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se and their testcrosses were phenotyped in a controlled 
freeze test and in multi-location field trials in Russia and 
Canada. Three QTL on chromosomes 4R, 5R, and 7R were 
consistently detected across environments. The QTL on 5R 
is congruent with the genomic region harboring the Frost 
resistance locus 2 (Fr–2) in Triticeae. The Puma allele at 
the Fr–R2 locus was found to significantly increase frost 
tolerance. A comparison of predictive ability obtained from 
the QTL-based model with different whole-genome predic-
tion models revealed that besides a few large, also small 
QTL effects contribute to the genomic variance of frost tol-
erance in rye. Genomic prediction models assigning a high 
weight to the Fr–R2 locus allow increasing the selection 
intensity for frost tolerance by genome-based pre-selection 
of promising candidates.

Introduction

Compared to related small grain cereals like wheat and 
barley, rye is more frost tolerant (Fowler and Limin 1987) 
and, therefore, constitutes an ideal model to investigate the 
genetic architecture of frost tolerance in cereals. Owing to 
its high degree of abiotic stress tolerance, rye is a valued 
crop in production areas where most small grain cereals are 
not profitable (Miedaner 2013). The high level of frost toler-
ance allows winter rye cultivation in northern and continen-
tal cropping areas of the temperate zones. As climate change 
proceeds, climatologists predict that cold winter extremes 
will occur more frequently in the northern hemisphere 
despite global warming (Petoukhov and Semenov 2010; 
Sorokina et al. 2016). In these high stress regions, winter 
rye production is only efficient if high yield is combined 
with a high level of frost tolerance.

Abstract 
Key message Rye genetic resources provide a valuable 
source of new alleles for the improvement of frost toler‑
ance in rye breeding programs.
Abstract Frost tolerance is a must-have trait for winter 
cereal production in northern and continental cropping 
areas. Genetic resources should harbor promising alleles 
for the improvement of frost tolerance of winter rye elite 
lines. For frost tolerance breeding, the identification of 
quantitative trait loci (QTL) and the choice of optimum 
genome-based selection methods are essential. We identi-
fied genomic regions involved in frost tolerance of winter 
rye by QTL mapping in a biparental population derived 
from a highly frost tolerant selection from the Canadian 
cultivar Puma and the European elite line Lo157. Lines per 
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The genetic basis underlying frost tolerance has been 
investigated in the Triticeae species barley, einkorn, and 
bread wheat. Two major determinants of frost tolerance 
have been identified on the Triticeae homoeologous group 
5. Frost tolerance is mediated by the vernalization locus 
Vrn–1 and a quantitative trait locus (QTL) at this posi-
tion explained up to 36.6% of the phenotypic variance for 
frost tolerance in a winter × spring cross in barley (Fran-
cia et al. 2004). The Frost resistance locus 2 (Fr–2) maps 
about 30 cM proximal to the Vrn–1 locus in wheat and 
harbors a cluster of transcription factor genes belonging to 
the C-repeat/dehydration-responsive element binding fac‑
tor (Cbf) gene family (Båga et al. 2007; Pasquariello et al. 
2014). In bread wheat and barley, a QTL at Fr–2 explained 
about 30–40% of the phenotypic variance for frost toler-
ance assessed in controlled freeze tests (Båga et al. 2007; 
Francia et al. 2004). The remaining variation is most likely 
determined by minor effect genes (Thomashow 1999; Zhao 
et al. 2013).

Gaining insight into the genetic architecture of frost toler-
ance in winter rye is vitally important for rye breeding pro-
grams. The frost tolerance level of high-yielding European 
elite winter rye varieties is not sufficient to supply the mar-
kets in Canadian and Russian cropping areas, which extend 
to climatically unfavorable geographic regions. Genetic 
resources adapted to these regions are expected to exhibit 
strong overwintering capabilities that could be used in 
breeding for frost tolerance in the Central European breeding 
programs. Identification of QTL for traits of interest enables 
marker-based selection for beneficial new alleles from the 
wider gene pool and aids in minimizing the linkage drag that 
often hampers the introgression of favorable alleles from 
genetic resources (Haussmann et al. 2004).

We carried out a QTL mapping study in a cross between 
a European winter rye inbred line and a frost tolerant selec-
tion from the Canadian cultivar (cv.) Puma (Shebeski et al. 
1973), a genetic resource that is adapted to high frost stress 
environments. Lines per se and testcrosses of the mapping 
population were evaluated for frost tolerance. The correla-
tion between line per se and testcross performance is an 
indication of the potential to accelerate development of 
frost tolerant hybrid rye varieties, for which demand is 
steadily growing in Europe (Geiger and Miedaner 2009). 
Due to the strong environmental effect on frost tolerance 
gene expression (Fowler and Limin 2004; Gray et al. 1997), 
reliable phenotyping in field trials requires extensive test-
ing in multiple sites. Conditions for frost field tests can 
be unfavorable or technically demanding due to variable 
snow coverage, damage by snow mold or mild tempera-
tures. Various types of freeze tests under controlled con-
ditions have been developed to facilitate frost tolerance 
phenotyping and to increase the repeatability of results 
(Fowler et al. 1973; Pomeroy and Fowler 1973; Skinner 

and Mackey 2009). A close relationship between frost tol-
erance assessed in the field and in controlled freeze tests 
could reduce expensive field testing or replace it in case 
of low accuracy, thereby accelerating selection progress in 
breeding programs. Selection for frost tolerance can also 
be improved by informative molecular markers. The large 
effects of the QTL at the Vrn–1 and Fr–2 loci have been 
successfully exploited by marker-based selection for the 
improvement of frost tolerance in barley (Akar et al. 2009; 
Tóth et al. 2004).

In rye, genome analysis and detailed investigation of 
genomic regions involved in frost tolerance have been con-
strained by the large and highly repetitive genome (Doležel 
et al. 1998). The recent development of genome-wide molec-
ular tools and the availability of sequence resources open 
new avenues for genomic research in rye (Bauer et al. 2017; 
Haseneyer et al. 2011). In this study, we identified genomic 
regions involved in frost tolerance in winter rye using phe-
notypic data assessed in field trials and in controlled freeze 
tests. The aims of our study were to (1) identify the num-
ber, location, and the effects of genomic regions involved 
in frost tolerance in a biparental winter rye population by 
QTL analysis, (2) determine the optimum selection strategy 
with regard to the phenotyping platform, the plant material, 
and the selection method given the genetic architecture of 
frost tolerance, and (3) assess the population structure of 
European breeding pools and genetic resources at the Fr–R2 
and Vrn–R1 loci to evaluate their potential for frost tolerance 
breeding.

