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Abstract Heading-date in cereals is the final result of
a number of interacting characters that include vernal-
ization requirement, photoperiod sensitivity, and earli-
ness per se. Progress in developing adapted varieties
may be achieved by determining the chromosomal lo-
cations of genes controlling these characters. Nineteen
doubled-haploid (DH) lines from the Dicktoo]Morex
mapping population were phenotyped in controlled-
environment photoperiod experiments to determine
the role of two previously detected QTLs on the devel-
opmental patterns of barley. The QTLs are hypothe-
sised to represent the effects of the Ppd and Sh2 loci on
chromosomes 2 (2H) and 7 (5H), respectively. Alleles at
the Ppd locus were found to be vary in response to
photoperiod duration. Vernalization had some effect
on alleles at both loci. The presence of early and late-
flowering transgressive segregants in this mapping
population can be explained by interactions between
the Ppd and Sh2 loci. The Ppd and Sh2 loci are hypoth-
esised to be homoeologous with the Ppd and »rn1 loci
of wheat.
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Introduction

Heading-date in cereals is the final result of a number of
interacting characters that include vernalization re-
quirement, photoperiod sensitivity, and earliness per se.
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Progress in developing varieties adapted to particular
environments may be achieved by determining the
chromosomal locations of genes controlling these char-
acters. Heading-date genes have been studied exten-
sively using the techniques of classical genetic analysis.
In this way, Takahashi and Yasuda (1970) proposed
that three major genes (sh, Sh2 and Sh3), located on
chromosomes 4, 7, and 5 respectively, are responsible
for winter vs spring growth habit in barley. A multiple
allelic series at the Sh2 locus, and epistatic interactions
among loci, were hypothesised to explain the range of
growth habits seen in barley germ plasm (Takahashi
and Yasuda 1970). Loci for photoperiod sensitivity
have been extensively studied in wheat, where the Ppd1,
Ppd2 and Ppd3 loci were mapped to chromosomes 2D,
2B and 2A respectively (Law et al. 1978). Barley chro-
mosome nomenclature is currently in a state of
transition. To facilitate reference to the barley genetics
literature, we will use the traditional barley chromo-
some designations (1—7) in the remainder of this report.
The recommended new nomenclature assigns barley
chromosome numbers based on their homoeology with
wheat. The equivalents are: 1 (7H); 2 (2H); 3 (3H);
4 (4H); 5 (1H); 6 (6H); 7 (5H).

Earliness per se has been extensively studied in bar-
ley. Four loci — ea, ea

sp
, ea

c
, ea

k
, and ea7 — were mapped

to chromosomes 2, 3, 4, 5, and 6, respectively. These loci
were found to control maturity and/or photoperiod
sensitivity in spring barley (Nilan 1964; Takahashi and
Yasuda 1970; Gallagher et al. 1991; von Wettstein-
Knowles 1992). In addition, epistatic interactions were
detected between loci within both the ea and sh series,
and also between the two groups of loci (Gallagher
et al. 1991). Doubled-haploid (DH) mapping popula-
tions allow for a systematic genetic characterisation of
vernalization, earliness, and photoperiod sensitivity in
barley (Hayes et al. 1993; Laurie et al. 1994; Pan et al.
1994; Laurie et al. 1995; Hayes et al. 1996).

The development of DH reference populations that
can be repeatedly genotyped and phenotyped should



