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Abstract Frost at flowering can cause significant damage
to cereal crops. QTL for low temperature tolerance in
reproductive tissues (LTR tolerance) were previously
described on barley 2HL and SHL chromosome arms. With
the aim of identifying potential LTR tolerance mechanisms,
barley Amagi Nijo x WI2585 and Haruna Nijo x Galleon
populations were examined for flowering time and spike
morphology traits associated with the LTR tolerance loci.
In spring-type progeny of both crosses, winter alleles at the
Vrn-HI vernalization response locus on 5SH were linked in
coupling with LTR tolerance and were unexpectedly asso-
ciated with earlier flowering. In contrast, tolerance on 2HL
was coupled with late flowering alleles at a locus we named
Flit-2L. Both chromosome regions influenced chasmogamy/
cleistogamy (open/closed florets), although tolerance was
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associated with cleistogamy at the 2HL locus and chasmog-
amy at the SHL locus. LTR tolerance controlled by both
loci was accompanied by shorter spikes, which were due to
fewer florets per spike on SHL, but shorter rachis inter-
nodes on 2HL. The Eps-2S locus also segregated in both
crosses and influenced spike length and flowering time but
not LTR tolerance. Thus, none of the traits was consistently
correlated with LTR tolerance, suggesting that the tolerance
may be due to some other visible trait or an intrinsic (bio-
chemical) property. Winter alleles at the Vrn-HI locus and
short rachis internodes may be of potential use in barley
breeding, as markers for selection of LTR tolerance at SHL
and 2HL loci, respectively.

Introduction

Frost at anthesis or early grain fill can damage cereal crops
by causing floret sterility or shriveled grains. Frost damage
to reproductive tissues is most limiting in areas experienc-
ing subtropical/Mediterranean climates such as in Australia,
West Asia and North Africa, where cereals mature during
winter when conditions are most favorable for growth but
occasional night time frost events in the order of —1 to
—5°C occur (Single 1985; Fujita et al. 1992; Reinheimer
etal. 2004). In these areas, the choice of sowing date is
constrained both by the higher probability of frost early in
the season and by the hot and dry conditions that typically
limit growth late in the season. In temperate regions, mid to
late spring freezes may also cause spike damage to winter
wheat crops which flower during spring and summer
(Livingston and Swinbank 1950; Paulsen and Heyne 1983;
Cromey et al. 1998; Whaley et al. 2004). Agronomic prac-
tices, such as clay delving or optimization of sowing time,
can be employed to reduce frost damage at flowering
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(Rebbeck et al. 2007). While there is also a need to breed
tolerant varieties, efforts to do so have been hampered by
the sporadic nature of frost in the field, uneven freezing of
plant tissues, and the variation in susceptibility of spikes at
different stages of development. Despite various reports of
genotypic variation for low temperature tolerance at the
reproductive stage (LTR tolerance) in barley and wheat
(Single and Marcellos 1974; Marcellos and Single 1984;
Single 1985), locally adapted varieties possessing useful
levels of LTR tolerance are not yet available (Fuller et al.
2007).

Reinheimer et al. (2004) described LTR tolerance loci
on chromosome arms SHL and 2HL of barley. Only the
SHL locus was detected in an Arapiles x Franklin popula-
tion where it was found to control levels of frost induced
sterility and frost induced grain damage. Both loci were
detected in Amagi Nijo x WI2585 and Galleon x Haruna
Nijo populations where LTR tolerance was measured by
the level of frost induced sterility, expressed as the percent-
age of sterile florets on selected spikes. The tolerance allele
at each locus was derived from the Amagi Nijo and Haruna
Nijo parents, which are closely related cultivars (Chen et al.
2009) bred by the Sapporo brewery in Japan.

Compared to LTR tolerance, low temperature tolerance
in vegetative tissues (LTV tolerance) has been relatively
well characterized. LTV tolerance has been reported to be
mainly controlled by two loci (Fr-1 and Fr-2) located on
Triticeae group 5 chromosomes (Téth et al. 2003; Vagujt-
alvi et al. 2003; Francia et al. 2004; Skinner et al. 20006;
Tondelli et al. 2006). Tolerance at Fr-2 appears to be con-
trolled by clusters of C-repeat binding factor (CBF) tran-
scription factor genes that reside at this locus in barley and
wheat (Francia et al. 2007; Knox et al. 2008), whereas Fr-1
is closely linked to the Vrn-1 vernalization response locus.
The LTR tolerance locus on chromosome 5H is also in the
vicinity of Vrn-HI/Fr-HI (Reinheimer et al. 2004). LTV
tolerance QTL have been detected on group 2 chromo-
somes of wheat and barley (Tuberosa etal. 1997; Béga
et al. 2007); however, it is difficult to compare the position
of these loci with that of the 2H LTR tolerance locus due to
a lack of common genetic markers.

Given that the loci on barley chromosomes 5H and 2H
are the only Triticeae LTR loci so far described, there is a
need to characterize these loci further in order to explore
the basis for LTR tolerance in cereals and to ensure effec-
tive utilization of these tolerance sources in breeding pro-
grams. Genes that alter the rate of crop development may
potentially impact frost damage to reproductive tissues,
either by facilitating escape (Reinheimer et al. 2004), or by
extending the period that plants have available to accumu-
late cold tolerance potential (Limin and Fowler 2006).
While the Vin-HI locus linked to the SH LTR tolerance
locus affects flowering time, no major developmental effect
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was found to be linked with the 2H LTR tolerance locus
(Reinheimer et al. 2004). However, a locus controlling a
compressed rachis (Cr) phenotype has been shown to
segregate in the 2H frost tolerance QTL region in the
Galleon x Haruna Nijo population (Karakousis et al.
2003). The degree to which barley florets extrude their
anthers due to the open/closed nature of the palea and
lemma is also controlled by a locus in the vicinity of the 2H
LTR tolerance QTL (Turuspekov et al. 2004). Most 2-row
barley varieties from Japan have closed (cleistogamous)
florets, whereas most varieties from elsewhere have open
(chasmogamous) florets (Kurauchi et al. 1994), suggesting
that the two mapping crosses with Japanese parents may
segregate for this trait. Wheat spikes remain relatively
resistant to freezing until they emerge from the boot and
become exposed to extrinsic ice nucleation factors (Single
1985). Therefore, it is conceivable that the length of the
spike or cleistogamy/chasmogamy may segregate at the 2H
locus and influence LTR tolerance by altering the degree to
which the spike or internal flower structures are exposed at
the time of frosting.

In the current study, we explored the basis for the LTR
tolerance encoded by the 2H and 5SH QTL by performing a
more detailed analysis of flowering time and spike traits
segregating in the Amagi Nijo x WI2585 and Galleon x
Haruna Nijo crosses. These analyses were assisted by the
availability of PCR-based genetic markers we previously
developed along the 2HL chromosome arm (Chen et al.
2009) and knowledge derived from the recent cloning and
characterization of underlying genes for several major
developmental loci in barley.

Materials and methods
Molecular markers

DNA extraction and general procedures for developing and
scoring PCR-based markers were as described by Chen
et al. (2009). Except for the markers described below, all of
the markers were previously described by Chen etal.
(2009).