Methods

Plant material

Lo157 × Puma‑SK mapping population

A biparental mapping population was developed from a 
cross between the European elite inbred line Lo157 and 
a Canadian genetic resource. In rye breeding, hybrids are 
generally produced by crossing a male-sterile mother from 
the so-called seed parent heterotic pool and a fertile father 
from the pollen parent pool (Geiger and Miedaner 2009). 
The self-fertile inbred line Lo157 belongs to the seed par-
ent pool. The genetic resource was represented by one 
plant from a re-selected population of the frost tolerant 
Canadian open-pollinated cv. Puma (Shebeski et al. 1973). 
This re-selected fraction resulted from a recurrent selection 
program, exhibits enhanced frost tolerance and has been 
designated Puma–SK (Limin and Fowler, University of Sas-
katchewan, Canada; unpublished). For the mapping popu-
lation, one  F1 plant resulting from the Lo157 × Puma–SK 
cross was selfed to obtain 273  F2 individuals. These were 
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advanced by single-seed descent up to the  F4 generation. 
In higher selfing generations, some lines exhibited strong 
inbreeding depression leading to seed shortage. To provide 
sufficient seed for the  F5 generation, three single plants per 
 F4 line were randomly chosen and selfed to produce  F5 lines. 
Testcross seed was obtained by crossing  F3 single plants and 
 F4 single plants, respectively, to a male-sterile single-cross 
tester of the seed parent pool (Lo115-P × Lo133-N).

Diversity panel

A diverse panel of 122 accessions composed of 38 and 46 
elite inbred breeding lines from the seed and the pollen par-
ent pool from a commercial rye breeding program and 38 
genetic resources was used for molecular analyses. Lines 
from the seed parent pool were advanced by selfing to the 
 F5 or  F6 generation, while lines from the pollen parent pool 
were selfed only until the  F3 generation and maintained as 
 F3:4 bulks. The genetic resources were represented by sin-
gle plants from Eastern European open-pollinated popula-
tions and from accessions from Germany, Canada, and USA 
(Table S1).

Quantitative genetic analysis 
of the Lo157 × Puma–SK mapping population

Phenotypic trait assessment

Frost tolerance of the Lo157 × Puma–SK population was 
assessed using two phenotyping platforms: a controlled 
freeze test and field trials. In the winter 2011/2012,  F4 lines 
per se and testcrosses of their parental  F3 single plants and in 
2012/2013 and 2013/2014  F5 lines per se and testcrosses of 
their parental  F4 single plants were phenotyped in controlled 
freeze tests and the field (Table S2).

In preparation for the freeze test, plants were vernalized 
for 7 weeks at 2–3 °C and 8 h light per day. At the three 
leave stage, plants were transferred to the freezer at 0 °C. 
Subsequently, the temperature was decreased to −9 °C in 
~2 °C steps per day. At the fourth or fifth day, temperature 
was further decreased by 2 °C per hour to a minimum of 
−20 to −23 °C depending on the trial. This temperature 
was held for 1–2 h and then increased to −5 °C. In the fol-
lowing 2 days, the temperature was increased to 1 and 5 °C, 
respectively. Throughout the freezing cycle, plants were 
kept in the dark. Afterwards, plants were allowed to recover 
at 8–10 °C for 2 weeks until they were scored for the trait 
recovery after freezing (REC). A score of 1 corresponded to 
plants with fully necrotic leaves which did not recover from 
frost stress. A score of 9 corresponded to healthy and vital 
plants with fully green leaves which recovered completely. 
In 2012/2013, lines and testcrosses were evaluated at two 

minimum temperatures, −21 °C and −23 °C. In 2011/2012 
and 2012/2013, the freeze test was carried out in two freez-
ers. Since not all lines and testcrosses of the mapping popu-
lation could be placed in the two freezers simultaneously, 
the freeze test in 2011/2012 and 2012/2013 was performed 
in several series. Series were connected by common entries 
(Lo157, experimental lines, and commercial checks). The 
freeze test in 2013/2014 was performed in a single climate 
chamber with plants arranged in a 14 × 15 alpha-lattice 
design. All freeze tests comprised two replications. In addi-
tion, six inbred lines from the seed (Lo7, Lo90, Lo115, 
Lo117, Lo176, and Lo191) and the pollen (Lo225, Lo282, 
Lo298, Lo310, Lo348, and Lo351) parent pool, respectively, 
and Puma–SK were assessed for REC in the freeze test in a 
single climate chamber with four replications. Each test unit 
in the freeze test contained five plants per line and testcross 
entry. A typical temperature profile in the controlled plat-
form is shown in Figure S1.

Field trials were carried out at one Russian location, 
Lipezk (52°37′N, 39°36′E, 160 m. a. s. l.) and three Cana-
dian locations, Minto (49°24′N, 100°01′W, 487 m. a. s. 
l.), Portage la Prairie (49°58′N, 98°17′W, 262 m. a. s. l.) 
and Saskatoon (52°8′N, 106°40′W, 481 m. a. s. l.). Daily 
minimum temperatures from trial sites in the winter sea-
sons are shown in Figure S2. Lines per se and testcrosses 
were evaluated in alpha-lattice designs (13 × 13, 14 × 15, 
or 15 × 15) with two replications in each year, except for 
Lipezk in 2012/2013 where testcrosses were evaluated in 
three replications. One plot comprised 50–70 plants in Rus-
sia and 80–100 plants in Canada. Phenotypic data were 
collected on survival after winter (SAW) and development 
after winter (DAW) 2 weeks after snow melt in April or 
May. SAW was measured as the percentage of plants that 
survived the winter in each plot. DAW was assessed as a 
score with a range from 1 to 9 where 1 corresponds to a 
plot with severely damaged plants and 9 corresponds to a 
plot with completely healthy and vital plants as described 
for the scoring of REC.