be of assistance in dissecting the genetic components of
plant growth and development. In some cases, test
populations may show discrete distributions of trait
expression, allowing the genetic determinants to be
mapped as single genes. In other cases, the determi-
nants of trait expression must be mapped as quantitat-
ive trait loci (QTLs). Such QTLs may be attributable to
the effects of a single locus, or to tightly linked loci. The
two possibilities cannot be distinguished at the level of
resolution afforded by most mapping populations.
Based on the position of the QTLs relative to other
markers, inferences can be made regarding candidate
genes as the determinants of the QTLs. In this fashion,
Pan et al. (1994) reported a large-effect heading-date
QTL on the short arm of chromosome 2 and hypothe-
sised that this QTL was due to the effects of alleles at
the ea locus described by Nilan (1964). Similar results
were reported in a different barley population by
Laurie et al. (1994) and Laurie et al. (1995). These
investigators identified this chromosome-2 locus as
Ppd-H1 and hypothesised that it was homoeologous
with the Ppd loci on the group-2 chromosomes of
wheat. Pan et al. (1994) also reported a large-effect
QTL for heading-date on the long arm of chromosome
7, and this QTL was attributed to the segregation of
alleles at the Sh2 locus. Based on syntenic relationships
and common markers employed in different test popu-
lations, Laurie et al. (1995) and Hayes et al. (1996)
established comparable map positions for the Sh2 and
»rn1 loci in barley and wheat, respectively. Pan et al.
(1994) demonstrated that the chromosome 2 and
7 heading-date QTLs interacted in an epistatic
fashion. Based on evidence from comparative mapping
in barley populations, and the synteny established
among the ¹riticeae (Van Deynze et al. 1995), we
hypothesise that the chromosome 2 and 7 heading-date
QTLs reported by Pan in the Dicktoo]Morex
population are effects of the Ppd and Sh2 loci, respec-
tively. We will use these locus designations in the
remainder of this report. Alleles at these loci will
be referred to as D and M, for Dicktoo and Morex,
respectively.

Our objectives were to build on the available in-
formation regarding the genome position of two QTLs
having significant effects on heading-date in the Dick-
too]Morex population by conducting extensive
phenotypic assessments of specific genotypes from the
population and using the methodology employed by
Roberts et al. (1988) to define photoperiod sensitivity.
Roberts et al. (1988) described a useful method for
quantifying the developmental responses of plants to
temperature and photoperiod using the reciprocal of
the time taken from sowing to flower. The linear phase
of this function simplifies the development of predictive
equations and the characterisation of photoperiod sen-
sitivity. Specifically, we studied the effects of alleles at
the Ppd and Sh2 loci on developmental phases of Dick-
too, Morex and 19 of their doubled-haploid (DH)

progeny grown under photoperiod regimes ranging
form 8-h light/16-h dark to continuous light.

Materials and methods

Nineteen DH lines representing the four possible marker genotype
classes at the heading-date QTLs on chromosomes 2 and 7 reported
by Pan et al. (1994) were identified in the Dicktoo]Morex barley
mapping population. This DH population has been the subject of
extensive mapping and QTL detection efforts (reviewed by Hayes et
al. 1996). The molecular marker genotypes of these 19 lines were
obtained from the 78-point data set used by Pan et al. (1994). In the
case of chromosome 2, the target region was defined by the markers
ABC156, ABC170, CDO64, and ABC454. The total distance between
ABC156 and ABC454 is 27.4 cM. The heading-date QTL peak was
located in the ABC170—CDO64 interval (12.0 cM). On chromosome
7 the target region was identified by the markers ¼G364,mR,Dhn1,
and BCD265b. These markers define a region of 37.6 cM. The
heading-date QTL peak was located at Dhn1— BCD265b (13.0 cM).
Regression was used to determine the phenotypic R2 value for each
marker locus, and combination of marker loci, on phenotype.

The 19 DH lines and the parents were phenotyped in a series of
controlled-environment tests involving combinations of vernaliz-
ation and photoperiod. In all cases the vernalization treatment
consisted of 6 weeks of hardening seedlings at 6°C with an 8-h
light/16-h dark photoperiod regime. Seedlings for the unvernalized
treatments were established 1 week prior to the end of vernalization
so that plant material from both treatments was transplanted at the
same time, and at approximately the same growth stage. Photo-
period treatments consisted of 8-, 10-, 12-, 14-, 16-, 18-, and 24-h
light regimes per 24-h period and were carried out in the phytotron
facilities of the Martonvásár Research Institute (Martonvásár, Hun-
gary) as described by Tischner (1993). These treatments will sub-
sequently be referred to by the hours of light duration (8 h, 10 h, etc.),
and a suffix indicating the vernalization treatment where v"ver-
nalized and uv"unvernalized. The temperature was kept constant
at 18°C day and night, and was the same for each treatment. Space
limitations in the growth chambers limited the number of genotypes,
and number of replications of each genotype, that could be assessed.
We compromised with the 19 DH progeny and the two parents, with
each genotype replicated twice. The experiment was designed so that
both the unvernalized and the vernalized plants within a given
photoperiod regime were placed in the same growth chamber. The
following data were recorded on each experimental unit: number of
days to appearance of the first main stem node [developmental
phase 31 on Zadock’s scale (Tottman and Makepeace 1979)]
(DEV31); the number of tillers at DEV31; days to heading (develop-
mental phase 49 on Zadock’s scale) (DEV49); and plant height at DEV
49. The genotypic coefficient of photoperiod sensitivity at the different
developmental phases was determined using the results from the linear
portion of the response surface, which ranged from the 8—18 h photo-
period treatments, based on the formula of Roberts et al. (1988):