PCR assays were used to detect Vrn-HI intron-1 vari-
ants, as described by Fu etal. (2005). In these assays,
primer pair Intr1/H/F1 plus Intr1/H/R1 produces a 474-bp
product specifically from spring Vrn-H]I alleles carrying the
5.2-kb intron-1 deletion (cv. Morex-type), and primer pair
Intr1/H/F3 plus Intr1/H/R3 produces a 403-bp product spe-
cifically from non-deleted winter vrn-HI alleles. The pres-
ence or absence of the ZCCT-Hc gene at the Vrn-H2 locus
was assayed by PCR using the primers HvZCCT.HcF and
HvZCCT.HcR, as described by von Zitzewitz et al. (2005).
A positive control was provided by amplification from the
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nearby SNF2 gene, which is not affected by the Vrn-H2
deletions, using the primers Snf2.F and Snf2.R (von Zitze-
witz et al. 2005).

Polymorphism at ‘site 22’ of the Ppd-HI gene was
assayed using a BstUI cleaved amplified polymorphic
sequence (CAPS) marker, as described by Turner et al.
(2005), except that that amplification was performed in the
presence of v/v 5% DMSO and using the newly designed
primers: Ppd-F (5'-AATGGTGGATCGGCAGGAGGCAC
TG-3") and Ppd-R (5'-GTGGCGGGAGGTTATCTCTCC
ACGG-3'). This marker produces an undigested product of
488 bp from ppd-H1I alleles and digestion products of 428
plus 60 bp from Ppd-HI alleles.

CAPS markers close to the Vrn-HI and Vrn-H2 vernali-
zation response loci were developed for both the Amagi
Nijo x WI2585 and Haruna Nijo x Galleon crosses.
Details of these markers are provided in Supplemental
Table 1. Marker WG644 was originally defined by a wheat
genomic RFLP probe and derives from a putative ABC
transporter gene. The WG644 primers were based on the
sequence of the BAC clone BAC 635P2 (AY013246) from
the Vrn-HI region in barley (Dubcovsky et al. 2001). Co-
linearity between the Triticeae Vrn-I chromosome region
and the terminal part of rice chromosome arm 3L (Yan
etal. 2003; Stein et al. 2007) was exploited to generate
markers CK881 and AJ927, which were based on barley
orthologues of genes located approximately 600 kb above
and 790 kb below the Vrnl orthologue on rice chromosome
3, respectively. The SNF and NUC markers were developed
from barley homologues of the SNF2P and NUCELLIN
genes, which are closely linked to Vrn-A"2 in T. monococ-
cum (Yan etal. 2004). The primers were based on the
sequence of BAC clone 615K1 (AY485643) from the
corresponding region in barley.

Plant material

Barley cvs. Haruna Nijo and Galleon were crossed to make
an F, family of 96 individuals, which was used to test for
marker—trait associations on chromosome 2H and in the
vicinity of the Vrn-HI and Vrn-H2 loci. An F, family
derived from the same cross (34-2-73) was used for further
evaluation of flowering time controlled by Flt-2L. The
34-2-73 F; parent was selected using molecular markers, and
was shown to be homozygous for Galleon alleles for mark-
ers closely flanking Vrn-HI, homozygous Galleon for a
segment of 2H carrying the Eps-2S locus, and heterozygous
in the region containing FIt-2L on the same chromosome
(Fig. 1). Five markers that spanned the Fif-2L chromosome
region (Fig. 1), were used to screen 96 individuals from the
34-2-73 family. The 82 F, seedlings determined to be non-
recombinant for the ADG-MSU2I marker interval contain-
ing Flt-2L were grown on for phenotypic analysis.

Amagi Nijo x WI2585 F, seeds were obtained from a
previous study (Chen et al. 2009) and used to produce an F,
derived F, recombinant inbred family. This F, family was
screened with molecular markers, identifying two individu-
als (103-1 and 110-4) which were homozygous for WI2585
alleles in the Vrn-HI locus region and heterozygous for
markers located across a large section of chromosome arm
2HL. An F, family derived from plant 103-1 by two more
rounds of self-pollination was screened with markers
located across 2HL, identifying one individual (103-1-2-
114) that was homozygous for the WI2585 marker alleles
in the Eps-2S region but heterozygous for the Fit-2L region
on 2HL (Fig. 1). Similarly, an Fs offspring of plant 110-4
was identified (110-4-34) that was heterozygous across the
Eps-2S region but homozygous for Amagi Nijo marker
alleles in the Flt-2L region (Fig. 1). Plants 103-1-2-114 and
110-4-34 were allowed to self-pollinate to produce families
(F; and Fy) for further evaluation of Fit-2L and Eps-2S phe-
notypes, respectively. Five markers that span the Flt-2L
locus (Fig. 1), were used to screen around 80 plants from
the 103-1-2-114 F, family. A random selection of 32 indi-
viduals which were non-recombinant for the region
spanned by these markers were used in the phenotypic anal-
ysis. For family 110-4-34, 48 randomly selected F, individ-
uals were scored for eight markers located on the
segregating chromosome 2H segment (Fig. 1) and all were
used for the phenotype analysis, with the Eps-2S locus
genotype being inferred using the linked /RP marker.

The Amagi Nijo x WI2585 F,-derived doubled-haploid
population of 139 lines has been previously described
(Pallotta et al. 2003).

Growth conditions and phenotyping

The Haruna Nijo x Galleon F, s were grown in a green-
house in Adelaide during January—February when day
length was 13-14.5 h and average day/night temperatures
in the greenhouse were approximately 28/22°C. Families
34-2-73, 103-1-2-114 and 110-4-34 were grown in a green-
house during March—April when the day length was
11-13 h and average day/night temperatures in the green-
house were 26/20°C. The Amagi Nijo x WI2585 F,-derived
doubled-haploid population was grown in a greenhouse
from early June to mid October when day length was
10-13 h and average day/night temperatures in the green-
house were 22/16°C.

Flowering time was defined as the date at which the
awns first became visible on the primary tiller. Chasmog-
amy was assessed by estimating the percentage of anthers
in a spike that had extruded from the florets just after anthe-
sis. Length of rachis internodes and whole spikes were
recorded when spikes began to dry. Total spike length was
measured as the distance between the uppermost and
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Fig. 1 Genotypes of families
used in the analyses, for chromo-
some 2H, and for Vrn-HI and
Vrn-H2 regions on SHL and

Haruna Nijo x Galleon

F, family
34-2-73

F, family

consensus
maps (cM)

2HS

Amagi Nijo x WI2585

F, family
103-1-2-114

Fs family
110-4-34

4HL chromosome arms, respec-
tively. Markers joined by dotted
lines were used to determine the
genotype of the parent plant of
each family, while black boxes
indicate markers used to test for
marker—trait associations in
segregating progeny families.
Shading indicates chromosome
regions of different genotype.
AN, WI, HN, G = homozygous
Amagi Nijo, WI2585, Haruna
Nijo and Galleon, respectively;
Seg = segregating. The maps in
the center are consensus maps
made using data obtained from
all families. The two LTR toler-
ance loci (Fr) had previously
been mapped by Reinheimer

et al. (2004) in

Galleon x Haruna Nijo and
Amagi Nijo x WI2585 F,-de-
rived doubled-haploid popula-
tions, and were located relative
to the illustrated CAPS markers
by scoring CAPS markers in the
two original QTL mapping
populations. The 2H centromere
position was defined previously
(Chen et al. 2009). Ppd-HI was
scored using a marker derived
from the cloned gene (Turner
et al. 2005). Vrn-H1 and Vrn-H2 vrn-H1
positions are inferred from their
locations relative to markers in
T. monococcum (Yan et al.
2003; Yan et al. 2004). Eps-2S
and Flr-2L flowering time loci
were mapped in the current
study

lowermost fertile rachis nodes, whereas rachis internode
length was obtained by dividing spike length by the number
of fertile nodes on a spike.