Phenotypic data analysis

Lines per se and testcrosses were analyzed separately. All 
phenotypic analyses were performed using the ASReml-
R package (Butler et al. 2009). In the controlled platform, 
the combination of year and temperature was defined as an 
individual environment. Accordingly, the tests in 2011/2012 
and in 2013/2014 and both tests at different minimum tem-
peratures in 2012/2013 were treated as individual environ-
ments. In the field trials, an environment is defined as a 
location–year combination. Phenotypic data analyses for 
controlled experiments and field trials were performed for 
individual environments and across environments. Dis-
tribution of residuals was inspected by means of residual 
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diagnostic plots and observations were identified as outli-
ers and removed from the data set when their standardized 
residuals exceeded the threefold standard deviation.

In the freeze test in 2013/2014 and in the field trials, lat-
tice analyses were carried out for each individual environ-
ment. As the freeze tests in 2011/2012 and 2012/2013 were 
carried out in two freezers and several series during the win-
ter, freezer and series were included as factors in the model. 
Consequently, models were adapted to the respective experi-
mental design in individual environments in the controlled 
platform and analysis across environments was performed 
in a two-stage approach. In the first stage, adjusted means 
for individual environments were obtained for each genotype 
by assuming genotype as fixed effect. In the second stage, 
adjusted means were calculated across environments based 
on adjusted means obtained from the first stage including 
genotype as fixed effect and environment and genotype × 
environment as random effects. Adjusted means from the 
first stage were weighted according to method 1 of Möhring 
and Piepho (2009).

The combined analysis in the field trials was performed 
across all environments that exhibited significant genotypic 
variance and a repeatability >0.10, based on the following 
model:

 where yijkm is the trait observation, µ is the overall mean, gi 
and lj are the effects of genotype i and environment j, respec-
tively, glij is the interaction effect of genotype i with environ-
ment j, rjk is the effect of replication k nested in environment 
j, bjkm is the effect of incomplete block m nested in replica-
tion k nested in environment j, and eijkm is the residual error. 
For the estimation of variance components, all effects were 
assumed random. Adjusted means across environments were 
obtained by fitting genotype as fixed effect. Broad-sense her-
itabilities were estimated according to Holland et al. (2003).

Phenotypic correlations between lines per se and test-
crosses and between phenotyping platforms were calculated 
based on adjusted entry means across environments using 
Pearson`s correlation coefficient. Genotypic correlations 
between lines per se and testcrosses were obtained from a 
bivariate model using adjusted entry means from common 
individual environments and fitting genotype and environ-
ment as random terms.

Genotypic data and genetic linkage mapping

DNA was extracted from 263  F3 and 260  F4 plants from the 
Lo157 × Puma–SK population and analyzed with a subset 
of 384 SNPs from the Illumina iSelect Rye5k SNP array 
(Haseneyer et al. 2011). SNPs with more than 20% miss-
ing values were excluded from the analyses. After quality 

yijkm = � + gi + lj + glij + rjk + bjkm + eijkm,

checks, 211  F3 and  F4 lines and 180 SNPs were available 
for further analyses. Genetic analysis of polymorphisms 
in four candidate genes from the frost-responsive network 
(ScCbf9, ScCbf12, Vrn–R1, and ScMybs3) was carried out by 
cleaved amplified polymorphic site (CAPS) marker assays 
or by sequencing. Primers for ScCbf9, ScCbf12, and Vrn–R1 
were adopted from Li et al. (2011b). Primers for ScMybs3 
were designed based on information from the homoeologous 
gene in rice (Lu et al. 2002). In addition, two putatively 
novel ScCbf genes were discovered by blasting the first sig-
nal motif contained in Cbf genes described by Skinner et al. 
(2005) against the rye whole-genome sequence resource of 
the reference inbred line Lo7 (Bauer et al. 2017) using the 
ViroBLAST Web server (Deng et al. 2007). According to 
their closest homologs in Triticum aestivum and Triticum 
monococcum to which they were identical by 95 and 93%, 
these Cbf genes were designated as ScCbf1 and ScCbf18. 
Their sequences were submitted to GenBank under accession 
numbers KY780081 and KY780082. Based on sequence 
contigs of Lo7 and 11 other sequenced rye lines (Bauer et al. 
2017), SNPs were identified for genotyping. PCR was car-
ried out in 20 µl reaction volumes containing 30 ng DNA, 
150 nM of each primer, 0.2 nM of each dNTP, 1× Paq DNA 
polymerase reaction buffer, and 1.0 U Paq DNA Polymerase 
(Stratagene, Europe). The primer sequences and details on 
PCR conditions are listed in Table S3. Genetic maps were 
established with the software JoinMap 4.1 (Van Ooijen 
2006) using the maximum-likelihood algorithm and Hal-
dane’s mapping function (Haldane 1919). One SNP in each 
of the five candidate genes was used to integrate ScCbf9, 
ScCbf12, ScCbf18, Vrn–R1, and ScMybs3 in the genetic link-
age map of the  F4 generation.

From the  F5 generation, 200 plants were analyzed with 
a 16k custom Illumina Infinium SNP array (Illumina Inc., 
San Diego, CA, USA). Monomorphic SNPs and SNPs with 
more than 10% missing or 10% heterozygous genotype calls 
were excluded from the analyses. After quality checks and 
SNP filtering, 192  F5 lines and 2950 SNPs were available 
for further analyses. For mapping of SNPs in seven candi-
date genes, ScCbf1, ScCbf9, ScCbf11, ScCbf12, ScCbf18, 
ScDhn3, and ScMybs3, KASP (Kompetitive Allele Specific 
PCR) marker assays were applied (LGC Genomics, Hoddes-
don, UK). The  F5 linkage map contained 2346 SNPs includ-
ing nine SNPs in the seven candidate genes. Cosegregating 
markers were removed from the  F5 map resulting in 1050 
markers for further analyses.

QTL mapping

The QTL analysis was carried out based on the  F4 link-
age map. Marker data from  F3 plants were associated with 
adjusted means of  F4 lines and  F3 testcrosses in individual 
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environments and with adjusted means from combined 
analyses. Marker data from  F4 plants were associated with 
adjusted means of  F5 lines and  F4 testcrosses in individ-
ual environments. A summary of the data sets is given in 
Table S2. QTL analyses were performed by composite inter-
val mapping, including only additive effects or both additive 
and dominance effects. The LOD threshold for each data 
set was determined with a permutation test based on 1000 
reshuffles according to Churchill and Doerge (1994). A LOD 
threshold corresponding to a genome-wise p value of 0.30 
was chosen to declare a putative QTL as significant (Schön 
et al. 2010). The additive effects at the QTL and the propor-
tion of phenotypic variance explained by individual QTL 
(partial R2) were estimated by fitting all QTL simultaneously 
in a multiple regression model. The QTL support interval 
was determined as the chromosomal region surrounding a 
QTL peak plus/minus a LOD fall-off of 1.0. QTL detected 
in different environments were declared as congruent when 
their support intervals overlapped and additive effects were 
of the same sign. All analyses were performed with the 
software PlabMQTL version 0.9 (Utz 2011). QTL detected 
in the combined analysis were denominated following the 
recommendations of the Catalogue of Wheat Gene Symbols 
(McIntosh et al. 2013).