1/f" a#bP#c¹,

in which f is the time from sowing to the given developmental phase,
a and c are constants peculiar to the genotype, P is photoperiod
(h/d), b is the genotypic coefficient of photoperiod sensitivity, and
¹ is the mean diurnal temperature. Since the temperature was
constant in the whole experiment, c¹ could be omitted from the
equation. The b values presented in this report are shown ]103.

Results

The controlled-environment tests provided a good
measure of phenotype. For example, standard errors
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Fig. 1 Regression of 1/DEV49 on photoperiod regime, with and
without vernalization, for the barley genotypes Morex (a) and Dick-
too (b). Standard-error bars are shown for each data point

for 1/DEV49 for Dicktoo and Morex, with and without
vernalization, are shown in Fig. 1. These figures under-
score the much larger effect that photoperiod duration
had on DEV49 than the vernalization treatment. Aver-
aged over genotypes, photoperiod also had a greater
effect on the time required to reach DEV31 than
DEV49. DEV 31 was scored in these experiments as it
is a good indirect measure of the turning-point from
vegetative growth to the generative phase (Inagaki and
Yasuda 1984).

As is apparent from the plots shown in Fig. 1, critical
photoperiods (the photoperiod below which flowering
is delayed) were not observed in Dicktoo or Morex.
Rather, these genotypes, and their progeny, responded
in a linear fashion to increasing photoperiod. No ceil-
ing photoperiod (the photoperiod below which there is
no additional delay in flowering) was found for Morex.
In the course of this experiment, Dicktoo did not flower
at photoperiods of less than 12 h.

In addition to establishing ceiling and critical photo-
periods, plotting the reciprocal to the time to flower
(1/DEV49), or time to reaching other development
stages, allows one to readily describe the linear re-
sponse of a genotype to increasing photoperiod with
a single statistic: the slope of the line (b). The more
responsive a genotype is to longer photoperiods, the
higher the b value. Higher b values were obtained for
Dicktoo than for Morex for both DEV31 and DEV49.
For Dicktoo, b values averaged over vernalization
treatments were 3.91 for DEV31, and 3.32 for DEV49,
while for Morex the corresponding values were 2.12

Fig. 2 Frequency distribution of photoperiod sensitivity (as defined
in the text) for DEV49, averaged over vernalization treatments, for
Dicktoo, Morex and 19 selected DH progeny

and 1.51, respectively. The distribution of b values for
the DH lines showed two discrete groups, suggesting
monofactorial inheritance of photoperiod response
(Fig. 2). When b values were regressed on marker
genotypes, the CDO64 marker on the short arm of
chromosome 2 accounted for 75% of the variation in
photoperiod response in the unvernalized treatments
and 80% in the vernalized treatments.

The effects on developmental phenotypes of alleles at
marker loci on chromosomes 2 and 7 under a 18-h
photoperiod are summarised in Table 1. In both the
vernalized and unvernalized treatments, genotypes
with Dicktoo alleles at chromosome-2 marker loci
were significantly earlier to head than genotypes with
Morex alleles at these loci. Without vernalization, the
DDMM genotypes were significantly earlier to head
than the DDDD genotypes. This interaction will be
addressed later in this report. It is also apparent that
the effect of the Dicktoo allele at the Ppd locus was to
shorten the period between DEV31 and DEV49.
Effects of the Dicktoo allele at the Ppd locus were first
detected between 12- and 14-h photoperiods, and con-
tinued reduction of this interval was observed with
increasing photoperiod.