Statistical analysis

QTL mapping in the Amagi Nijo x WI2585 doubled-hap-
loid population was performed using Map Manager QTX
version 0.30 software (Manly et al. 2001). Other associa-
tions between marker alleles and trait scores were tested by
one-way analysis of variance (ANOVA) in GenStat (6th
edition). The proportion of phenotypic variation attributed
to a particular locus was calculated as the sum of squares
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for that locus divided by the sum of squares for the whole
dataset, multiplied by 100%.

Results
Parental alleles at Vrn-H1, Vrn-H2 and Ppd-H1 loci

Genotypes of the mapping parents for the Vrn-HI and
Vrn-H2 vernalization response loci were determined by
assaying polymorphisms within the cloned genes (Table 1).
WI2585 and Galleon had the 5.2-kb deletion within intron-
1 of the barley Vin-HI gene (=BM5A gene), whereas
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Table 1 Status of mapping parents for major developmental loci Vrn-HI, Vrn-H2 and Ppd-H1

Genotype Vrn-HI locus Vrn-HI locus Ppd-H]I locus Growth habit

BM5A gene Allele ZCCT.Hc gene Allele Gor T at site 22 Allele

intron-1 variant present or absent in PPR gene
Galleon 5.2 kb deletion Vrn-HI  Present Vrm-H2 G Ppd-HI Spring; photoperiod sensitive
Haruna Nijo ~ Non-deleted vrn-H1 Absent vrn-H2 G Ppd-HI  Spring; photoperiod sensitive
WI2585 5.2 kb deletion Vrn-HI ~ Absent vrn-H2 G Ppd-HI Spring; photoperiod sensitive
Amagi Nijo Non-deleted vrn-H1 Absent vrn-H2 G Ppd-HI  Spring; photoperiod sensitive

Amagi Nijo and Haruna Nijo carried undeleted intron-1
versions of Vrn-HI (Table 1). These sequence features are
associated with spring and winter alleles of Vin-H1, respec-
tively (Fu et al. 2005; Cockram et al. 2007). Galleon was
found to possess the ZCCT-Hc gene at the Vin-H2 locus,
whereas the other three parents were found to carry a dele-
tion of ZCCT-Hc. The presence and absence of the ZCCT
genes at the Vrn-H2 locus is associated with winter and
spring alleles of Vrn-H2, respectively (Dubcovsky et al.
2005; Cockram et al. 2007). Therefore, the genotypes were
determined to be Vrn-HI Vrn-H2 for Galleon, Vin-HI
vrn-H2 for WI2585 and vrn-HI vrn-H2 for Haruna Nijo
and Amagi Nijo (Table 1). Genotype vrn-HI Vrn-H2 con-
fers winter growth habit, whereas all other genotypes are
spring type (Kéti et al. 2006). The deduced Vrn locus geno-
types were therefore consistent with the spring growth habit
of all four parental lines and a report that Galleon x Haruna
Nijo F;-derived doubled-haploid family segregates for win-
ter/spring habit (Reinheimer et al. 2004).

The Ppd-H]I locus is a major factor determining flower-
ing time under long days. A single nucleotide polymor-
phism in the Ppd-H1 gene has been identified as being the
likely determinant of the functional difference between sen-
sitive (Ppd-HI) and insensitive (ppd-HI) alleles (Turner
et al. 2005). Using a CAPS marker, all four parents were
shown to possess the G nucleotide at this position
(Table 1), which is associated with functional Ppd-H1I pho-
toperiod sensitive alleles. The result for Haruna Nijo was
consistent with the previous report that stated that this vari-
ety carries a Ppd-H]1 allele (Turner et al. 2005).

Marker trait analysis: Haruna Nijo x Galleon derived
families

A total of 96 randomly selected F, individuals derived from
a Haruna Nijo x Galleon cross were scored for molecular
marker to test for marker—trait associations. In the Vrn-HI
region, markers CK881, WG644 and AJ927 mapped to a
region of 15.5 cM, in the same linear order as their corre-
sponding orthologues on rice chromosome 3 (Fig. 1). The
central marker, WG644, was expected to be very tightly
linked to Vrn-HI because it mapped only 0.11 cM distal of

Vrn-A"1 in T. monococcum (Yan et al. 2003). In the Vrn-H2
region, the SNF and NUC marker genes mapped 1.6 cM
apart (Fig. 1). In T. monococcum, these genes map 0.02 and
0.30 cM from Vrn-A"2, respectively (Yan et al. 2004). The
Haruna Nijo x Galleon F, population was also scored for
12 chromosome 2H markers covering most of the genetic
length of the chromosome (Fig. 1), one of which was based
on the Ppd-HI gene. The order in which these markers
mapped on 2H was the same as that obtained previously
(Chen et al. 2009).

The Haruna Nijo x Galleon F, population was grown
under long days (13—14.5 h) and in the absence of vernali-
zation, conditions that allow cereal Vrnl and Vrn2 loci to
have a major influence on flowering time (Dubcovsky et al.
2006; Trevaskis et al. 2006). As expected from the deduced
Vrn locus genotypes of the parents, the Haruna
Nijo x Galleon F, population segregated for winter/spring
growth habit. A total of 77 plants flowered within 33 days
(spring types), whereas the remaining 19 plants remained
vegetative for the duration of the experiment (39 days; win-
ter types). According to the co-dominant markers tightly
linked to Vrn-HI and Vrn-H2 (WG644 and SNF, respec-
tively), all plants that remained vegetative (winter types)
were homozygous for the vrn-HI winter allele and had
either one or two copies of the Vrn-H2 winter allele,
whereas all spring types carried a dominant spring Vrn-H1
allele or were homozygous for the recessive vrn-H2 spring
allele. Therefore, winter/spring growth habit was deter-
mined by segregation at Vrn-HI and Vrn-H2 in this cross,
and in a manner which was consistent with the previously
described dominance and epistatic interactions between
alleles of these two loci (Kéti et al. 2006).

Marker—trait associations were investigated in the 77
spring-type individuals from the Haruna Nijo x Galleon F,
population (Fig. 2). Date of awn emergence was found to
be influenced by the Vrn-H2 chromosome region and by the
Vrn-HI locus interval between markers CK881 and AJ927
(Fig. 2a). Earlier flowering was associated with the vrn-H1
winter allele and vrn-H2 spring allele, both from Haruna
Nijo. Flowering time effects were located to two distinct
regions on chromosome 2H, with the Galleon alleles asso-
ciated with early flowering (Fig.2a). Although Ppd-HI
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Fig. 2 Associations of markers with flowering time, anther extrusion,
rachis internode length, total spike length and floret number per spike,
in 77 spring type Haruna Nijo x Galleon F, plants. Plots show trait
values (means + SE) for individuals homozygous for alternate alleles
for molecular markers located along chromosome 2H and in the vicin-
ity of the Virn-H1I and Vrn-H2 loci on SHL and 4HL. Thin dotted lines

effects should be observable under 14 h day length (Laurie
et al. 1994), the peak of the earliness effect near the centro-
mere was located below the Ppd-HI gene marker (Fig. 2a),
indicating that this effect did not derive from Ppd-H]I. This
is also consistent with the fact that Haruna Nijo and Gal-
leon both possessed a Ppd-H1 sequence variant associated
with photoperiod sensitive Ppd-HI alleles (Table 1). The
flowering time effect near the centromere of 2H corre-
sponds to the location of the previously defined Eps-2S
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indicate probabilities of association (1 — P value) as determined by
one-way ANOVA, with the 0.95% confidence level indicated by a
thick vertical dotted line. Maps to the left indicate locus positions
applying to all figures. The interval between markers SNF and NUC is
widened for clarity