Evaluation of prediction models for frost tolerance

Based on the data set of the  F5 generation comprising 1050 
markers, we compared the predictive ability of a QTL-
based model with genome-wide prediction approaches. 
Adjusted means from the combined analysis across envi-
ronments were used as input data for all models. QTL map-
ping was carried out as described above using PlabMQTL 
version 0.9 (Utz 2011). Genomic best linear unbiased 
prediction (GBLUP) was performed using the R package 
synbreed (Wimmer et al. 2012). Marker genotypes were 
coded according to the number of minor alleles with 0 and 
2 for the homozygous and 1 for the heterozygous geno-
types. Coding of marker genotypes and imputation of miss-
ing marker data by flanking markers in the linkage map 
were carried out using the software package BEAGLE 3.3 
(Browning and Browning 2009). For GBLUP models, a 
genetic relationship matrix was constructed according to 
Habier et al. (2007). In addition to the standard GBLUP 
model, a GBLUP model including a SNP of the mapped 
candidate gene ScCbf12 from the Fr–R2 locus on 5R as 
fixed effect (denoted as GBLUP+Fr–R2) was calculated. In 
addition, the variable selection method LASSO (Tibshirani 
1996) was applied using the R package glmnet (Friedman 
et al. 2010). Predictive ability of the QTL-based and the 
three GP models was assessed in a fivefold cross-validation 
(CV) with 20 replications. The predictive ability of the QTL 
model was calculated from the CV as the square root of the 

adjusted phenotypic variance (R2
adj.) explained in the test 

set using PlabMQTL version 0.9 (Utz 2011). The predic-
tive ability of GP models was estimated by the Pearson’s 
correlation coefficient of observed versus predicted pheno-
types for each test set. The mean predictive ability and its 
standard deviation were calculated based on 100 CV runs 
for all models. The same partitioning of individuals into 
estimation and test set was applied in QTL and GP models.

Evaluation of population structure

Population structure of the diverse panel of 122 accessions 
was investigated by principle coordinate analyses (PCoA) 
using genetically mapped SNPs from the Rye600k array 
(Bauer et al. 2017). PCoA was performed for the whole 
genome (66,561 SNPs), for Fr–R2 (179 SNPs) and Vrn–R1 
(212 SNPs), and for both loci together (391 SNPs) based on 
modified Rogers’ distances between accessions using the R 
package ape (Paradis et al. 2004). To avoid bias arising from 
the higher degree of heterozygosity in genetic resources 
compared to the inbred lines from the seed and pollen par-
ent pools, pseudo-S0 genotypes were used instead of original 
inbred line genotypes. Pseudo-S0 genotypes were obtained 
separately for each pool by combining pairs of haplotypes 
from two randomly sampled individuals of the same pool 
as described in Meyer et al. (2016). Haplotype phasing was 
performed with BEAGLE 4.0 (Browning and Browning 
2007).

Results

Phenotypic variation for frost tolerance

The level of frost tolerance of six lines from each of both 
elite breeding pools and the highly frost tolerant Puma–SK 
was assessed in a freeze test. Adjusted means for recovery 
after freezing (REC) ranged from 1.29 to 8.64 (Fig. 1). Elite 
lines from the pollen parent pool exceeded the frost toler-
ance level of elite lines from the seed parent pool signifi-
cantly (p < 0.05). Significant differences (p < 0.05) for REC 
were also observed between inbred lines within each of the 
pools. The highest REC score was obtained for Puma–SK 
with about two times the maximum observed score of the 
lines in the European breeding pools.

Quantitative genetic analysis of frost tolerance 
in the Lo157 × Puma–SK mapping population

Analysis of frost response

F4 and  F5 generations of the biparental mapping population 
Lo157 × Puma–SK were phenotyped for frost tolerance 
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during 3 years in two phenotyping platforms, a controlled 
freeze test and field trials in Russia and Canada (Table S2). 
In the freeze test, the REC progeny mean of lines per se 

was not significantly different from the parental mean 
(Table 1). Testcross performance for REC significantly 
(p < 0.05) exceeded line per se performance in combined 
analyses across environments (Table 1) and in individual 
environments (Table S4). The only exception was in the 
winter of 2011/2012 where testcrosses were tested at 2 °C 
lower temperatures than lines per se. The genotypic vari-
ance component for REC was highly significant (p < 0.01) 
for lines per se and testcrosses in the combined analysis 
across environments and in single environments. The her-
itability of REC of the lines per se and testcrosses was 
0.79 and 0.87, respectively. Phenotypic and genotypic cor-
relations between line per se and testcross performance for 
REC were strong and highly significant (p < 0.01) with 
0.86 and 0.98, respectively.

In the field trials, long frost periods occurred in all 
environments with minimum air temperatures of −10 
to −38 °C (Figure S2). Testcross performance for DAW 
and SAW significantly (p < 0.05) exceeded line per se 
performance in combined analyses across environments 
(Table 1) and in single environments, except in Lipezk in 
2011/2012 (Table S4). In the combined analysis across 
environments, the genotypic variance components for 
DAW and SAW were significant (p < 0.05) except for 
DAW in the testcrosses (Table 1). The variance com-
ponents for genotype × environment interaction greatly 
exceeded the magnitude of the genotypic variance com-
ponents for DAW and SAW in lines per se and testcrosses. 
Heritability estimates for DAW and SAW were 0.38 and 
0.49 for lines per se and 0.15 and 0.26 for testcrosses, 
respectively (Table  1). The phenotypic correlation 

Fig. 1  Adjusted means for recovery after freezing (REC, score 1–9) 
for six inbred lines from the seed and pollen parent pool, respectively, 
and Puma–SK. Standard errors are shown as vertical bars. Different 
letters indicate significant differences at p < 0.05

Table 1  Means, variance components, and heritability for frost tolerance in the Lo157 × Puma–SK population