At an 18-h photoperiod, the Dicktoo allele at the Ppd
locus had a significant pleiotropic effect on reducing
plant height in the vernalization treatment and a sim-
ilar trend was apparent without vernalization. These
shorter plants also tended to have fewer tillers, but
differences were not consistently significant across the
vernalized and unvernalized treatments (Table 1). The
phenotypic correlations shown in Table 2 confirm the
multiple effects of the Ppd locus on plant growth and
development. The b values, as a measure of photo-
period responsiveness, were negatively correlated with
plant height, tillering, DEV31 and DEV49 both with
and without vernalization. The four measures of plant
growth and development were positively correlated,
and the correlations were highest without vernaliz-
ation.

The Sh2 locus was not as sensitive to changes in
photoperiod as the Ppd locus, and was not a significant
determinant of photoperiod response when b values
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Table 1 Effects of loci on
chromosome 2 (the Ppd locus)
and chromosome 7 (the Sh2
locus) on the development and
photoperiod sensitivity of 19
selected DH lines derived from
the cross of Dicktoo]Morex at
an 18-h light/6-h dark
photoperiod regime

Trait Marker genotypes on chromosome 2" and 7" Multilocus Dicktoo Morex
R2

DDDD DDMM MMMM MMDD (%)

DEV31 uv (days) 20.3b# 16.7c 20.8b 38.2a 92.4 25.0 21.0
DEV31 v (days) 17.8b 16.6b 18.3b 25.2a 89.2 18.0 16.5
DEV49 uv (days) 30.3c 24.5d 38.3b 55.0a 96.8 33.0 39.0
DEV49 v (days) 27.0c 26.0c 36.5b 41.7a 91.5 31.0 37.0
Tillers uv (no.) 6.3b 4.0b 5.3b 11.9a 82.1 13.0 6.0
Tillers v (no.) 2.3b 2.4b 3.0ab 5.2a 54.9 5.5 4.0
Plant height uv (cm) 42.2b 42.2b 49.8ab 53.7a 49.7 38.7 50.7
Plant height v (cm) 42.3b 41.0b 53.9a 53.9a 64.8 44.0 56.5

! For markers CDO64-ABC454
"For markers Dhn1- BCD265b
# Values with a different letter (a—c) within a row are significantly different at the P)0.05 level, by
F-protected LSD tests

Table 2 Phenotypic correlations
among traits at an 18-h light/6-h
dark photoperiod regime without
vernalization (above the
diagonal) and with vernalization
(below the diagonal) in 19 DH
lines derived from the cross of
Dicktoo]Morex. Traits and the
photoperiod sensitivity index are
defined in the text

Trait Plant height Tillers DEV31 DEV49 Photoperiod
sensitivity
(b value)

Plant height 0.61*** 0.58** 0.61* !0.64***
Tillering 0.14 0.92*** 0.89*** !0.77***
DEV31 0.41 0.83*** 0.97*** !0.84***
DEV49 0.60** 0.74*** 0.90*** !0.90***
Photoperiod !0.66*** !0.67*** !0.85*** !0.92***
sensitivity (b value)

Significant at *P(0.05, **P(0.01, and ***P(0.001 level, respectively

were used as measures of genotype photoperiod re-
sponse. The effects of the Sh2 locus are portrayed in
Fig. 3, allowing for a direct comparison with Ppd. In
Fig. 3, the R2 values for the Ppd and Sh2 loci, as they
affected each measure of growth and development, are
plotted across photoperiods. This provides a dynamic
view of gene expression, assuming that a higher
R2 value reflects the relative importance of the gene in
determining trait expression at a defined photoperiod.
As was shown in the preceding sections, the D allele at
the Ppd locus was responsive to increasing photo-
period. In order of magnitude of the R2 value, the Ppd
locus was a significant determinant of DEV49, DEV31,
tillering and plant height. The effects were fairly consis-
tent at the 12- and 14-h photoperiods. At photoperiods
less than 12 h, the Ppd locus was not a significant
determinant of trait expression, except in the case of
DEV49 without vernalization. Without vernalization
at photoperiods of less than 10 h, nearly 60% of the
phenotypic variation for DEV49 was accounted for by
this locus and genotypes with the D allele were later
flowering. Vernalization essentially negated the effects
of this locus as a determinant of flowering date at the
8-h photoperiod. With and without vernalization, at
10 h, no phenotypic variation for DEV49 was ac-
counted for by the Ppd locus, but beginning at 12 h, this
locus began assuming an important role as a determi-
nant of trait expression, accounting for nearly 80% of
the variation in trait expression. With the exception of

