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Abstract Quantitative trait loci (QTLs) for frost and
drought tolerance, and winter survival in the field, were
mapped in meadow fescue (Festuca pratensis Huds.) and
compared with corresponding traits in Triticeae and rice to
study co-location with putatively orthologous QTLs and
known abiotic stress tolerance genes. The genomes of grass
species are highly macrosyntenic; however, the Festuca/
Lolium and Triticeae homoeologous chromosomes 4 and 5
show major structural differences that is especially interest-
ing in comparative genomics of frost tolerance. The loca-
tions of two frost tolerance/winter survival QTLs on
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Festuca chromosome SF correspond most likely to the
Fr-Al and Fr-A2 loci on wheat homoeologous group 5A
chromosomes. A QTL for long-term drought tolerance on
chromosome 3F (syntenic with rice 1) support evidence
from introgression of Festuca genome segments onto homo-
eologous Lolium chromosomes (3L) that this genome region
is an excellent source of tolerance towards drought stress.
The coincident location of several stress tolerance QTL in
Festuca with QTL and genes in Triticeae species, notably
dehydrins, CBF transcription factors and vernalisation
response genes indicate the action of structural or regulatory
genes conserved across evolutionarily distant species.

Abbreviations

QTL Quantitative trait loci

Ft Frost tolerance

Ws Winter survival

Dtm Moderate drought tolerance

Dts Severe drought tolerance

Gs Degree of green leaves after severe drought
Ts Percentage of live tillers after severe drought

M Interval mapping
MQM Multiple QTL mapping

Introduction

Abiotic stress tolerance like freezing tolerance, drought tol-
erance and winter survival are of major importance in
determining persistency and yield of crops like forage
grasses and winter cereals, certainly in cool temperate envi-
ronments. Several studies have established that major
genes, or gene clusters, involved in the control of frost and
drought tolerance are located on a region of the long arm of
Triticeae group 5 chromosomes. Traits like winter hardiness
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(Hayes et al. 1993; Pan et al. 1994), vernalisation response
and frost tolerance (Ft) (Sutka and Snape 1989; Galiba
etal. 1995; Laurie et al. 1995), cold- and drought-induced
abscisic acid (ABA) production (Galiba et al. 1993; Quarrie
etal. 1997), and osmotic stress tolerance (Galiba et al.
1992), have all been mapped to this region. Cold acclima-
tion or hardening of plants at low, non-freezing tempera-
tures often increase their freezing tolerance. The C-repeat
binding factor (CBF) genes are key regulators of the
expression of cold regulated (COR) genes and their struc-
ture seems to be evolutionarily conserved among diverse
plant lineages. The CBF transcription factors recognise the
cis-acting C-repeat/dehydration responsive element (CRT/
DRE) element in the regulatory regions of COR genes
(Stockinger etal. 1997). Twenty CBF genes have been
identified in barley (Hordeum vulgare), of which 11 are
found in two tight tandem clusters on the long arm of chro-
mosome SH in the same region as the Fr-H2 frost tolerance
locus (Skinner et al. 2006; Francia et al. 2007). An ortholo-
gous genomic region in Triticum monococcum contains
similar CBF gene clusters located at the Fr-A™2 frost toler-
ance QTL (Vagujfalvi et al. 2003; Miller et al. 2006). In
Lolium perenne Tamura and Yamada (2007) mapped four
LpCBF genes in a short interval on Lolium LGS that is most
likely syntenic with regions on Triticeae group 5 chromo-
somes. Studies of the organisation of the CBF cluster in
barley and wheat have shown that the number of CBF
genes at the Fr-H2/Fr-Al locus may vary among cultivars
with winter forms having a higher copy number of some
CBF's (Francia et al. 2007; Knox et al. 2010). The co-segre-
gation of the CBF gene clusters with the barley Fr-H2 and
wheat Fr-A"2 frost tolerance loci, their role in cold accli-
mation (Stockinger et al. 1997), and the association of tran-
script levels of CBF genes with frost tolerance loci
(Vagujfalvi et al. 2005) makes them obvious candidates for
one of the two major frost tolerance QTLs on Triticeae
group 5 chromosomes. In addition, Triticeae group 1, 2,
and 7 chromosomes have genes and QTLs for photoperi-
odic response (Welsh et al. 1973; Law et al. 1978; Scarth
and Law 1983; Scarth and Law 1984; Hayes et al. 1993;
Pan etal. 1994; Laurie etal. 1995; Bezant et al. 1996;
Sourdille et al. 2000) influencing adaptation and winter sur-
vival.

Winter survival is a very complex trait. Physical and
physiological stresses during winter vary with climate
and geographic location, and may involve acquisition and
mobilisation of reserves under low temperatures, short pho-
toperiods and combinations of desiccation, water logging,
ice-encasement, anoxia, and snow cover. However, it is
generally accepted that freezing tolerance is the single com-
ponent that explains most of the variation in winter survival
(Pulli et al. 1996). Drought stress is also highly complex
involving lack of available water, high transpiration rates,
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supra-optimal temperatures, photo-oxidation, mineral defi-
ciency and hard soil. The relative importance of these fac-
tors varies with location and year. Temperate grasslands of
Northern Europe must be able to grow and yield during dry
conditions, which limit the utility of summer dormant
growth behaviour. Summer dormancy is triggered by the
onset of drought and is a characteristic of many Mediterra-
nean grass ecotypes (Humphreys et al. 1997). The physio-
logical and adaptive mechanisms for drought resistance in
grasses have been reviewed by Humphreys et al. (2005)
and their relative importance attributed according to cli-
mate. The overall importance of rooting traits has been
especially emphasised (Davies 2007; Durand et al. 2007).
Development of molecular markers linked to chromosomal
regions and/or genes that confer increased stress tolerance
could lead to more efficient marker-assisted selection
(MAS) procedures, and circumvent the need for costly and
laborious field or laboratory tests in these crops.