Parent and progeny means, genetic (�̂� g2), genotype × environment interaction (�̂� 2ge), and residual (�̂� 2) variance components, and heritability esti-
mates ± standard errors in the combined analysis across environments for the traits recovery after freezing (REC, score 1–9), development after 
winter (DAW, score 1–9) and survival after winter (SAW,  %)
** Difference of parental means significant at p < 0.01; ns: not significant

Trait Lines per se Testcrosses

REC (freeze test) DAW (field) SAW (field) REC (freeze test) DAW (field) SAW (field)

Number of entries 197 187 179 204 191 194
Number of environments 4 6 5 4 4 5
Means
 Lo157 3.30 ± 0.47 5.13 ± 0.68 58.05 ± 11.04 – – –
 Puma–SK 7.83 ± 0.60 7.23 ± 0.65 80.60 ± 9.88 – – –
 Significance of difference 

between parents
** ** ns – – –

 Mapping population 5.60 ± 0.11 5.81 ± 0.05 64.49 ± 1.05 6.13 ± 0.07 6.78 ± 0.03 73.70 ± 0.51
�̂� g2 2.00 ± 0.24 0.20 ± 0.05 84.72 ± 18.77 0.89 ± 0.10 0.02 ± 0.02 15.51 ± 5.14
�̂� 2ge 0.91 ± 0.15 1.15 ± 0.13 247.83 ± 30.08 0.00 ± 0.04 0.16 ± 0.04 71.99 ± 15.82
�̂� 2 2.36 ± 0.62 1.62 ± 0.06 385.33 ± 16.25 1.09 ± 0.02 0.60 ± 0.03 292.78 ± 12.67
Heritability 0.79 ± 0.02 0.38 ± 0.07 0.49 ± 0.06 0.87 ± 0.02 0.15 ± 0.10 0.26 ± 0.07
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between line per se and testcross performance was sig-
nificant (p < 0.01) for DAW (rp = 0.26) but not for SAW 
(rp = 0.03); genotypic correlations were not significant. 
Phenotypic correlations between the traits DAW and SAW 
assessed in the field and REC assessed in the freeze tests 
were highly significant (p < 0.01) and ranged between 0.31 
and 0.50 for lines per se and testcrosses (Fig. 2).

Genetic linkage maps and mapping of candidate genes

Linkage maps for QTL mapping were constructed from 
the  F4 generation and contained 158 SNPs including five 
SNPs in candidate genes from the frost-responsive network 
(ScCbf9, ScCbf12, ScCbf18, ScMybs3, and Vrn–R1). The 
two candidate genes ScCbf9 and ScCbf12 were closely 
linked and mapped on 5RL (Table S5; Fig. 3). As a cluster 
of Cbf genes, including Cbf9 and Cbf12, was identified as 
candidate genes for the Fr–2 locus in wheat and barley (Båga 
et al. 2007; Pasquariello et al. 2014), the genomic region 
including ScCbf9 and ScCbf12 is referred to as the Fr–R2 

locus in the following. The vernalization gene Vrn–R1 
(originally designated Sp1 in rye; Plaschke et al. 1993) 
was mapped 16 cM distal to both Cbf genes. ScCbf18 and 
ScMybs3 were located on chromosomes 6R and 1R, respec-
tively. The seven chromosomes were represented by 8 (7R) 
to 30 (1R) markers (Table S6). The total map length was 
1171 cM with an average distance between loci of 7.9 cM 
(cosegregating markers treated as one locus). Significantly 
distorted segregation (p < 0.01) in favor of the elite line 
Lo157 was observed at 30% of the markers. Distorted seg-
regation is frequently observed in rye and may be even more 
severe in crosses involving self-incompatible genetic mate-
rial such as the open-pollinated cv. Puma (Erath et al. 2016; 
Hackauf et al. 2009; Korzun et al. 1998).

QTL analysis

In the combined analysis across environments, QTL for 
frost tolerance as measured by the traits REC, DAW, and 
SAW were detected on 4R (QRec.tum–4R), 5R (QRec.

Fig. 2  Phenotypic correla-
tions between freeze test and 
field in the Lo157 × Puma–SK 
population based on adjusted 
means across environments: a 
Recovery after winter (REC) 
and development after winter 
(DAW) for lines per se b REC 
and survival after winter (SAW) 
for lines per se c REC and DAW 
for testcrosses and d REC and 
SAW for testcrosses. Genotypes 
are colored according to their 
allele at the Fr–R2 locus: Lo157 
allele, red squares ; Puma–SK 
allele, orange circles; heterozy-
gous, brown triangles 
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tum–5R, QDaw.tum–5R, QSaw.tum–5R), and 7R (QDaw.
tum–7R, QSaw.tum–7R) (Table 2). A high proportion of 
phenotypic variance was explained by the QTL on 5R 
for all traits. The highest R2 values were found for QRec.
tum–5R in lines per se (66.7%) and in testcrosses (65.3%). 
These QTL were consistently detected in single environ-
ments in both phenotyping platforms (Table  S7). The 
peak of QRec.tum–5R coincided with the map position of 
the two genes ScCbf9 and ScCbf12 and accordingly with 
the Fr–R2 locus (Fig. 3). In the lines per se, the peaks of 
QDaw.tum–5R and QSaw.tum–5R were slightly shifted dis-
tal from the Fr–R2 towards the vernalization locus Vrn–R1. 
These shifted QTL explained a smaller proportion of the 
phenotypic variance (8.5 and 9.6%, respectively) than 
QRec.tum–5R. At the QTL on 5R (QRec.tum–5R, QDaw.
tum–5R, QSaw.tum–5R), Puma–SK contributed the allele 

that increased frost tolerance. QRec.tum–4R, QSaw.tum-
5R, QDaw.tum–7R, and QSaw.tum–7R were detected in 
lines per se, but not in testcrosses. QRec.tum–4R explained 
8.5% of the phenotypic variance. QDaw.tum–7R and QSaw.
tum–7R explained 11.8 and 14.2% of the phenotypic vari-
ance, respectively. At these three QTL, the frost tolerance 
allele was contributed by Lo157. QRec.tum–4R and QDaw.
tum–4R were detected in one and two individual environ-
ments, respectively. QDaw.tum–7R and QSaw.tum–7R 
were detected in one and three individual environments, 
respectively. Additional QTL were found in single environ-
ments on all chromosomes, except on 6R (Table S7). They 
explained 6.5–12.1% of the phenotypic variance. All QTL 
results reported here were obtained from a model assuming 
additive effects, since dominance effects were not signifi-
cant in the full model.