earliness per se locus (Laurie et al. 1995) and was assumed
to be the same. The other region influencing flowering time
on chromosome 2H was located on the long arm, between
markers ADG and DGK (Fig. 2a). We call this locus Flow-
ering time-2L (Flt-2L). The Flit-2L effect centered around
the microsatellite locus HVMS54, which was the marker
Reinheimer et al. (2004) reported to be most highly associ-
ated with the frost tolerance QTL on 2HL. Plants homozy-
gous for contrasting alleles at Vrn-HI, Vrn-H2, Eps-2S and
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Flr-2L differed in their average flowering times by 5, 2, 2
and 1.5 days, respectively (Fig. 2a). Among the 77 spring
types, the four loci together accounted for 72% of the varia-
tion in flowering time, with Vrn-HI, Vin-H2, Eps-2S and
Fit-2L accounting for 32, 12, 14 and 14% of the variation,
respectively (Table 2).

To characterize Vrn-HI- and Vrn-H2-linked flowering
time effects in spring types in greater detail, we compared
the flowering times of the seven spring genotypic classes
with respect to the Vrn-HI and Vrn-H2 loci (Fig. 3). In the
spring types, the winter allele at Vrn-HI (vrn-HI allele
from Haruna Nijo) was associated with significantly
(P <0.05) earlier flowering, both in the presence of the
Vrn-H2 gene (Vrn-H2/vrn-H2 genotypes) and in its absence
(vrn-H2/vrn-H2 genotypes). The flowering time effect
appeared to be slightly greater in genotypes lacking Vrn-H2
than in those containing Vrn-H2 (3.5-5 days vs. 2 days),
indicating a possible interaction between the two chromo-
some regions.

Chasmogamy was quantitatively scored for each of the
77 spring-type Haruna Nijo x Galleon F, plants by measur-
ing the percentage of anthers extruded after anthesis. A sig-
nificant genetic effect was detected in the Vrn-H]I region, as
well as on the long arm of chromosome 2H, peaking at the
CDO680 and MSU21 marker loci (Fig. 2b). Chasmogamy
was associated with Haruna Nijo alleles in the Vrn-HI
region and Galleon alleles on 2HL. The 2HL locus con-
trolled approximately twice the amount of variation as the
Vrn-H1 region (Table 2). This locus on 2HL probably cor-
responds to the Cly locus which had previously been
mapped to 2HL, 0-1.6 cM distal of MSU21 (Turuspekov
et al. 2004, 2005).

Rachis internode length, total spike length and floret
number per spike were also measured in the 77 spring-type
individuals from the Haruna Nijo x Galleon F, population.

Table 2 Percent variation in flowering time and head traits controlled
by individual loci segregating in the 77 spring type plants from the
Haruna Nijo x Galleon F, population

Eps-28*  FlIt-2L°  Vm-HI®  Vrn-H2¢
Awn emergence 13.5% 142%  31.5% 12.2%
Chasmogamy NS 36.9% 21.8% NS
Rachis internode length NS 91.8% NS NS
Total spike length 20.3% 357%  29.3% NS
Floret number per spike ~ 45.4% NS 49.4% NS

Only homozygotes were used for inferring genotypes
NS no significant association found

# Genotypes inferred using marker HLH

b Genotypes inferred using marker MSU21

¢ Genotypes inferred using markers WG644

4 Genotypes inferred using markers NUC

[C] Homozygous vin-H1/vm-H1 winter allele (HN)
O vm-H1vm-H1 heterozygotes

] Homozygous Vm-H1/Vm-H1 spring allele (G)

34 4 d $ d % c,d
@
o
5
> 32 b bc
) @ ®
€ 4| a 2 g
o - [
P a ™ =
o) ]
% 2 £ S
o = =
pe
ES
8 26 -’
~
N
Homozygous Heterozygous Homozygous
vm-Hz2/vm-H2 Vm-H2/vm-H2 Vm-H2/Vm-H2
spring allele (HN) winter allele (G)
n= 3 10 4 15 21 14 5 15 9

Fig. 3 Flowering time (means &+ SE) of non-vernalized Haruna
Nijo x Galleon F, plants carrying different allele combinations at
Vrn-HI and Vrn-H2 loci. Genotypes at the Vrn-HI and Vrn-H2 loci
were deduced using the WG644 and SNF markers, respectively. The
winter genotype combinations (vrn-HlI/vrn-HI1; Vrn-H2/-) did not
flower for the duration of the experiment. Values that were not signifi-
cantly different (P > 0.05) are marked with the same letter code. Num-
bers of plants of each genotype (n) are indicated below the chart

An effect on rachis internode length was observed only on
2HL, peaking in the same marker interval as the Fis-2L
flowering time effect (Fig. 2c). This region accounted for
92% of the variation in the trait (Table 2). Plants homozy-
gous for Haruna Nijo marker alleles in this region had
rachis internodes which were 2.2 mm shorter on average
than individuals homozygous for the Galleon alleles. Varia-
tion in total spike length was influenced by chromosome
regions containing Eps-2S, Flt-2L and Vrn-HI loci
(Fig. 2d) but the number of florets per spike was influenced
by the Eps-2S and Vrn-HI chromosome regions only
(Fig. 2¢). Reduced spike length and fewer florets per spike
was associated with the early alleles at Eps-2S and Vrn-HI
(from Galleon and Haruna Nijo, respectively), whereas a
reduced spike length was associated with the late flowering
(Haruna Nijo) allele at Flt-2L. The extent to which the
different chromosome regions controlled the spike mor-
phology traits are indicated in Table 2.

The Haruna Nijo x Galleon F, family 34-2-73 homozy-
gous for Eps-2S and Vrn-H1 but segregating for the Fit-2L
chromosome region (Fig. 1) was used for further character-
ization of flowering time controlled by Fit-2L. Individuals
homozygous for the Galleon Fit-2L allele flowered signifi-
cantly earlier (by an average of 3.5 days) than those homo-
zygous for the Haruna Nijo allele (Fig. 4a), confirming the
presence of a Fit-2L flowering time effect independent of
Eps-2S. Fit-2L heterozygotes exhibited a heading date
between that of the two homozygous classes (Fig. 4a), sug-
gesting an incompletely dominant mode of inheritance.
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a Flt-2L b
Haruna Nijo x Galleon
F, family 34-2-73
[J Homozygous Galleon allele
[ Heterozygotes
I Homozygous Haruna Nijo allele

Eps-2L c
Amagi Nijo x WI2585
Fs family 110-4-34

] Homozygous WI2585 allele
[ Heterozygotes
B Homozygous Amagi Nijo allele

Flt-2L
Amagi Nijo x WI2585
F, family 103-1-2-114

] Homozygous WI2585 allele
[] Heterozygotes
[l Homozygous Amagi Nijo allele
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Fig. 4 Control of flowering time by Eps-2S and Flt-2L loci on chro-
mosome 2H, in F,, Fy and F, families. Days to awn emergence
(means £ S.E.) is shown for different genotypes in each family. Fir-2L
but not Eps-2S was segregating in families 34-2-73 (a) and 103-1-2-
114 (c¢), whereas Eps-2S but not Flt-2L was segregating in family