Meadow fescue (Festuca pratensis Huds.) is one of the
most important forage grass species in the northern temper-
ate regions (Rognli et al. 2010). Grass species of the genus
Festuca manifest higher levels of general stress tolerance
than the widely cultivated ryegrasses (Lolium spp.); for
example, tall fescue and meadow fescue show enhanced
drought and cold tolerance, respectively. Since fescues and
ryegrasses are closely related evolutionarily, they can be
hybridised with fair ease, and this makes it possible to com-
bine the superior forage quality of ryegrass species with the
high persistency and stress tolerance of fescues in interspe-
cific hybrids (Festulolium) (Thomas and Humphreys 1991).
The first successful transfer of stress tolerance was the
introgression of drought tolerance from tall fescue into Ital-
ian ryegrass (Lolium multiflorum) reported by Humphreys
and Thomas (1993), which was the precursor for other suc-
cessful programmes that incorporated genes from fescue
species into ryegrass for a range of important agronomic
traits (Humphreys et al. 2006).

The comparative linkage map of meadow fescue shows
that its genome is highly syntenic with the genomes of
Lolium, oat and the Triticeae species (Alm et al. 2003). In
this study, we mapped QTLs for winter survival, frost and
drought tolerance in meadow fescue, and investigated
whether the QTLs co-locate with putatively orthologous
QTLs or genes in Triticeae genomes and with known abi-
otic stress tolerance genes.

Materials and methods

QTL mapping family

The population used for QTL mapping consisted of 138 F,
plants from a pair-cross between the Yugoslavian genotype
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B14/16 (female) and the Norwegian genotype HF2/7
(male). Details of the mapping family and the linkage map
that has been used for QTL mapping can be found in (Alm
et al. 2003).

Freezing test

Clones of the parents and 138 progenies were divided into
single tillers (ramets), transplanted into trays of 50 ramets
each, raised in a greenhouse at 20/12°C under natural day-
light supplemented with extra light (irradiance
110 pmol m™2 s71) for 12 h per day for 4-6 weeks until they
had developed 3-5 tillers. The plants were then placed at
10°C/11 h photoperiod for 1 week, and subsequently cold
acclimated for 2 weeks at 1°C/16 h photoperiod and
110 pmol m™ s7! irradiance in Conviron growth chambers.
After hardening, the trays were transferred to specially
designed home-freezers kept at 0°C. The freezing test was
initiated by lowering the temperature to —2°C and keeping
it constant for 12 h. Subsequently, the temperature was
lowered by 1°C h™! to the predetermined freezing tempera-
ture ranging from —8 to —12°C. The plants were kept at the
final freezing temperature for 24 h, and then the tempera-
ture was raised to 0°C at a rate of 1°C h™' (Pulli et al. 1996).
Following thawing, the plants were cut to about 2 cm
height and placed in the greenhouse for re-growth. Freezing
tolerance (Ft) was scored as re-growth after 10 and 20 days,
according to a scale from 0 (dead) to 9 (without damage)
(Larsen 1978). Three experiments, each with ten replicates
of each clone, were conducted. Each replicate consisted of
three trays, and the plants were arranged within each tray
according to an incomplete block design. The clones were
randomised within blocks (trays), and blocks were random-
ised within replicates. Mean values of the adjusted means
of the two experiments with the lowest CV% (26 and 39%)
were used in the QTL analyses. Factorial analysis of vari-
ance was performed using AGROBASE (Agronomix Soft-
ware Inc. 1998).

Winter survival in the field

Clonal ramets of the two parents and the mapping family
were established in a field experiment at As, Akershus
(59°40'N, 10°48'E), in the spring of 1998 using a random-
ised complete block design with three replicates. The late
autumn (Oct-Dec) of 2000 was characterised by higher
precipitation and milder temperatures than normal, with
sudden severe frost occurring in December. The winter had
long periods of extreme cold as well as large fluctuations in
temperature (see Supplementary Table S1). Thus, large var-
iation in winter survival were evident in the field in the
spring of 2001, and winter survival (Ws) was scored just
after commencement of re-growth using a scale from 0

(completely dead) to 9 (no visible injury). The mean values
of the three replicates were used in ANOVA and QTL anal-
yses of winter survival.