Fig. 3  QTL analysis in the 
Lo157 × Puma–SK population. 
LOD score profiles are shown 
from the combined analysis 
across environments along the 
linkage maps of the seven chro-
mosomes (1R–7R). Recovery 
after freezing (REC), develop-
ment after winter (DAW) and 
survival after winter (SAW) 
are indicated in dark blue for 
lines per se and in light red for 
testcrosses. Horizontal dashed 
lines represent the LOD score 
threshold assessed by permuta-
tion in individual data sets. 
Vertical dashed lines indicate 
the position of mapped candi-
date genes

Table 2  Summary of detected 
main QTL in the Lo157 × 
Puma–SK mapping population

Chromosome (Chr.), peak position (Pos.), LOD support interval (LOD S.I.), proportion of phenotypic vari-
ance explained (partial R2), and additive effects of individual QTL detected in the final simultaneous fit. 
QTL results from the combined analysis across environments are shown for the traits recovery after freez-
ing (REC, score 1–9), development after winter (DAW, score 1–9), and survival after winter (SAW,  %) in 
lines per se (L) and testcrosses (TC). Additive effects correspond to the allele contributed by Puma–SK

Trait QTL Chr. Pos. (cM) LOD S.I. (cM) LOD Part. R2 (%) Additive effect Material

REC QRec.tum-4R 4R 52 46–58 3.80 8.50 −0.384 L
QRec.tum-5R 5R 42 38–44 47.03 66.70 1.531 L
QRec.tum-5R 5R 42 38–44 46.88 65.31 1.018 TC

DAW QDaw.tum-5R 5R 42 38–48 7.61 16.77 0.204 TC
QDaw.tum-5R 5R 46 42–52 3.59 8.46 0.252 L
QDaw.tum-7R 7R 38 28–46 5.08 11.76 −0.335 L

SAW QSaw.tum-5R 5R 52 50–58 3.93 9.61 4.775 L
QSaw.tum-7R 7R 36 28–40 5.94 14.17 −6.652 L
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Evaluation of prediction models for frost tolerance

We compared the predictive ability of a QTL-based model 
and whole-genome prediction approaches using a dense 
marker data set from the  F5 generation with 1050 SNPs 
(Table S8). Compared to the results from the  F4 generation, 
QRec.tum–4R, QRec.tum-5R, QDaw.tum–5R, and QSaw.
tum–5R were detected again, but not QDaw.tum–7R and 
QSaw.tum–7R. Among the three traits, the highest predic-
tive abilities for the QTL-based and for the GP models were 
obtained for REC, ranging from 0.84 to 0.87 in the lines per 
se and similar values in the testcrosses (Table 3). Lower pre-
dictability was observed for DAW and SAW assessed in the 
field trials, ranging from 0.10 to 0.35 in lines per se and 0.05 
to 0.26 in testcrosses, respectively. Predictive ability was not 
assessed for DAW in testcrosses as their genotypic variance 
component was not significant and heritability was very low. 
The comparison of different models revealed that the GP 
models GBLUP, GBLUP+Fr–R2, and LASSO mostly out-
performed the QTL-based model. Differences between GP 
models were smallest for REC, but larger for the field plat-
form. With the exception of SAW in the testcross data set, 
predictive abilities of LASSO and GBLUP+Fr–R2 slightly 
outperformed the standard GBLUP. Including the mapped 
SNP in ScCbf9 instead of the SNP in ScCbf12 as fixed effect 
in the GBLUP+Fr–R2 model resulted in comparable predic-
tive ability. Including epistatic effects did not improve the 
predictive ability of the GBLUP model (results not shown).

Population structure in elite breeding pools and genetic 
resources

The large effect of the Puma–SK allele at the Fr-R2 locus 
and the significantly superior frost tolerance of Puma–SK 
compared to elite breeding lines suggest that valuable alleles 
in genetic resources could be exploited for improvement of 
frost tolerance in the Central European breeding pools. On 

a whole-genome level, the three groups of seed and pollen 
parent pool and genetic resources formed separate clusters 
in PCoA with a clear separation of the elite breeding pools 
and an intermediate position of the genetic resources (Figure 
S3a). There was no clear differentiation among the three 
groups when only SNPs from the Fr–R2 locus, the Vrn–R1 
locus, or both loci were considered (Figure S3b–d). For the 
Fr–R2 and/or the Vrn–R1 locus, the first two coordinates 
explained up to 29.3 and 14.4% of the genotypic variation, 
respectively.

Discussion

Frost tolerance is an important trait in geographic regions 
which are affected by severe and long periods at sub-zero 
winter temperatures. In these regions, the cultivation of win-
ter rye is often preferred over other cereals due to its high 
level of frost tolerance. This study lays the foundation for the 
development of genome-based breeding strategies by inves-
tigating the genetic architecture of frost tolerance in rye.

Genomic regions controlling frost tolerance in winter 
rye

In the Lo157 × Puma–SK population, consistent QTL 
were detected on chromosomes 4R, 5R and 7R. A QTL 
on 5R coinciding with the Fr–R2 locus explained the larg-
est proportion of phenotypic variance for REC and DAW. 
It was detected in extreme frost stress environments and 
in the controlled freeze test. The one common feature of 
those winter environments and the freeze test was a rather 
fast drop of temperatures until freezing (Figures S1, S2, 
S4). Both the variation in the threshold induction tem-
perature at which a plant starts to cold acclimate and the 
initial rate of cold acclimation have been associated with 
the Fr–2 locus in cereals (Båga et al. 2007; Campoli et al. 