Characterization of Vrn-HI-linked, Eps-2S and Fit-2L
flowering time effects in the Amagi Nijo x WI2585 cross

In the Amagi Nijo x WI2585 F,-derived doubled-haploid
population, QTL for development (plant height and decimal
growth stage of the primary tiller) were detected in the
vicinity of the LTR QTL on the long arm of chromosome
SHL (Reinheimer et al. 2004). To characterize this develop-
mental effect in terms of flowering time, the doubled-hap-
loid population of 139 lines was grown in a greenhouse
under natural lighting during winter and early spring and
scored for heading date. A QTL accounting for 59% of the
variation in heading date was detected in this chromosome
region. The RFLP marker MWG5 14, located under the peak
of the previously described developmental QTL on 5HL,
was most closely associated with the effect. On average,
lines carrying the Amagi Nijo allele flowered 4.7 weeks
before those carrying the WI2585 marker alleles (Fig. S2).
Although the major variation for flowering time in the
Amagi Nijo x WI2585 doubled-haploid population had
been proposed to be due to vernalization requirement
(Reinheimer et al. 2004), this has since been found to be
untrue (J. Reinheimer, unpublished data). All Amagi
Nijo x WI2585 F,-derived doubled haploids were spring
type because both parents carried vrn-H2 spring alleles, and
no flowering time variation was observed at the Vrn-H2
locus.

To investigate the effects of chromosome 2H loci Flf-2L
and Eps-2S on flowering time in the Amagi Nijo x WI2585
cross, we used families 103-1-2-114 and 110-4-34, which
were homozygous or segregating for different segments of
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110-4-34 (b). Locus genotypes were defined using closely linked
markers. In each chart, values that were not significantly different
(P > 0.05) are indicated by the same letter code. Numbers of plants of
each genotype (n) are indicated below the charts

chromosome 2H, and homozygous for WI2585 marker alle-
les in the Vrn-HI region on chromosome SH (Fig. 1). In the
110-4-34 F4 family which was homozygous for the Fif-2L
region and the Ppd-HI locus, a flowering time effect on
chromosome 2H peaked at the /RP marker locus (Fig. S1).
This was consistent with the previous report of Eps-2S seg-
regation in an Amagi Nijo x WI2585 cross (Reinheimer
etal. 2004). The association plot (Fig. S1) indicated that
Eps-2S was located between the HYP26 marker and the
Ppd-HI gene. In the 103-1-2-114 F, family homozygous
for the Eps-2S region, a flowering time effect was observed
in the Fit-2L interval (not shown) as defined using the
Haruna Nijo x Galleon F, population, indicating that Fit-2L
was also segregating in the Amagi Nijo x WI2585 cross
and was distinct from Eps-2S. Flowering time at both Eps-2S
and Fit-2L was expressed in an incompletely dominant
manner, with the WI2585 allele conferring earliness
(Fig. 4b, c).

Discussion

The current and previous (Reinheimer et al. 2004) studies
have together identified flowering time effects linked to
both the 5H and 2H LTR tolerance loci. In the field grown
Galleon x Haruna Nijo and Amagi Nijo x WI2585 doubled-
haploid populations used for detection of these LTR
tolerance QTL, Reinheimer et al. (2004) detected no flow-
ering time effects at Flr-2L, located in the vicinity of the
2H QTL. Fit-2L may have gone undetected in the previous
study due to its relatively small effect compared to other
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heading time loci segregating in these crosses (Fig. 2a)
and/or because the conditions in the field may not have
favored its expression. The LTR tolerance QTL were
unlikely to have arisen by escape, as they were detected
using sterility data collected from spikes which had been
at a narrow developmental stage at the time of the frost
event (Reinheimer et al. 2004). Therefore, it seems likely
that the QTL on chromosomes 2H and 5H control genuine
LTR tolerance, despite their associations with heading
time.

Freezing tolerance at developmental stages prior to flow-
ering (LTV tolerance) has been relatively well studied in
cereals, and offers insights in to how development may
affect the expression of genuine tolerance. LTV tolerance in
cereals increases after a period of exposure to cold but non-
freezing temperatures (‘cold-acclimation’). The potential to
cold-acclimate accumulates during the vegetative phase
and may diminish after the transition of the apical meristem
to a reproductive mode of development (Prasil et al. 2004;
Limin and Fowler 2006). Furthermore, LTV tolerance con-
trolled by the Fr-1 locus has been reported to occur tightly
linked in coupling phase with winter vrn-1 alleles (Hayes
et al. 1993; Galiba et al. 1995; Francia et al. 2004). Conse-
quently, it has been proposed that Fr-1 LTV tolerance may
be a direct result of the ability of vrn-I winter alleles to
delay the transition to flowering and thereby increase the
opportunity to acquire acclimation potential (Limin and
Fowler 2006). A similar mechanism may account for obser-
vations that environmental cues that delay flowering initia-
tion also increase the potential of cereals to cold-acclimate
(Limin and Fowler 2006; Mahfoozi et al. 2006; Limin et al.
2007). On the other hand, the Fr-2 LTV tolerance locus has
not been associated with any difference in flowering
time, and therefore appears to operate independent of
development.

LTR tolerance was associated with late flowering at the
2H locus. However, although LTR tolerance at the 5H
locus was associated with vrn-HI winter alleles in both
populations, these winter alleles were associated with early
flowering in both in the Amagi Nijo x WI2585 mapping
population which was completely spring type, and in spring
lines in the Haruna Nijo x Galleon population which was
segregating for winter/spring growth habit. Re-examination
of the Haruna Nijo x Galleon field data of Reinheimer
etal. (2004) revealed significantly lower frost induced
sterility associated with the winter vrn-HI allele in both
spring-spring (P = 0.11) and spring-winter (P = 0.04) com-
parisons (Fig. S3). Hence, LTR tolerance was not exclu-
sively associated with late flowering, suggesting that
mechanisms of LTR tolerance differ from those proposed to
control LTV tolerance involving an extended vegetative
growth phase. In support of this idea, wheat ears have been
reported to be capable of expressing a cold-acclimation

response at an early stage of development, but not at a later
stage, following emergence from the boot (Single 1966;
Single and Marcellos 1974; Fuller et al. 2007), suggesting
that residual LTV (acclimatable) tolerance mechanisms in
cereals may be completely lost by the time anthesis occurs.

In the determination of winter/spring growth habit by the
Vrn-HI and Vrn-H2 loci, only plants that are homozygous
for the vrn-HI winter allele and which carry one or more
Vrn-H2 winter alleles are winter type (Koéti et al. 2006;
Fig. 3). Winter types flower later than spring types (by up
to 3 months). In this context, winter vrn-HI alleles confer
late flowering, and are dependent on the presence of winter
Vrn-H2 alleles for this action. The association of vrn-HI
winter alleles with earlier flowering in spring progeny of
the Amagi Nijo x WI2585 and Haruna Nijo x Galleon
crosses, either in the presence or absence of Vrn-H2 winter
alleles (Figs. 3, S2), contrasts with the control of winter/
spring growth habit by alleles of Vrn-H]I, in relation to both
the direction of the effect and the dependence on Vrn-H2.
This either reveals a novel activity of Vrn-HI alleles in
spring backgrounds, or another flowering time gene closely
linked to Vrn-H1. The flowering time effects linked to Vrn-
HI in spring progeny of the Galleon x Haruna Nijo and
Amagi Nijo x WI2585 crosses differed in magnitude (up to
5 days vs. 4.7 weeks, respectively). However, the effect in
the Amagi Nijo x WI2585 cross was smaller in other
experiments (4.9-11.4 days; unpublished data), indicating a
possible dependency on growth conditions.