Drought test

Drought tests were performed at the University of Aber-
ystwyth, Institute of Biological, Environmental and Rural
Sciences (IBERS) according to well-established procedures
(e.g. Thomas and Evans 1989; Humphreys et al. 2005). The
parents and 80 randomly selected progenies were divided
into four equal sized ramets, each comprising 6-8 tillers of
equivalent size and age. Four replicates of the population
were subsequently established in a glasshouse in four poly-
thene-lined brick-built bins 1.3m x 0.95m and 0.9 m
deep, containing 10 cm bottom layer of gravel beneath a
70 cm layer of sterilised soil (silty loam of the Rheidol
series), and an upper 10 cm layer of soil-based potting com-
post. The mapping family was surrounded in each bin with
two rows of barrier plants comprising unrelated meadow
fescue plants. Clones in each bin were watered regularly
until all had successfully established. Prior to the start of
the drought treatments, all genotypes were defoliated to
4 cm (the standard tiller height used at IBERS to simulate
grazing) and fertiliser applied throughout at 30 g m~2 of
20N:10 P:10 K % of weight. Two drought treatments repre-
senting moderate drought (about 2 months without water)
and severe drought (about 5 months without water) were
applied. Plants in all four bins were cut back to 4 cm after a
I-month drought. Following 2 months of drought treat-
ment, fresh weights of herbage were taken and moderate
drought tolerance (Dtm) was calculated as herbage fresh
weight divided by herbage fresh weight under a normal
water regime. After about 5 months of drought, the plants
were cut back again to 4 cm, fresh weights were taken from
surviving plants and severe drought tolerance (Dts) was
calculated in the same way as Dtm. Clones in each bin were
scored for the presence of green foliage at the end of the
5 months drought period (Gs, green score: 0=dead,
10 = all green). Plants in all four bins were re-watered thor-
oughly and maintained under regular irrigation for a further
1 month. Surviving plants in all four bins were then cut
back again to 4 cm and re-growth measured during the
recovery period [drought recovery (Dr) mg]. The percent-
age of live tillers was scored in each bin amongst the geno-
types whose leaves had re-grown following 5 months of
drought [tiller survival (Ts)].

QTL analyses
QTL analyses were performed on the mean values of each

trait and a subset of loci from the linkage map of the
B14/16 x HF2/7 mapping family reported by Alm et al.
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(2003). A total number of 156 out of 466 marker loci on
the combined maternal x paternal maps were used for
QTL analyses, giving an average spacing of 4.2 cM
between markers throughout the genome. QTL analyses
were carried out in two stages, first by interval mapping
(IM) and then by multiple QTL mapping (MQM) using the
MapQTL version 4.0 software (van Ooijen and Maliepaard
1996; van Ooijen et al. 2000). For traits with distribution
deviating severely from the normal distribution, i.e. severe
drought (Shapiro—Wilk test W =0.84%%*%*) and tiller sur-
vival (W =0.91***) Kruskal-Wallis tests were used in
addition to IM. MQM analyses were performed with a set
of co-factors for each trait selected using the automatic
co-factor selection procedure of MapQTL. The markers
(except for Xibf507 on 1F) used as co-factors in the MQM
analyses are printed in italics in Table 2. “Maternal”,
“paternal”, and “maternal x paternal interaction” effects,
as described by Knott et al. (1997), were estimated and
tested for the fully informative peak markers by means of
orthogonal contrasts using the PROC GLM procedure of
SAS (SAS 2002). Fully informative markers are markers
that segregate in both parents (type abxcd). LOD signifi-
cance thresholds were determined by permutation tests
(Churchill and Doerge 1994) using the MapQTL software.
The same LOD thresholds for declaring QTL were used
both in IM and MQM (Hackett 2002), and markers with
peak LOD scores were chosen as the map positions of
putative QTL. QTL were named following common prac-
tice, e.g. QWs1F_1 indicates the first QTL for winter sur-
vival (Ws) detected on chromosome 1F. QTL maps were
drawn using MapChart (Voorrips 2002).

Cloning and mapping of candidate genes

F. pratensis orthologs of the genes CBF6, IRI1, LOS2 and
PHYC were cloned and mapped in the ‘B14/16 x HF2/7’
mapping population; FpCBF6 and FpIRII on 5F, FpLOS2
on 7F and FpPHYC on 4F (Fig. 1). Two of these genes,
FpIRII and FpLOS2, have been shown to be induced by
cold acclimation (Rudi et al. 2011). For detailed informa-
tion about the cloning and mapping of these genes see Sup-
plemental note 1.

Results

Trait performances

The mean values, ranges and differences between parental
and F, means are presented in Table 1. Ft, Ws, Dtm and Gs
were normally or near normally distributed, while Dts, Ts

and recovery from Dr deviated significantly from normality
(data not shown). Transformations (log,;, and square root)
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did not improve normality, and the original data were there-
fore used in the QTL analyses. ANOVA showed that there
was highly significant genotypic variation within the F,
family for Ft, Ws, Dtm, Dts, and Ts (P < 0.001), and sig-
nificant variation for Gs (P < 0.05), while the variation for
Dr was not significant. The parents had significantly differ-
ent mean values for Ft, Ws and Gs, while the F; mean was
significantly different from at least one of the parents for all
traits (Table 1). Positive transgressive segregations were
observed for all traits and high parent heterosis evident for
Ft, Dts, and Ts. Both parents had low freezing tolerance
(2.81 for B14/16 and 3.87 for HF2/7) but the variation in
the F, was large (2.83-5.97, mean 4.48, Table 1). However,
the parents showed very different winter survival with aver-
age scores of 1.0 for B14/16 and 7.0 for HF2/7, and with a
progeny mean value of 4.97.