Table 3  Mean predictive 
abilities of QTL-based and 
genomic prediction models in 
the Lo157 × Puma–SK mapping 
population

Mean predictive abilities (±standard deviation) across 100 cross-validation runs for the traits recovery after 
freezing (REC), development after winter (DAW), and survival after winter (SAW) using adjusted means 
from the combined analysis across environments on 165 lines per se and corresponding testcrosses. For 
each trait, the best predictive ability is printed in bold
a  No predictive ability was assessed for DAW in testcrosses as the genotypic variance component was not 
significant
b  Fr–R2 = Frost resistance locus 2

Model Lines per se Testcrossesa

REC DAW SAW REC SAW

QTL 0.841 ± 0.026 0.196 ± 0.083 0.096 ± 0.053 0.845 ± 0.017 0.049 ± 0.050
GBLUP 0.840 ± 0.010 0.276 ± 0.033 0.234 ± 0.041 0.827 ± 0.013 0.256 ± 0.031
GBLUP + Fr–R2b 0.870 ± 0.005 0.348 ± 0.026 0.247 ± 0.025 0.858 ± 0.007 0.255 ± 0.017
LASSO 0.870 ± 0.008 0.345 ± 0.036 0.239 ± 0.044 0.860 ± 0.012 0.178 ± 0.042
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2009; Fowler 2008; Knox et  al. 2008). In preparation 
for the freeze tests, plants were allowed to acclimate for 
7 weeks, representing optimal conditions for the acqui-
sition of a high level of frost tolerance. Thus, the large 
variation explained by QRec.tum–5R (Table  2) likely 
represents variation in the initial rate of cold acclimation 
rather than variation in threshold induction temperatures. 
By contrast, in the field, it was not clear to what extent 
variation in threshold induction temperatures or in the 
rate of cold acclimation led to the detection of QDaw.
tum–5R and QSaw.tum–5R. Interestingly, the QTL peaks 
of QDaw.tum–5R and QSaw.tum–5R in lines per se in the 
combined analysis were slightly shifted towards Vrn–R1. 
Highly significant marker effects on frost tolerance were 
also detected on chromosomes 5A and 5B in winter wheat, 
which could not be clearly assigned to the Vrn–1 nor the 
Fr–2 locus (Case et al. 2014; Snape et al. 2001; Zhao 
et al. 2013). It cannot be concluded whether the peaks of 
QDaw.tum–5R and QSaw.tum–5R were shifted distal to the 
Fr-R2 locus due to joint effects on frost tolerance of the 
Fr–R2 locus and Vrn–R1 or due to the lower heritabilities 
in the field trials resulting in lower mapping precision. In 
wheat and barley, copy number variation (CNV) at both 
the Fr–R2 and Vrn–R1 locus was associated with enhanced 
frost tolerance (Knox et al. 2010; Zhu et al. 2014) and 
CNV of Cbf genes explained up to 24.3% of genotypic 
variance for frost tolerance in winter wheat (Würschum 
et al. 2017). Preliminary read depth analyses using the 
sequence resources in Bauer et al. (2017) indicated CNV 
of Cbf genes in the Fr–R2 locus in rye. Additional research 
is ongoing to experimentally validate these results.

In addition to the level of cold acclimation conferred by 
the Fr–2 locus, phenological processes like the transition 
from the vegetative to the reproductive stage are involved 
in the regulation of frost tolerance in cereals. This transi-
tion is controlled amongst others by vernalization genes like 
Vrn–1, Vrn–2, and Vrn–3 (Yan et al. 2003; 2004; 2006). The 
chromosomal locations of QRec.tum–4R, QDaw.tum–7R, 
and QSaw.tum–7R are not syntenic to genomic regions 
harboring Vrn–2 and Vrn–3 in other Triticeae (Dubcovsky 
et al. 1998; Yan et al. 2006); however, a rye homolog of the 
early heading date 3 (ehd3) gene identified in rice (Matsub-
ara et al. 2011) might be a potential candidate for QDaw.
tum–7R and QSaw.tum–7R. In contrast to QDaw.tum–5R and 
QSaw.tum–5R, QDaw.tum–7R and QSaw.tum–7R were only 
detected in environments with a slow decrease of tempera-
tures in autumn resulting in a longer adaptation phase and 
with milder frost periods (Figure S4). The Lo157 allele con-
ferring frost tolerance at QDaw.tum–7R and QSaw.tum–7R 
was obviously sufficient, and the Puma–SK allele at QDaw.
tum–5R and QSaw.tum–5R was not essential for the survival 
and development after winter in these lower stress environ-
ments. The fact that the tolerance to frost is influenced by 

additional factors like drought or light stress (Gray et al. 
1997; Thomashow 1999) may explain the observed depend-
ence of QTL effects on environmental conditions in this 
study. The effects of QTL for abiotic stress are known to 
depend on specific environmental conditions as it was shown 
in maize for different drought and heat scenarios (Millet 
et al. 2016). Analyzing QTL effects for tolerance to abiotic 
stresses like frost in conjunction with other environmental 
conditions would allow a more detailed understanding of 
the underlying mechanisms of stress tolerance and enable 
the identification of candidate genes decisive for adaptation 
to specific target environments.

Frost tolerance in lines per se and testcrosses

We assessed three different traits as indicators for frost toler-
ance. Compared to SAW, which measures the survival rate, 
DAW is a visual score that integrates both the survival rate 
as well as the development after winter. As this trait likely 
captures small effects which are involved in cold adaptation, 
in the fine-tuning of response to frost and in the recovery 
after frost periods, it might be the more informative trait for 
selection purposes. On the other hand, SAW can be counted 
and has a higher heritability compared to DAW. The cor-
relation with REC in the controlled platform was higher for 
DAW than for SAW, since REC, similar to DAW, integrates 
survival and development after frost stress. Moderate corre-
lations between the two phenotyping platforms showed that 
freeze tests cannot fully substitute laborious phenotyping in 
field trials. In an artificial freeze test, plants are exposed to 
freezing temperatures for relatively short periods and expe-
rience optimal cold acclimation conditions which rarely 
occur in the field (Gusta et al. 1997). Since this can result 
in an overestimation of the frost tolerance level (Gusta et al. 
2001), phenotyping in field trials remains indispensable.

All traits in the field and freeze test were assessed on lines 
per se and on testcrosses. No significant genotypic correla-
tions were observed in the field platform for DAW and SAW. 
Low genotypic correlations between line per se and testcross 
performance can occur due to significant non-additive vari-
ance (Mihaljevic et al. 2005; Schwegler et al. 2014). In most 
data sets, testcrosses had significantly higher frost tolerance 
values than lines per se. Significantly higher REC scores 
were also observed in the  F4 generation compared to the  F5 
generation, whereas differences between the two minimum 
temperatures within the  F5 generation were not significant. 
In addition, the six lines from the pollen parent pool exhib-
ited significantly higher REC values than the six lines from 
the seed parent pool. These findings may be explained by 
different levels of heterozygosity in the respective lines and 
suggest a role of dominant gene action in the expression 
of frost tolerance. Epistatic interactions have also been fre-
quently reported to influence frost tolerance (Galiba et al. 