DEV49, the effects of the Sh2 locus were generally not
as large as those of the Ppd locus and they were less
dependent on photoperiod or vernalization. For
example, without vernalization and between 10- and
24-h photoperiods, the D allele never accounted for
more than 60% of the variation in trait expression, and
the effects were quite consistent across photoperiods.
For DEV49, between 10- and 24-h photoperiods, the
Sh2 locus accounted for 20—40% of the variation in
trait expression, whereas with vernalization, it ac-
counted for approximately 20% of the variation in trait
expression at photoperiods ranging from 12 to 24 h.

When the Ppd and Sh2 loci were considered jointly,
they accounted for nearly 90% of the phenotypic vari-
ation in DEV31 and DEV49 in both the vernalized and
unvernalized treatments (Table 1). The two loci ac-
counted for less of the phenotypic variation in tiller
number, and vernalization had an effect on this charac-
ter, with 82% of the variation explained in the un-
vernalized treatment but only 55% of the variation
explained in the vernalized treatment. The Ppd and Sh2
loci were important determinants of plant height, but
as they accounted for only 60—65% of the variation in
phenotypic variation, other loci were probably impor-
tant determinants of trait expression. As is also appar-
ent from Table 1, the individual effects of the Ppd and
Sh2 loci are overshadowed by their interactions. The
allelic configurations DDMM and MMDD gave trans-
gressive phenotypes.
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Fig. 3 The proportion of
phenotypic variance (R2) for
growth and development traits
accounted for by marker loci
linked to the Ppd and Sh2 loci in
DH progeny of Dicktoo]Morex,
without vernalization (a) and
with vernalization (b). In each
figure, data points on the plus-
portion of the vertical axis
indicate that the larger value
allele was contributed by Morex,
while values on the
minus-portion of the axis indicate
the larger value allele was
contributed by
Dicktoo

For example, the MMDD genotypes were signifi-
cantly later in reaching DEV31 and DEV49 than any of
the other genotypic classes and had a significantly
higher number of tillers. They were not significantly
different from the MMMM genotypes for plant height.
The DDMM genotypes were significantly earlier to
reach DEV31 and DEV49 than any other of the other
genotypes without vernalization. Vernalization had
little effect on them, whereas it did shorten the time
required to reach DEV31 and DEV49 for the other
genotype groups. As noted in the preceding sections,
the effects of vernalization were not consistent. There
were several instances where vernalization had an effect
on the Sh2 locus. For example, as shown in Fig. 3, with
vernalization Sh2 was not as significant a determinant
of DEV49 as it was without vernalization. The influ-
ence of vernalization on the Ppd locus is apparent in
Fig. 3 where, without vernalization, the D allele was
a significant determinant of flowering at the 8-h photo-
period. With vernalization, the alleles at the Ppd locus
were not significant determinants of DEV49.

Discussion

The methodology of Roberts et al. (1988) was useful in
describing photoperiod sensitivity in this sample of

lines from the Dicktoo]Morex population. Critical
photoperiods could not be established in this germ
plasm. A number of the genotypes studied by Roberts
et al. (1988) also responded in a linear fashion to in-
creasing photoperiod. The CDO64—ABC170 interval on
chromosome 2 defined a QTL peak for heading- date,
according to Pan et al. (1994), and this QTL was
attributed to segregation of alleles at the ea locus. The
large portion of phenotypic variation in photoperiod
sensitivity accounted for by the CDO64 marker locus in
this study supports our contention that in this region
on chromosome 2 there is a locus that represents a
homoeolog of the Ppd loci on the group-2 chromo-
somes of wheat (Law et al. 1978; Scarth and Law 1983;
Laurie et al. 1994). Additional fine structure compara-
tive mapping will be required for definitive proof. The
response of genotypes in this study to longer photo-
periods was attributable to the Dicktoo allele at the Ppd
locus. Laurie et al. (1994) also reported that the winter
barley genotype Igri had a photoperiod-responsiveness
allele on chromosome 2 that caused earlier heading
under long photoperiods. The effect of the D allele at
the Ppd locus is to accelerate growth and development,
and this acceleration proceeds in a linear fashion at
photoperiod regimes with greater than 12 h of light per
24-h cycle. Genotypes with this allele accumulated
fewer assimilates, leading to reduced plant height and,
to some extent, reduced tillering. Laurie et al. (1994)
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also reported pleiotropic effect of the Ppd locus on
plant height, thousand-kernel weight, and plant-grain
weight. Similar pleiotropic effect of Ppd loci were re-
ported in wheat (Börner et al. 1993). While we have
shown that the D and M alleles at the Ppd locus
respond differentially to photoperiod duration, and
that the response has a direct effect on plant growth
and development, photoperiod sensitivity in the
¹riticeae remains a complex subject.