QTLs for freezing tolerance

Three major QTLs for frost tolerance were detected on SF
and 6F (QF15F-1, QFt5F-2 and QFt6F) and two suggestive
QTLs, QFt4F and QFt7F on 4F and 7F, respectively. The
LOD scores of these QTLs ranged from 2.72 to 9.35, and
individually they explained from 6.5 to 26.8% of the geno-
typic variation. The full MQM model with co-factors
Xibf507 (1F), Xrz141b (5F) and Xcdo678b (6F) explained
50.7% of the variation. The most significant QTL for frost
tolerance was QFt5F-2 with Xrz141b as the peak marker.
The 2-LOD confidence interval for this QTL is 6.7 cM
when estimated with IM, and only 1.2 cM when estimated
with MQM with the gene FpCBF6 located within this inter-
val (Fig. 1). Tests of the effect of the QTL alleles using the
fully informative marker Xcdo590, which is located only
0.6 cM from the peak of QFt5F-2, showed that this QTL
was caused by a significant negative effect (—0.59**) from
the maternal parent and a highly positive effect (0.92%*%*)
from the paternal parent (Table 2). The second QTL on 5F,
QFt5F-1 was only detected by interval mapping, and is
located 20.4 cM proximal to QFt5F-2. The ice-renucleation
inhibition gene FpIRII (EU684537) maps 1.2 cM distal to
QF15F-1. The effects of the QTL alleles could not be tested
for the peak marker of this QTL since it was not fully infor-
mative. The two QTLs on 5F are most probably distinct
since the 2-LOD confidence intervals for IM on either side
of the peak markers do not overlap (Fig. 1). QFt4F on 4F
was detected both with IM and MQM, but the peak marker
was different in the two mapping methods (Xwg644 with
IM and Xwgll4 with MQM). However, these markers,
which have both been associated with frost tolerance in
cereals (Fig. 1), are only 3.4cM apart, and the QTL
detected by the two mapping methods are most probably
identical as the confidence intervals are overlapping. Using
the fully informative marker Xwg 114 to test the QTL effects
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Fig. 1 Festuca linkage groups with positions of QTL for frost and bold are major QTL with significance levels above the chromosome-
drought tolerance, and winter survival. Thin lines indicate 2-LOD sup- wide LOD threshold. Markers printed in bold have been associated
port interval for QTL detected by interval mapping, thick boxes indi- with QTL or genes for low-temperature tolerance in Triticeae species
cate the same for QTL detected by MQM mapping. QTL printed in

Table 1 Mean values (standard deviation), ranges and tests of means for parents and the F; mapping population ‘B14/16 x HF2/7°

Trait P, (B14/16) (n=4)* P, (HF2/7) (n=4)* Mean of parents F, (n= 138 or 80)* Range
Frost tolerance (Ft) 2.81%(0.60) 3.87° (0.60) 3.34 4.48°(0.59) 2.83-5.97
Winter survival (Ws) 1.00° (1.00) 7.00* (1.73) 4.00 4.97*(1.28) 1.00-7.67
Moderate drought tolerance; 2 months (Dtm) 0.063% (0.039) 0.031° (0.033) 0.047 0.144% (0.086) 0.018-0.521
Severe drought tolerance; 5 months (Dts) 0.008 (0.007) 0.0° 0.004 0.020% (0.016) 0-0.089
Recovery from drought (Dr) 13.50% (27.0) 0.0* 6.75 40.55% (59.25) 0-367.50
Green score (Gs) 2.00% (1.41) 0.0 1.00 3.28%(1.83) 0-7.75
Tiller survival (Ts) 0.006" (0.012) 0.0° 0.003 0.059% (0.072) 0-0.492

A Means with different letters are significantly different at minimum P < 0.05
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showed that this QTL was due to a significant negative
effect (—0.50%) from the maternal parent. The QTL QF16F
was detected by both mapping methods. The QTL
explained about 15% of the genetic variation for frost toler-
ance, and was due to a significant positive effect (0.50%)
from the paternal parent and significant negative interaction
effects (—0.68%*) indicating deviation of the four QTL alle-
les from additivity. QFt7F on 7F was only detected using
MQM, and even if this was mapped using MQM, the confi-
dence intervals of this marker cover as much as 44% of the
chromosome (Fig. 1).

QTLs for winter survival in the field

Six QTLs were detected for winter survival, on chromosome
IF (QWsl1F-1 and QWsiF-2), 2F (QWs2F), SF (QWs5F-1
and QWs5F-2) and 6F (QWs6F) (Table 2; Fig. 1). Five of
these were major QTLs with LOD scores ranging from 4.04
to 6.11 (MQM) while QWs5F-2 was a suggestive QTL
(LOD 3.21). Individually they explained from 7.5 to 19.4%
of the genotypic variation, while the full MQM model with
co-factors Xibf586 (1F), Xpsr901 (2F), Xwg364a and Dhnlf
(5F) and Xpsr2021d (6F) explained 55.7% of the variation.
The most significant QTL was QWs2F. The peak marker for
QOWs2F was PSR901, and the QTL effect is due to a large
difference of 1.10 in score (P < 0.001) between the marker
alleles segregating in the paternal (Norwegian) parent.
PSRO901 is segregating only in the paternal parent (aaxab)
and thus the paternal allele b has a large positive effect on
winter survival Despite the relatively large IM confidence
interval of QWs5F-1, the second QTL on chromosome 5F,
QOWs5F-2 with peak marker Dhnlf, does not overlap and
there are probably two QTLs for winter survival on chromo-
some SF. The two QTLs QWsIF-1 and QWslIF-2 are posi-
tioned 30-33 cM apart, have relatively narrow confidence
intervals (especially QWs/F-1) and should therefore be
regarded as two separate QTLs. Different peak markers were
detected for this QTL with the two QTL mapping methods;
however, the marker peaks are only 2.8 cM apart and within
the confidence interval of IM (Table 2; Fig. 1). QWs6F is a
major QTL with high LOD scores (around 4.9) with both
mapping methods. The closest fully informative marker
PSR371a, which is located 2.1 cM proximal to the peak
marker PSR2021d, was used to estimate the QTL effects.
A peculiar observation for this QTL is that whilst both the
maternal and the paternal effects on this QTL were large and
positive, the other two major QTLs (QWsI1F2 and QWs5F-1),
whose effects could be estimated using fully informative
markers, were caused by very large negative maternal
effects (Table 2). QWslF-2 was in addition associated with a
significant positive (0.85, P < 0.05) maternal x paternal
interaction effect, which indicates the presence of domi-
nance at this locus.