2161Theor Appl Genet (2017) 130:2151–2164 

1 3

2009; Li et al. 2011a; Wooten et al. 2008), but this may 
depend on the material under study. In this study, the power 
for detecting dominance or epistatic effects at QTL was low 
due to advanced selfing and sample size. The role of non-
additive gene action for traits related to frost tolerance war-
rants further research to allow full exploitation of dominance 
and heterosis in a population or hybrid breeding scheme. On 
the other hand, the high genetic correlation between lines per 
se and testcrosses in the freeze test indicates that REC is pre-
dominantly influenced by additive effects. Together with the 
high heritability in the freeze test, this suggests that effective 
pre-selection using marker-assisted selection (MAS) based 
on QRec.tum–5R at the Fr–R2 locus could be performed on 
lines per se. Testcrosses could then be developed from pre-
selected lines and evaluated in field trials.

Selection strategies for frost tolerance in rye

We evaluated the predictive ability of a QTL-based model 
and different GP models using CV for three frost toler-
ance traits assessed in the field and a freeze test. For REC, 
GP models only marginally outperformed the QTL-based 
model. Together with the high variance explained in QTL 
analyses, this suggests that REC is strongly affected by the 
QTL at the Fr–R2 (QRec.tum–5R) locus as opposed to traits 
assessed in the field. Nevertheless, GP models had higher 
predictive ability than the QTL-based model for all traits, 
indicating that frost tolerance in cereals also involves genes 
with small effects that are not detected in QTL analyses. The 
superiority of the variable selection method LASSO over the 
QTL-based model and the standard GBLUP model in most 
data sets underlines heterogeneous contributions of SNPs 
to the estimated genomic variance for frost tolerance (Wim-
mer et al. 2013). Large and small marker effects were also 
captured through GBLUP+Fr–R2 by fitting the QTL at the 
Fr–R2 locus as a fixed effect, which yielded predictive abili-
ties similar to LASSO. Similarly, integrating markers from 
the Fr–A2 locus in wheat as a fixed effect into a GP model 
improved predictive ability for frost tolerance (Würschum 
et al. 2017). Using additional flanking markers of QRec.
tum–4R, QDaw.tum–7R or QSaw.tum–7R as fixed effects in 
the GBLUP model increased the predictive ability compared 
to standard GBLUP only slightly and not consistently across 
traits (results not shown).

This study showed that pre-selection for frost tolerance 
can be performed by MAS using markers from Cbf genes 
in the Fr–R2 locus like ScCbf9 or ScCbf12. The SNP in 
ScCbf12 displayed a highly significant effect on frost toler-
ance in the controlled platform and in field trials in a pre-
vious candidate-gene-based association study in rye (Li 
et al. 2011a) and, therefore, represents a reliable marker for 
selection on frost tolerance. Refined selection and selec-
tion in testcrosses should be performed in field trials for 

DAW and SAW. The use of genomic prediction models like 
GBLUP+Fr–R2 or LASSO can increase selection intensity 
and accelerate the breeding progress when expensive field 
trials in frost stress environments are performed with pre-
selected candidates.

Genetic resources for the improvement of frost 
tolerance

In the past, genetic resources were only occasionally used 
for rye breeding programs due to difficulties associated with 
self-incompatibility, low agronomic performance, and low 
inbreeding tolerance (Geiger and Miedaner 2009). In the 
Lo157 × Puma–SK population, significantly distorted seg-
regation was observed in multiple genomic regions of the 
 F4 and  F5 linkage maps in favor of the elite parent Lo157. 
This suggests that recessive deleterious alleles resulted in 
unintended selection of genotypes carrying the Lo157 allele 
in specific genomic regions during the development of the 
mapping population. Such conditions may impede QTL 
detection in higher selfing generations. For instance, the 
genomic region harboring the QTL on 7R in the  F4 linkage 
map was not covered with markers in the  F5 linkage map 
which prevented the detection of this QTL in the  F5 gen-
eration. Despite the challenges associated with their use in 
breeding, genetic resources are appreciated as a rich source 
of valuable alleles or haplotypes that can improve traits of 
interest in elite material (McCouch et al. 2013). Marker-
based approaches for the targeted introgression of favorable 
alleles can help to overcome difficulties like linkage drag if 
flanking markers closely linked to the QTL of interest are 
available (Collard and Mackill 2008).

The freeze test on lines from the European seed and 
pollen parent pool and Puma–SK and the large effect 
of the Puma–SK allele at the Fr-R2 locus in the Lo157 
× Puma–SK population revealed the superiority of this 
genetic resource for frost tolerance and demonstrated a 
high potential for the improvement of frost tolerance in 
European breeding pools by genetic resources. The frost 
resistance loci Fr–R2 and Vrn–R1 as major determinants 
of frost tolerance are supposed to have a large impact on 
the observed variation for REC. Whereas the seed and pol-
len parent pools and genetic resources were clearly sepa-
rated by PCoA on a whole-genome level, no differentiation 
between the groups was observed when only the Fr–R2 
and/or the Vrn–R1 region were considered. This suggests 
that no strong differential selection has occurred in these 
genomic regions in winter rye. Based on these findings 
and the exceptionally high frost tolerance of Puma–SK, we 
hypothesize that frost tolerance in European elite lines can 
be improved beyond the existing level in the seed and pollen 
parent breeding pools through genomics-assisted breeding 
approaches.



2162 Theor Appl Genet (2017) 130:2151–2164

1 3

Conclusions

Winter rye is the most frost tolerant small grain cereal and 
is well suited for production areas where severe winters 
occur. In a biparental cross between the European inbred line 
Lo157 and Puma–SK, three main QTL for frost tolerance 
were detected that exhibited stable effects. The largest effect 
was explained by a QTL at the Fr–R2 locus at which the 
Puma–SK allele increased frost tolerance significantly, dem-
onstrating the potential of genetic resources to improve frost 
tolerance in elite material. Pre-selection of breeding lines 
can be performed by MAS based on markers from the Fr–R2 
locus. Further selection steps on DAW and SAW should be 
performed in field trials. Using genomic prediction models 
like GBLUP+Fr–R2 or LASSO can help to increase selec-
tion intensity and the efficiency of phenotyping in remote 
locations.
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