A candidate for another flowering time gene closely
linked to Vrn-H1 is PhyC (encoding Phytochrome C). This
gene has been mapped 0.5-cM proximal of Vrn-HI in bar-
ley (Sziics et al. 2006), and has a homologue that controls
light dependent development (including flowering time) in
Arabidopsis (Franklin etal. 2003; Monte etal. 2003).
Alternatively, the flowering time variation observed in
spring lines may be due to the Vrn-HI gene itself. In cere-
als, Vrn-1 expression is essential for flowering and its
expression level can positively influence the rate of flower-
ing (Loukoianov et al. 2005; Shitsukawa et al. 2007). In
winter genotypes (vin-1/vrn-1; Vrn-2/-), expression of vrn-1
winter alleles is kept low early in development due to sup-
pression by Vrn-2, which occurs through a regulatory
domain which is present in vrn-I winter alleles but absent
from Vrn-1 spring alleles (Yan et al. 2003; Trevaskis et al.
2006). However, in genotypes also containing spring Vrn-1
gene copies, vrn-1 winter alleles may be transcribed at high
levels early in development due to the ability of Vrn-I
spring allele to suppress Vrn-2 expression (Loukoianov
et al. 2005; Trevaskis et al. 2006). Therefore, both alleles of
Vrn-HI present in the Vrn-HI1/vrn-H1 heterozygous Haruna
Nijo x Galleon F, plants may have been transcribed at high
levels, independent of Vrn-H2 genotype. Similarly, the vin-H1
winter allele should have expressed at high levels in the
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Amagi Nijo x WI2585 DH lines due to the absence of
Vrn-H2 in these lines. The earliness associated winter
vrn-H1 alleles from Haruna Nijo and Amagi Nijo may arise
from a higher expression of this allele than the Galleon and
WI2585 spring Vrn-HI alleles (e.g. due to a more active
promoter), once repression by Vrn-H2 is eliminated. In the
Haruna Nijo x Galleon F, population, Vrn-HI/vin-HI
genotypes lacking Vrn-H2 (vrn-H2/vrn-H2 genotypes)
flowered significantly earlier than those containing a func-
tional Vrn-H2 copy (by 2 days; Fig. 3) suggesting that Vin-H2
may have still partially limited expression of the Haruna
Nijo vrn-HI allele in the Vrn-HI/vrn-HI heterozygotes.
Further experimentation (e.g. fine mapping or expression
studies) will be required to explore these possibilities.

Variation for the chasmogamy/cleistogamy (open/closed
floret) trait in barley is controlled by a major locus (Cly)
that has been mapped 0-1.6cM distal of the marker
MSU21 on chromosome 2HL (Turuspekov etal. 2004,
2005). Chasmogamy determined by this locus is character-
ized by a swelling of the lodicules, which pushes the palea
and the lemma apart and allows the anthers to extrude from
the florets at anthesis (Honda et al. 2005). A large propor-
tion (36.9%) of the segregation for anther extrusion in the
spring type Haruna Nijo x Galleon F, plants mapped at a
position corresponding to Cly. However, we also found
some (21.8%) variation for this trait to be controlled by a
locus in the Vrn-HI region on chromosome SH (Fig. 2b),
indicating that chasmogamy/cleistogamy may be a pleiotro-
pic effect of the Vrn-HI locus. Closed florets (cleistogamy)
were associated with frost tolerance alleles at Fit-2L but
frost susceptibility at Vrn-HI. Furthermore, there was no
noticeable anther extrusion from any of the Amagi
Nijo x WI2585 derived lines or the parents of this cross
(not shown). Therefore, cleistogamy appeared to be an
unlikely underlying mechanism for the LTR tolerance con-
trolled by the SH and 2H loci.

In the Haruna Nijo x Galleon F, population, early flow-
ering alleles at Flt-2L were associated with longer spikes as
a result of longer rachis internodes, whereas early flower-
ing alleles at Eps-2S and Vrn-HI were associated with
shorter spikes because there were fewer florets (internodes)
per spike (Fig. 2c—e), suggesting that the Flt-2L locus con-
trols plant architecture in a different way to the Eps-2S and
the Vrn-HI chromosome regions. At Flt-2L, the compact
rachis allele from Haruna Nijo was the allele associated
with cleistogamy. Cleistogamy from Japanese genotypes
was found in two other crosses to be tightly linked in
coupling with short rachis internodes (Honda et al. 2003;
Turuspekov etal. 2005). However, while the Amagi
Nijo x WI2585 cross segregated for rachis internode
length at Fit-2L (data now shown), it did not segregate for
chasmogamy/cleistogamy, suggesting that a compact spike
may not be a pleiotropic effect of the Cly locus and that it
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could be encoded for by a separate closely linked gene. A
locus controlling rachis internode length has been observed
in this chromosome region before (Sameri et al. 2006), in
the Galleon x Haruna Nijo doubled-haploid population
(Cr locus; Karakousis et al. 2003) and in another popula-
tion for which Haruna Nijo was a parent (Hori et al. 2005).
The locus may be the same as Zeocriton-1 (Zeo-1), which
has a dense spike mutant phenotype (Lundqvist and
Lundqvist 1998) and a map location 2.3 cM distal of the
marker MSU21 (Costa et al. 2001). A heading time QTL
has also been observed in barley near the marker HVM54
(von Korff etal. 2006). In wheat, spikes become much
more prone to freezing once they emerge from the boot and
become exposed to external nucleating factors (Single
1985). Therefore, traits such as spike length could conceiv-
ably impact on LTR tolerance if they alter when spikes
emerge from the boot. At both the 2H and 5H loci, toler-
ance was associated with a shorter spike (Fig. 2d). How-
ever, Eps-2S influences spike length almost to the same
degree as these other loci (Fig. 2d; Table 2), yet has not
been identified as a LTR tolerance locus, indicating that
spike length per se is unlikely to be an underlying mecha-
nism for LTR tolerance.

The failure to link any trait consistently with LTR
tolerance suggests that the tolerance derives from a devel-
opmental trait not yet examined, or from an internal
characteristic (e.g. difference in intrinsic ice nucleation).
The knowledge of the traits segregating in the Haruna
Nijo x Galleon and Amagi Nijo x WI2585 crosses is
allowing us to develop genetic materials more suited to fine
mapping and evaluation of the LTR tolerance loci. We have
also developed protocols to detect LTR tolerance using a
frost simulation chamber. Papers describing these addi-
tional studies are in preparation. This work is part of a
broader effort aimed at the eventual cloning of the genes
controlling LTR tolerance and elucidation of the mecha-
nisms underlying the tolerance.

Since LTR tolerance on chromosome 2H is tightly
linked to a locus controlling major variation for rachis
internode length in both of the crosses studied, it should be
possible to use short rachis internode length to select for the
2H LTR tolerance allele in breeding populations. Likewise,
segregation for a vernalization requirement and/or flower-
ing time in spring backgrounds might allow identification
of families carrying the LTR tolerance allele on 5H in
spring barley breeding programs.

Acknowledgments We gratefully acknowledge the Grains Research
and Development Corporation, the Australian Research Council, the
University of Adelaide and the South Australian government for fund-
ing. We thank Peter Langridge for seeds and the molecular marker data
set of the Amagi Nijo x WI2585 F,-derived doubled-haploid popula-
tion, Jason Eglinton and Stewart Coventry for access to FIS data and
helpful discussions and Paul Gooding for technical assistance.