QTLs for drought tolerance

Four QTLs were detected for each of the traits moderate
drought (2 months without water) tolerance (Dtm), and Gs
recorded following a severe drought stress of 5 months
without water. Of these, QDtmlIF-1 and QDtm4F were
major QTLs (Table 2; 3). Six QTLs were detected for Dts
of which QDts5F-1 was a major QTL with a LOD score of
5.77 (Table 3). For tiller survival (Ts) recorded at the end
of the 5 months drought treatment, four QTLs were
detected with QTs3F as a major QTL with a high LOD
score (8.39), while QTs5F was only detected using IM.
Despite absence of significant associations with markers in
this region of 5F using the Kruskal-Wallis test, the putative
QTL was included as its position overlapped with the posi-
tion of ODts5F-1 and the two traits are clearly related
(Fig. 1). The phenotypic correlation between Ts and Dts
was 0.65 (P <0.001). All four QTLs for Ts are either
located at the same peak markers, i.e. Xibf586 on IF,
Xpsr39 on 4F and P77M76_92 on 5F, or within the same
LOD confidence interval (QTs3F) as the QTLs for Dts
(Table 3). All drought traits were positively correlated, with
the highest correlation observed between Dtm and Dts
(0.69, P <0.001). The correlations between Dtm and Gs,
and Dtm and Ts were lower, 0.47 (P <0.001) and 0.44
(P <0.001), respectively, supporting evidence that high
growth rates in water limited conditions were not condu-
cive to genotype survival following prolonged drought
stress. The correlations between Gs and Ts, and Gs and Dts
were both high (0.65, P < 0.001) as they represent different
measures of tolerance assessed following severe drought.
Based on these correlations we expected that QTLs for
drought tolerance traits would map on top of each other or
close in the same chromosomal region. This was indeed the
case, and was most pronounced on chromosome 1F and 4F,
with QTLs for all drought tolerance traits located in a fairly
narrow interval around the peak marker Xibf586 on 1F, and
on the proximal end of chromosome 4F (Fig. 1). QTLs for
Dts were found on all chromosomes except 2F and 7F.
However, distinct QTLs for Dts were found on 3F
(ODts3F) and on 5F (Qdts5F-1 and ODts5F-2), and a QTL
for moderate drought (QDtm6F) located to the proximal
end of chromosome 6F where the dehydrin gene Dhn6 was
the peak marker (Fig. 1). In addition, a specific QTL for Gs
green score was detected on 7F. ODts3F extended over the
entire chromosome with the Kruskal-Wallis test indicating
that 20 of the 24 markers on this chromosome were associ-
ated significantly with the trait at P < 0.001. For all QTLs
that could be estimated using fully informative markers
(Tables 2, 3), except for QGs4F-2, there were significant
negative effects associated with QTL alleles from the
maternal (Yugoslavian) parent and either non-significant or
positive effects (QGsIF and QTsIF) associated with the
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Table 3 QTLs detected for severe drought tolerance (Dts—5 months drought) and tiller survival (Ts) using interval mapping and Kruskal-Wallis

test

Trait QTL? LG Interval mapping Kruskal-Wallis test® Marker effects®
LOD Marker peak Position Variance K* df Maternal  Paternal M x P
(cM) explained (%)
Dts QDtslF-1 1 3.36 Xibf586 55.2 21.3 11.21%* 3 —0.020%* 0.008™  —0.003"
QDts1F-2 1 327 P63M77_153"-Xibf570 106.0  47.0 5.60%* 1 (0.008%)
QDts3F 3 3.37 Xpsr929 46.0 22.1 11.56%*** 1 (0.013%**)
QDts4F 4 252 Xpsr39 34.0 18.1 3.74% 1 (0.009%)
QDts5F-1 5 577 P77TM76_92-P77M75_115" 15.9 61.0 9.42% %% 1 (0.009%%)
QDts5F-2 5 3.26 Xibf565 49.7 17.2 14.62%*** 3 —0.023*%* —0.003 ™ 0.014*
Ts  QTslF 1 495 Xibf586 55.2 26.0 20.32% ¥ 3 —0.09%**  0.06%** —0.04"
QTs3F 3 839 Xpsr394 47.9 56.7 5.65%%* 1 (0.05%%)
QTs4F 4  2.65 Xpsr39 34.0 16.7 6.28%* 1 (0.04%%)
QTs5F 5 442 P77IM76_92 10.9 54.9 ns 1

% QTLs printed in bold are major QTLs, with LOD scores above the genome-wide significance thresholds. QTLs printed in normal font are sug-
gestive QTLs with significance levels above the chromosome-wide LOD thresholds; "Kruskal-Wallis test statistics K* significant at * = P < 0.05,
= P < (0.01,** = P <0.001, **** = P < (0.0001 and ***#* = P < 0.00001; “maternal, paternal and maternal x paternal interaction effects for
fully informative peak markers (ab x cd) are significant at * = P < 0.05, ** = P < 0.01 and *** = P < 0.001. For markers segregating aaxab,
abxaa or abxab, the values are enclosed in parentheses and indicate differences between the means of genotype classes in the parent that segregates
for the marker, i.e. maternal for abxaa, paternal for aaxab and maternal x paternal for abxab markers; Tmarkers used to test effects in cases where

the marker peak is in large intervals without markers or there are different peak markers for IM and MQM

QTL alleles from the paternal (Norwegian) parent. For
QGs4F-2 the maternal effect was very large and positive
(2.59, P < 0.01), while QGsIF had a similar large negative
maternal effect (2.09, P <0.01), and a smaller positive
paternal effect (1.5, P <0.05). The mean values for the
drought traits were not significantly different between the
two parents, except for Gs, for which the maternal parent
was better (Table 1). Dominance, i.e. maternal x paternal
interaction effects, was generally non-significant, except for
QTslIF (Table 3).

