, SBCC058 represents an intermediate growth habit, which
corresponds to one of the intermediate classes of Takahashi and Yasuda (1971).
The donor line, SBCC058, showed a larger vernalization response (39 days) than
NILs with the same VRNH1-4 allele in a Plaisant background. This genotype also
flowered later than Plaisant and all the introgression lines sown in autumn in the field,
which indicated that other genes besides VRNH1 and VRNH2 could have affected the
flowering time of SBCC058.
Genetic analyses have identified two loci in wheat and barley that mediate the
capacity to overwinter in temperate climates. One locus (Fr-1) co-segregates with
VRNH1, which affects the vernalization requirement. Latest data from wheat indicate
that Fr-1 is a pleiotropic effect of VRN1 rather than a separate gene (Dhillon et al.
2010). The second locus, Fr-2, is coincident with a cluster of more than 12 CBF genes
(Francia et al. 2004; Skinner et al. 2006; Galiba et al. 2009), which are also located on
chromosome 5H.
We found frost tolerance differences between the NILs that belonged to group 4,
particularly after exposure to a temperature of –13°C. It has been reported that the
VRNH1/Fr-H1 locus affects the expression of multiple barley CBF genes at Fr-H2
(Stockinger et al. 2007). However, the donor genotype SBCC058 and two lines of group
4 were extremely susceptible to frost, but other lines with the same SBCC058 VRNH1
allele behaved similarly to the winter recurrent parent. Dhillon et al. (2010) showed that
allelic variation in wheat VRN1 is sufficient to determine differences in freezing
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tolerance, but additional genes are needed for down-regulation of the cold acclimation
pathway. We hypothesise that differences between lines 4b and 4c and the other lines
were mainly due to Fr-H2, because they were polymorphic for SNPs from that region
on chromosome 5H. VRNH1 is located at 135.7 cM on 5H, as indicated by the barley
BOPA consensus map of Close et al. (2009). In 4b and 4c, the SBCC058 introgressed
region extended further, from 107.59 to 137.16 cM. Plants 4b and 4c differed in four
SNP markers, between 11_20549 at 108.01 cM and 11_21168 at 109.56 cM, because 4b
was homozygous for the SBCC058 allele, whereas 4c was heterozygous (Fig. ESM 2).
This is the region that corresponds to the cluster of cold-related CBF genes, at 108.2
cM, and indeed one of the SNPs scored, 11_20320, was derived from HvCBF6.
One of the lines of group 1, NIL 1b, also carried the Fr-H2 region introgressed
from SBCC058. However, the frost tolerance of this line was not significantly lower
than that of the other lines of groups 1 and 2, or that of Plaisant. The reason for this
could be that it carries the Plaisant VRNH1 strict winter allele. This would be coherent
with the hypothesis of interaction between vernalization requirement and frost tolerance
put forward by Galiba et al. (2009) and Dhillon et al. (2010), that the temperate cereals
have evolved the ability to use the presence of VRN1 in the leaves as a signal to downregulate the frost/cold tolerance genes, such as Fr-H2. Akar et al. (2009) have reported
that HvBM5A, the marker derived from the candidate genes VRNH1 and Fr-H1, is the
best predictor for assisted selection to improve frost tolerance in European germplasm,
with a larger effect than markers at the Fr-H2 region. We detected a possible effect of
VRNH1 on frost tolerance, after removal of the two NILs of group 4 with reduced
tolerance, but the effect was not large enough to reach definitive conclusions.
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Our results demonstrate that the SBCC058 VRNH1 allele produced important
changes in the developmental pattern of the recurrent parent Plaisant, whereas VRNH2
had no effect (possibly, the allele was the same for both parents). In addition, VRNH1
from SBCC058, typical of a large group of Spanish barleys, cannot be described as a
spring or a winter allele. Its behaviour fits well with an intermediate position along the
gradient of growth habits described by Takahashi and Yasuda (1971). An important
finding for barley breeding is that it is possible to manipulate the vernalization
requirement, with little effect on frost tolerance. This result widens the prospects of
managing adaptation genes to breed new cultivars that are better suited to a range of
winter harshness.
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Table 1 Allelic constitution of BC3F3 NILs analysed.

Group 1

VRNH2 (4H) VRNH1 (5H)
Plaisant
Plaisant

Group 2

SBCC058

Plaisant

2

Group 3

Plaisant

SBCC058

3

Group 4

SBCC058

SBCC058

4
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No. plants
3

Table 2 Recovery of Plaisant in BC3F3 NILs estimated with BOPA1 markers
Group
1
1
1
2
2
3
3
3
4
4
4
4
Markers
% recovery

Line
a
b
c
a
b
a
b
c
a
b
c
d

1H
100.0
100.0
100.0
100.0
97.9
100.0
100.0
100.0
100.0
100.0
100.0
100.0
47
99.8

2H
100.0
100.0
100.0
100.0
100.0
100.0
94.6
100.0
100.0
89.2
83.8
100.0
74
97.3

3H
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
93.0
100.0
100.0
100.0
86
99.4
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4H
5H
6H
7H
100.0 96.3 100.0 100.0
100.0 85.4 83.3 100.0
97.1 100.0 98.9 92.0
94.2 96.3 100.0 100.0
82.6 100.0 98.9 100.0
100.0 93.9 80.0 98.2
100.0 94.5 88.9 100.0
84.1 90.2 82.2 98.2
94.2 85.4 100.0 94.6
88.4 84.1 100.0 99.1
84.1 85.4 100.0 100.0
76.8 91.5 85.6 100.0
69
82
45
56
91.8 91.9 93.1 98.5

Total
99.3
95.7
98.5
98.5
97.1
96.7
97.1
93.9
94.5
93.6
92.4
93.6
459
95.9

Fig. 1 Graphical genotypes of SBCC058 x Plaisant NILs. Light gray (Plaisant allele);
black (SBCC058 allele); dark gray (heterozygous).
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Fig. 2 Days to flowering (A), number of reproductive tillers (B), number of tillers at heading (C), and number of leaves on the main shoot (D) of
BC3F3 NILs of the cross between the donor genotype SBCC058 and the recurrent parent Plaisant, after 0, 15, 30, or 45 days of vernalization.
Error bars correspond to least significant differences of means (1% level). Genotype codes: 1a to 4d - NILs, 58 - SBCC058, PL - Plaisant, DT Dicktoo, MX - Morex.
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Fig. 3 Survival after exposure to –11.5ºC (A) or –13ºC (B). Error bars correspond to
least significant differences of means (1% level). Genotype codes: 1a to 4d - NILs, 58 SBCC058, PL - Plaisant.
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Fig. 4 Time to flowering in field trials sown in autumn or winter. Error bars correspond
to least significant differences of means (1% level). Codes: G1–G4 - groups of NILs, 58
- SBCC058, PL - Plaisant.
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