Theor Appl Genet (2009) 118:1465-1476

1475

References

Béga M, Chodaparambil SV, Limin AE, Pecar M, Fowler DB, Chibbar
RN (2007) Identification of quantitative trait loci and associated
candidate genes for low-temperature tolerance in cold-hardy win-
ter wheat. Funct Integr Genomics 7:53-68

Chen A, Briilé-Babel A, Baumann U, Collins NC (2009) Structure-
function analysis of the barley genome: the gene-rich region of
chromosome 2HL. Funct Integr Genomics 9:67-79

Cockram J, Chiapparino E, Taylor SA, Stamati K, Donini P, Laurie
DA, O’Sullivan DM (2007) Haplotype analysis of vernalization
loci in European barley germplasm reveals novel VRN-H] alleles
and a predominant winter VRN-HI/VRN-H2 multi-locus haplo-
type. Theor Appl Genet 115:993-1001

Costa JM, Corey A, Hayes PM, Jobet C, Kleinhofs A, Kopisch-
Obusch A, Kramer SF, Kudrna D, Li M, Riera-Lizarazu O,
Sato K, Sztics P, Toojinda T, Vales MI, Wolfe RI (2001) Molec-
ular mapping of the Oregon Wolfe Barleys: a phenotypically
polymorphic doubled-haploid population. Theor Appl Genet
103:415-424

Cromey MG, Wright DSC, Boddington HJ (1998) Effects of frost dur-
ing grain filling on wheat yield and grain structure. N Z J Crop
Hortic Sci 26:279-290

Dubcovsky J, Ramakrishna W, SanMiguel PJ, Busso CS, Yan LL,
Shiloff BA, Bennetzen JL (2001) Comparative sequence analysis
of colinear barley and rice bacterial artificial chromosomes. Plant
Physiol 125:1342-1353

Dubcovsky J, Chen CL, Yan LL (2005) Molecular characterization of
the allelic variation at the VRN-H2 vernalization locus in barley.
Mol Breed 15:395-407

Dubcovsky J, Loukoianov A, Fu DL, Valarik M, Sanchez A, Yan LL
(2006) Effect of photoperiod on the regulation of wheat vernaliza-
tion genes VRN and VRN2. Plant Mol Biol 60:469—480

Francia E, Rizza F, Cattivelli L, Stanca AM, Galiba G, Té6th B, Hayes
PM, Skinner JS, Pecchioni N (2004) Two loci on chromosome SH
determine low-temperature tolerance in a ‘Nure’ (winter) x
‘Tremois’ (spring) barley map. Theor Appl Genet 108:670-680

Francia E, Barabaschi D, Tondelli A, Laido G, Rizza F, Stanca AM,
Busconi M, Fogher C, Stockinger EJ, Pecchioni N (2007) Fine
mapping of a HvCBF gene cluster at the frost resistance locus
Fr-H2 in barley. Theor Appl Genet 115:1083-1091

Franklin KA, Davis SJ, Stoddart WM, Vierstra RD, Whitelam GC
(2003) Mutant analyses define multiple roles for phytochrome C
in Arabidopsis photomorphogenesis. Plant Cell 15:1981-1989

Fu DL, Szlics P, Yan LL, Helguera M, Skinner JS, von Zitzewitz J,
Hayes PM, Dubcovsky J (2005) Large deletions within the first
intron in VRN-1 are associated with spring growth habit in barley
and wheat. Mol Genet Genomics 273:54—65

Fujita M, Kawada N, Tahir M (1992) Relationship between cold
resistance, heading traits and ear primordia development of wheat
cultivars. Euphytica 64:123-130

Fuller MP, Fuller AM, Kaniouras S, Christophers J, Fredericks T
(2007) The freezing characteristics of wheat at ear emergence.
Eur J Agron 26:435-441

Galiba G, Quarrie SA, Sutka J, Morgounov A, Snape JW (1995) RFLP
mapping of the vernalization (Vrnl) and frost-resistance (Frl)
genes on chromosome 5A of wheat. Theor Appl Genet 90:1174—
1179

Hayes PM, Blake T, Chen THH, Tragoonrung S, Chen F, Pan A, Liu
B (1993) Quantitative trait loci on barley (Hordeum vulgare L.)
chromosome 7 associated with components of winter hardiness.
Genome 36:66-71

Honda I, Turuspekov Y, Mano Y, Sameri M, Komatsuda T and
Watanabe Y (2003) Genetic analysis of opened and closed type of
flowering. Plant and Animal Genomes XI Conference, San Diego

Honda I, Turuspekov Y, Komatsuda T, Watanabe Y (2005) Morpho-
logical and physiological analysis of cleistogamy in barley (Hord-
eum vulgare). Physiol Plant 124:524-531

Hori K, Sato K, Nankaku N, Takeda K (2005) QTL analysis in recom-
binant chromosome substitution lines and doubled haploid lines
derived from a cross between Hordeum vulgare ssp. vulgare and
Hordeum vulgare ssp. spontaneum. Mol Breed 16:295-311

Karakousis A, Barr AR, Kretschmer JM, Manning S, Logue SJ,
Roumeliotis S, Collins HM, Chalmers KJ, Li CD, Lance RCM,
Langridge P (2003) Mapping and QTL analysis of the barley
population Galleon x Haruna Nijo. Aust J Agric Res 54:1131—
1135

Knox AK, Li CX, Viagujfalvi A, Galilba G, Stockinger EJ, Dubcovsky
J (2008) Identification of candidate CBF genes for the frost toler-
ance locus Fr-A"2 in Triticum monococcum. Plant Mol Biol
67:257-270

Kéti K, Karsai I, Szlics P, Horvath C, Mészéros K, Kiss GB, Bedd Z,
Hayes PM (2006) Validation of the two-gene epistatic model for
vernalization response in a winter x spring barley cross. Euphy-
tica 152:17-24

Kurauchi N, Makino T, Hirose S (1994) Inheritance of cleistogamy—
chasmogamy in barley. Barley Genet Newsl 23:19

Laurie DA, Pratchett N, Bezant JH, Snape JW (1994) Genetic analysis
of a photoperiod response gene on the short arm of chromosome
2(2H) of Hordeum vulgare (barley). Heredity 72:619-627

Laurie DA, Pratchett N, Bezant JH, Snape JW (1995) RFLP mapping
of 5 major genes and 8 quantitative trait loci controlling flowering
time in a winter x spring barley (Hordeum vulgare L.) cross.
Genome 38:575-585

Limin AE, Fowler DB (2006) Low-temperature tolerance and genetic
potential in wheat (Triticum aestivum L.): response to photope-
riod, vernalization, and plant development. Planta 224:360-366

Limin A, Corey A, Hayes P, Fowler DB (2007) Low-temperature
acclimation of barley cultivars used as parents in mapping popu-
lations: response to photoperiod, vernalization and phenological
development. Planta 226:139-146

Livingston JE, Swinbank JC (1950) Some factors influencing the injury
to winter wheat heads by low temperatures. Agron J 42:153-157

Loukoianov A, Yan LL, Blechl A, Sanchez A, Dubcovsky J (2005)
Regulation of VRN-I vernalization genes in normal and trans-
genic polyploid wheat. Plant Physiol 138:2364-2373

Lundqvist U, Lundqvist A (1998) Intermedium mutants in barley
(Hordeum vulgare L.): diversity, interactions and plant breeding
value. J Appl Genet 39:85-96