Discussion

Comparative mapping of frost tolerance and winter
survival QTLs in F. pratensis with Triticeae chromosomes

Chromosome 4 in fescues and ryegrasses contains one sin-
gle segment with orthology to rice chromosome 3 and this
segment is distributed over terminal regions of homoeolo-
gous group 4 and 5 chromosomes in all Triticeae genomes
(Alm et al. 2003; Sim et al. 2005). A comparative map of
markers and genes associated with frost tolerance on
Festuca chromosomes 4 and 5 and the corresponding
Triticeae group 5 chromosomes is presented in Fig. 2.
QTLs on Triticeae group 5 chromosomes have been
demonstrated to play major roles in frost tolerance, i.e.
Frl (Fr-Al) (Sutka and Snape 1989; Galiba et al. 1995),
Fr2 (Fr-D1) (Snape et al. 1997), Fr-Bl (Toth et al. 2003),
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and Fr-A2 (Fr-A™2) (Véagujfalvi et al. 2003) in wheat, and
winter hardiness and low-temperature tolerance QTLs,
Fr-HI and Fr-H2, on barley 5SH (Hayes et al. 1993; Francia
etal. 2004). The vernalisation response gene TaVRNI is
located close to the marker Xwg644 on wheat 5SA (Yan
etal. 2003) and FpVRNI, an orthologue of TaVRNI, was
isolated and shown to co-segregate with Xwg644 (Ergon
et al. 20006), at a similar position as the LpVRN] orthologue
in Lolium perenne (Jensen etal. 2005). We find that
FpVRNI on 4F is co-located with a small frost tolerance
QTL (QFt4F) at marker Xwg644, while two major QTLs
for frost tolerance are present on meadow fescue chromo-
some 5F. These findings are intriguing since, as mentioned
above, several studies have found that the Triticeae group 5
chromosomes contain two frost tolerance loci, one of them
linked closely to the VRNI locus. Based on the comparative
map (Fig. 2) we propose that the distal QTL for winter survival
on 5F (QWs5F-2) corresponds to the wheat Fr-Al/Fr-HI
locus, and that the proximal frost tolerance/winter survival
QTL (QFt5F-2/QWs5F-1) correspond to the Fr-H2/Fr-A™2
locus. Early studies in wheat found that the VRNI gene and
the Fr-Al QTL were not closely linked; Fr-Al mapped
2 c¢M proximal to Xwg644 on wheat SA (Galiba et al. 1995;
Sutka et al. 1999). However, it has been difficult to separate
the effect of vernalisation from frost tolerance in the Triti-
ceae. The current understanding is that the Fr-Al QTL in
wheat is a pleiotropic effect of vernalisation as proposed by
Limin and Fowler (2002); recently supported by studies
using wheat lines with large deletions encompassing the
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Fig. 2 A comparative map of Festuca chromosomes 4 and 5 with the
homoeologous Triticeae group 5 chromosomes. The Triticeae group 5
maps and positions of QTLs and regulatory genes have been compiled
from the following sources: Sutka and Snape 1989; Pan et al. 1994;

complete VRN-1 gene and several flanking genes (Dhillon
et al. 2010). The interaction between the vernalisation and
cold acclimation regulatory gene networks are thought to
operate by extending the cold acclimation period and
increasing the frost tolerance by delaying the induction of
VRN and thereby the transition to the reproductive stage
(Galiba et al. 2009).

The structural difference between chromosomes 4 and 5
of Festuca and Triticeae makes it possible to separate the
effects of vernalisation and frost tolerance/winter survival
(Fig. 2). The FpVRNIgene on 4F co-located with a unique
frost tolerance QTL (QFt4F), most likely a pleiotropic
effect of vernalisation, while on 5F the winter survival
QTL (QWs5F-2) is likely orthologous to Fr-Al on wheat
5A. Thus, there might indeed be a unique frost tolerance
QTL on Triticeae group 5 chromosomes closely linked to
VRNI, which is not caused by vernalisation. The close
association of QWsSF-2 with Dhnl and Xpsr2021 (Figs. 1,2),
lends further support to our hypothesis that this QTL is
orthologous to the low-temperature QTL found in the
VRN1/Fr-Al region of Triticeae which has been linked to
Dhnl and Dhn2 in several studies (see Cattivelli et al.
2002).