Mahfoozi S, Limin AE, Ahakpaz F, Fowler DB (2006) Phenological
development and expression of freezing resistance in spring and
winter wheat under field conditions in north-west Iran. Field Crop
Res 97:182-187

Manly KF, Cudmore RH Jr, Meer JM (2001) Map Manager QTX,
cross-platform software for genetic mapping. Mamm Genome
12:930-932

Marcellos H, Single WV (1984) Frost injury in wheat ears after ear
emergence. Aust J Plant Physiol 11:7-15

Monte E, Alonso JM, Ecker JR, Zhang YL, Li X, Young J, Austin-
Phillips S, Quail PH (2003) Isolation and characterization of phyC
mutants in Arabidopsis reveals complex crosstalk between phyto-
chrome signaling pathways. Plant Cell 15:1962-1980

Pallotta MA, Asayama S, Reinheimer JM, Davies PA, Barr AR,
Jefferies SP, Chalmers KJ, Lewis J, Collins HM, Roumeliotis S,
Logue SJ, Coventry SJ, Lance RCM, Karakousis A, Lim P,
Verbyla AP, Eckermann PJ (2003) Mapping and QTL analysis of
the barley population Amagi Nijo x WI2585. Aust J Agric Res
54:1141-1144

Paulsen GM, Heyne EG (1983) Grain production of winter wheat after
spring freeze injury. Agron J 75:705-707

@ Springer



1476

Theor Appl Genet (2009) 118:1465-1476

Prasil IT, Prasilova P, Pankova K (2004) Relationships among vernal-
ization, shoot apex development and frost tolerance in wheat. Ann
Bot 94:413-418

Rebbeck M, Lynch C, Hayman PT, Sadras VO (2007) Delving of
sandy surfaced soils reduces frost damage in wheat crops. Aust
J Agric Res 58:105-112

Reinheimer JL, Barr AR, Eglinton JK (2004) QTL mapping of chro-
mosomal regions conferring reproductive frost tolerance in barley
(Hordeum vulgare L.). Theor Appl Genet 109:1267-1274

Sameri M, Takeda K, Komatsuda T (2006) Quantitative trait loci
controlling agronomic traits in recombinant inbred lines from a
cross of oriental- and occidental-type barley cultivars. Breed Sci
56:243-252

Shitsukawa N, Ikari C, Shimada S, Kitagawa S, Sakamoto K, Saito H,
Ryuto H, Fukunishi N, Abe T, Takumi S, Nasuda S, Murai K
(2007) The einkorn wheat (Triticum monococcum) mutant, main-
tained vegetative phase, is caused by a deletion in the VRN gene.
Genes Genet Syst 82:167-170

Single WV (1966) Studies on frost injury to wheat. 3. Screening of
varieties for resistance to ear and stem frosting. Aust J Agric Res
17:601-610

Single WV (1985) Frost injury and the physiology of the wheat plant—
Farrer memorial oration, 1984. J Aust Inst Agr Sci 51:128-134

Single WV, Marcellos H (1974) Studies on frost injury to wheat. 4.
Freezing of ears after emergence from the leaf sheath. Aust
J Agric Res 25:679-686

Skinner J, Sztics P, von Zitzewitz J, Marquez-Cedillo L, Filichkin T,
Stockinger EJ, Thomashow MF, Chen THH, Hayes PM (2006)
Mapping of barley homologs to genes that regulate low tempera-
ture tolerance in Arabidopsis. Theor Appl Genet 112:832-842

Stein N, Prasad M, Scholz U, Thiel T, Zhang HN, Wolf M, Kota R,
Varshney RK, Perovic D, Grosse I, Graner A (2007) A 1, 000-loci
transcript map of the barley genome: new anchoring points for
integrative grass genomics. Theor Appl Genet 114:823-839

Sztcs P, Karsai I, von Zitzewitz J, Mészéros K, Cooper LLD, Gu YQ,
Chen THH, Hayes PM, Skinner JS (2006) Positional relationships
between photoperiod response QTL and photoreceptor and ver-
nalization genes in barley. Theor Appl Genet 112:1277-1285

Tondelli A, Francia E, Barabaschi D, Aprile A, Skinner JS, Stockinger
EJ, Stanca AM, Pecchioni N (2006) Mapping regulatory genes as
candidates for cold and drought stress tolerance in barley. Theor
Appl Genet 112:445-454

@ Springer

Té6th B, Galiba G, Fehér E, Sutka J, Snape JW (2003) Mapping genes
affecting flowering time and frost resistance on chromosome 5B
of wheat. Theor Appl Genet 107:509-514

Trevaskis B, Hemming MN, Peacock WJ, Dennis ES (2006) HvVRN2
responds to daylength, whereas HvVRN] is regulated by vernali-
zation and developmental status. Plant Physiol 140:1397-1405

Tuberosa R, Galiba G, Sanguineti MC, Noli E, Sutka J (1997) Identi-
fication of QTL influencing freezing tolerance in barley. Acta
Agron Hung 45:413-417

Turner A, Beales J, Faure S, Dunford RP, Laurie DA (2005) The pseu-
do-response regulator Ppd-H1 provides adaptation to photoperiod
in barley. Science 310:1031-1034

Turuspekov Y, Mano Y, Honda I, Kawada N, Watanabe Y, Komatsuda
T (2004) Identification and mapping of cleistogamy genes in bar-
ley. Theor Appl Genet 109:480-487

Turuspekov Y, Kawada N, Honda I, Watanabe Y, Komatsuda T (2005)
Identification and mapping of a QTL for rachis internode length
associated with cleistogamy in barley. Plant Breed 124:542-545

Vagajfalvi A, Galiba G, Cattivelli L, Dubcovsky J (2003) The cold-
regulated transcriptional activator Cbf3 is linked to the frost-tol-
erance locus Fr-A2 on wheat chromosome 5A. Mol Genet
Genomics 269:60-67

von Korff M, Wang H, Léon J, Pillen K (2006) AB-QTL analysis in
spring barley: II. Detection of favourable exotic alleles for agro-
nomic traits introgressed from wild barley (H. vulgare ssp. spon-
taneum). Theor Appl Genet 112:1221-1231

von Zitzewitz J, Sziics P, Dubcovsky J, Yan LL, Francia E, Pecchioni
N, Casas A, Chen THH, Hayes PM, Skinner JS (2005) Molecular
and structural characterization of barley vernalization genes.
Plant Mol Biol 59:449-467

Whaley JM, Kirby EJM, Spink JH, Foulkes MJ, Sparkes DL (2004)
Frost damage to winter wheat in the UK: the effect of plant popu-
lation density. Eur J Agron 21:105-115

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcov-
sky J (2003) Positional cloning of the wheat vernalization gene
VRNI1. Proc Natl Acad Sci USA 100:6263-6268

Yan LL, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W,
SanMiguel P, Bennetzen JL, Echenique V, Dubcovsky J (2004)
The wheat VRN2 gene is a flowering repressor down-regulated by
vernalization. Science 303:1640-1644



	Genes and traits associated with chromosome 2H and 5H regions controlling sensitivity of reproductive tissues to frost in barley
	Abstract
	Introduction
	Materials and methods
	Molecular markers
	Plant material
	Growth conditions and phenotyping
	Statistical analysis

	Results
	Parental alleles at Vrn-H1, Vrn-H2 and Ppd-H1 loci
	Marker trait analysis: Haruna Nijo £ Galleon derived families
	Characterization of Vrn-H1-linked, Eps-2S and Flt-2L Xowering time eVects in the Amagi Nijo £ WI2585 cross

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