Sutka et al. 1999; Vagujfalvi et al. 2000; Sarma et al. 2000; Choi et al.
2002; Vagujfalvi et al. 2003; Francia et al. 2004, Skinner et al. 2006;
and Miller et al. 2006

We demonstrate that a CBF gene, FpCBF®6, is co-located
with the major frost tolerance/winter survival QTLs
QFt5F-2/QWs5F-1 on 5SF, and maps only 0.9 cM from
marker Xwg364, the peak marker of QWs5F-1. CBF genes
are key regulators of early transcriptional response during
cold acclimation (Vogel et al. 2005). In barley and hexa-
ploid wheat, CBF6 belongs to a cluster of many CBF genes
closely linked to the marker Xwg364 which co-localises
with the Fr-H2/Fr-Al QTL (Skinner et al. 2006; Tondelli
etal. 2006). A comprehensive association study of Euro-
pean cultivated barley, landraces and wild accessions found
two SNPs in HvCbfI4, a gene closely linked to HvCBF®6,
and one SNP in Vrn-HI to be statistically associated with
frost tolerance (Fricano et al. 2009). One SNP in HvCBF6
was nearly significant, and high LD was observed between
SNPs in HvCbfi4 and HvCbf6 (Fricano etal. 2009).
Results from mapping of Ft and Ws in an annual
(L. multiflorum) x perennial (L. perenne) ryegrass inter-
specific hybrid population also support the presence of a
major QTL for Ft/Ws in the Fr-H2/Fr-A2 syntenic region
(Xiong et al. 2007). Taken together these results indicate
that genetic regulation of frost tolerance is largely con-
served among the temperate grasses.
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The second Ft QTL (QFt5F-1) at the proximal end of SF
has no corresponding Ft QTL in cereals. The ice-renucleation
inhibition gene FpIRII maps 1.5 cM distal to the confidence
interval of QFt5F-1, and is a candidate gene for this QTL.
It belongs to a multi-gene family of ice re-crystallisation inhi-
bition protein (IRIP) coding genes (Sandve et al. 2008) and is
upregulated in meadow fescue during cold acclimation (Rudi
etal. 2011). IRIPs have recently been shown to provide
improved freezing tolerance in transgenic A. thaliana, which
do not express these proteins endogenously in nature (Zhang
etal. 2010). Since this QTL overlaps with a major QTL
(QDts5F-1) for tolerance towards severe drought (Fig. 1), it
might also be related to dehydration stress tolerance. This
notion is supported by recent evidence that an introgression
from the drought resistant species Festuca glaucescens into
L. multiflorum at this chromosome 5 location led to enhanced
drought tolerance (Ghesquiere et al. 2010). A Festuca prat-
ensis-derived recessive stay-green mutant allele (sid-1) also
co-locates to this SF genomic region (Armstead et al. 2006)
and may have relevance in tolerance to abiotic stresses.
Dehydrins Dhn4/5, Dhn6 and Dhnl/2 all map in the region
of the Ft and Ws QTLs (QFt6F and Qws6F) on chromosome
6F. In hexaploid wheat, the cold-inducible genes Wcs/20 and
wcor410 are located on wheat group 6 chromosomes (Limin
et al. 1997; Danyluk et al. 1998). Choi et al. (1999) proposed
that the WCS120 proteins are orthologous to the major cold-
induced Dhn5 gene located on 6HL in barley. Further evi-
dence for genetic regulation of frost tolerance by genes on
chromosome 6 was the mapping of a QTL for COR14b accu-
mulation and two HvCBF loci on 6H by Francia et al. (2004).
Borner et al. (2002) mapped a winter survival QTL on wheat
6AS about 30 cM distal to the marker Xcdo476. In the cur-
rent Festuca population the overlapping Ft and Ws QTLs on
6F (QF16F and QWs6F) are located 11.6 and 22.7 cM distal
to Xcdo476, respectively, and could be orthologous to this
winter survival QTL on wheat 6AS.

Malatrasi et al. (2002) mapped Srg6, a putative transcrip-
tion factor induced by dehydration, on the short arm of bar-
ley 7H. Based on inference using the barley consensus maps
(http://barleygenomics.wsu.edu) we find that QF:7F maps in
a position orthologous to Srg6, while QGs7F is more proxi-
mal. In addition, a single gene for osmotic adjustment poten-
tial was mapped on wheat 7S (Morgan and Tan 1996), and
in orthologous regions in rice (Lilley etal. 1996; Zhang
etal. 2001) and barley (Teulat et al. 1998). This indicates
that an osmotic adjustment determinant could be conserved
across evolutionarily distant grass genomes.

Comparative mapping of drought tolerance QTLs
in F. pratensis with Triticeae and rice chromosomes

Whilst major QTLs for growth under moderate and severe
drought overlapped on 1F and 4F, distinct QTLs could be
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found for growth under severe drought on 3F and 5F and
for growth under moderate drought on 6F (Fig. 1). Chro-
mosome 3F is syntenic with rice chromosome 1 along its
entire length (King et al. 2007). This chromosome is poten-
tially a major source of drought tolerance in Festuca spe-
cies having the QTL QDts3 along its entire length
associated with tolerance to severe drought stress. QTLs on
rice chromosome 1 include ones involved in several
drought adaptive traits like rooting and drought induced
traits like osmotic adjustment (Kamoshita etal. 2008)
Detailed studies by Turner etal. (2008) demonstrated
clearly that 3F of F. pratensis carries QTLs similar to those
identified in syntenic chromosomal regions in rice. Root/
shoot ratio and root dry weight in rice mapped at marker
CDO0920 that is only 1.2 cM from the peak marker of the
QTL for growth during severe drought (QD#s3F) in the cur-
rent study. It is thus possible that QDts3F may be associ-
ated with the root development under drought stress.
Moreover, the importance of increased root growth and ele-
vated osmotic stress tolerance derived from Festuca chro-
mosome 3 alleles in Festuca x Lolium hybrids support a
role of chromosome 3 in drought tolerance (Humphreys
et al. 1997; Turner et al. 2008; Humphreys and Pasakinskiene
1996; Humphreys and Thomas 1993; Humphreys et al.
2005). Recently, Festuca 3F sequences associated with a
salinity tolerance QTL were demonstrated to also contrib-
ute to increased salinity tolerance in Festuca x Lolium
hybrids (Latorre 2010; Ul Haq et al. 2010). This salinity
tolerance QTL is associated closely to the marker peak for
the QTL for tolerance to severe drought QDts3F (Xpsr929)
in the current mapping population and implies that genes
for regulation of plant water status in addition to improved
root growth underlie the function of this major drought tol-
erance QTL on 3F.

Whilst evidence for the importance of 3F in drought tol-
erance/plant vigour is conclusive, other chromosome loci
have significant effects. Hemamalini et al. (2000) mapped a
QTL for drought tolerance on rice chromosome 12 distal to
the marker CDO344. This is consistent with the situation in
F. pratensis where two QTLs for tolerance to severe
drought map close to the marker CDO344, which has dupli-
cated loci on 5F (Fig. 1). Root penetration ability has been
mapped on rice chromosomes 1, 2 and 5 (syntenic with
regions of 3F, 4F and 1F, respectively), root length and
thickness on rice 5, and QTLs for all drought tolerance
traits are present on all these Festuca chromosomes. In
addition to rice chromosome 1, QTLs for root length have
been mapped on rice chromosomes 2 and 9 (Hemamalini
et al. 2000). These chromosomes are syntenic with regions
on Fescue chromosomes, 6F and 5F, respectively, where
several QTL for drought tolerance traits were present.

QTLs for drought tolerance traits were mapped in a
Lolium perenne (a close relative of F. pratensis) population
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and found to cluster on Lolium chromosomes 1 (L1) and 5
(L5) (Turner et al. 2008). Drought tolerance QTLs were
also observed on homoeologous F. pratensis chromosomes
in the current study, where especially for the moderate
drought stress QTL QDmmIF, the use of common markers
would indicate that the QTLs might well co-locate. In
Lolium the site at the end of linkage group L1 was consid-
ered as a potential major site for genes controlling drought
tolerance.

Winter survival can be explained by coincident locations
of stress tolerance QTLs

Mapping of tolerance to several abiotic stresses in the same
population makes it possible to estimate relative effects of
the component traits Ft and Dt on the major trait Ws. Co-
location of Ws QTLs with Dt QTLs indicate these to be due
to drought, e.g. QWsIF-2 which maps at the same position
as QTLs for all drought tolerance traits, while co-location
with Ft QTLs indicate freezing tolerance as the main factor,
e.g. OWs5F-1 and QWs6F (Fig. 1). However, there are also
several examples of QTLs for different abiotic stresses not
being co-located, e.g. ODts3F on 3F has no co-locating
QTL related to Ws, nor is any drought tolerance QTL found
at the same location as QFt7F on 7F. Ws QTLs not co-
located with any component stress factors are most likely
due to genes affecting seasonal adaptation, e.g. photoperi-
odic sensitivity. The Yugoslavian parent suffered severe
winterkill while the Norwegian parent survived very well in
the field (Table 1). The poor survival of the Yugoslavian
genotype might be explained by its adaptation to photoperi-
ods at lower latitudes. Ecotypes from lower latitudes will
not induce hardening sufficiently early in the autumn when
grown at higher latitudes. Therefore, it is likely that a part
of the genetic variation for winter survival in this mapping
family is due to segregation at loci involved in photoperi-
odic sensitivity. Thus the major QTL for winter survival on
2F (QWs2F), which is the single QTL that explains most of
the variation (19.4%), might be due to photoperiodic sensi-
tivity gene(s). Sourdille et al. (2000) mapped a QTL for
photoperiodism on the short arm of wheat group 2 chromo-
somes and the major photoperiodic sensitivity gene Ppd-HI
mapped 4.1 cM distal to the marker Xpsr666 (Laurie et al.
1995). It has been cloned and shown to be a pseudo-
response regulator (PRR) gene involved in the circadian
clock function (Turner et al. 2005). QWs2F maps 16.5 cM
distal to the same marker. Another possibility is that the
QTL may overlie the corl4b locus, which Vigitjfalvi et al.
(2000) mapped on the long arm of chromosome 2A™ of
Triticum monococcum, 10 cM from the centromere. Since
QOWs2F maps at a median position on the linkage group,
this could be the orthologous position of the cori4b gene in
Festuca. It has been demonstrated that cori4b is expressed

at higher threshold temperatures in frost-tolerant than in
frost-sensitive cultivars of barley (Crosatti etal. 1995;
Crosatti et al. 1996), and that the development of frost tol-
erance follows closely the accumulation of COR-proteins
in wheat (Fowler etal. 1996) and barley (Giorni et al.
1999). We attempted cloning and mapping of a Festuca
homologue of Hvcori4b but this failed.

Concluding remarks

The coincident location of several of the QTL in F. praten-
sis with QTL and genes mapped in other grasses, notably the
Triticeae species, indicate the action of structural or regula-
tory genes that are conserved across evolutionarily distant
species. For orphan species like meadow fescue and peren-
nial ryegrass, this is encouraging since valuable information
about potential candidate genes can be drawn from the more
advanced genomic research in the cereals. It is also clear
that genome research on stress tolerance in the perennial for-
age grasses can be relevant for the cereal research commu-
nity, as the discussion of the major frost tolerance loci on the
homoeologous group 5 chromosomes has shown.
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