For example, Worland et al. (1994) surveyed a large
collection of wheat germ plasms and reported that
under long days, photoperiod-insensitive varieties
flowered significantly earlier, and were shorter, than
photoperiod-sensitive ones. This difference may be at-
tributable to genes conferring what has been termed
‘‘earliness per se’’. Additionally, the allelic structure of
their germ plasm at the Ppd loci was not reported. Data
from other studies in wheat confirm the importance of
genes that determine earliness per se and which can
cause photoperiod-sensitive genotypes to flower earlier
than photoperiod-insensitive ones (Martinic 1975;
Hoogedoorn 1984). It is probable that photoperiod
sensitivity is a complex character, resulting from inter-
actions between loci differing in terms of their threshold
photoperiod regime. In fact, some loci reported to deter-
mine earliness per se were shown to be photoperiod-
dependent by Gallagher et al. (1991). To summarise
the current perspective on photoperiod sensitivity
in barley, the Ppd locus on chromosome 2 is activated
at longer photoperiods, while the earliness per se loci,
such as ea

sp
, ea

c
, and ea

k
, are activated by shorter

photoperiods (Yasuda 1977; Gallagher and Soliman
1988; Gallagher et al. 1991).

Plant growth and development, and ultimately head-
ing-date, may be controlled, in large part, by loci that
can be described as large-effect QTLs or Mendelian
factors, such as the Ppd locus. However, interactions
among loci are likely to be the rule rather than the
exception, and the germ plasm studied in our experi-
ments afforded an opportunity to study the interaction
between the Ppd locus and the heading-date QTL on
chromosome 7 described by Hayes et al. (1993) and Pan
et al. (1994). We hypothesise that this QTL is due to
allelic variation at the Sh2 locus, based on the presence
of markers in common between the Dicktoo]Morex
population and the germ plasm studied by Takahashi
and Yasuda (1970). At the Sh2 locus, according to
Takahashi and Yasuda (1970), there is a multiple allelic
series that accounts for a gradation of growth habit
from spring to winter. Based on comparative RFLP
mapping, it is likely that the Sh2 locus, in turn, is
homoeologous to the »rn1 locus on chromosome 5 of
wheat (Laurie et al. 1995; Hayes et al. 1996). A range of
vernalization responses are present in winter barley
germ plasm. The accession of Dicktoo used in our
experiment does not have a vernalization requirement,
in that under longer photoperiods, such as 18 h, it will
flower within a few days of the spring parent (Table 1).

However, as we have shown, Dicktoo and Morex have
different alleles at the Sh2 locus. If the Sh2 and »rn1
loci are indeed homoeologous, as we hypothesise, this
lack of a vernalization requirement in Dicktoo my be
attributable to the fact that it has one of a number of
possible alleles at the multiple allelic series at the Sh2
locus postulated by Takahashi and Yasuda (1970).
Other winter barley genotypes would have alleles that
are more vernalization responsive.

Pan et al. (1994) described the interaction between
the chromosome-2 and the chromosome-7 heading
date QTL in the Dicktoo]Morex population in terms
of two-locus epistasis. The basis of this epistatic inter-
action is the independent assortment of alleles at the
Ppd and Sh2 loci that occurred in this winter]spring
cross. The DDMM genotypes were earlier-heading
than either parent under long photoperiods, due to
a rapid appearance of the first-node, followed by a re-
duced period between first-node appearance and head-
ing. The MMDD genotypes, in contrast, were slower to
reach both growth stages and, as a consequence, were
later to flower than either parent.

These experiments demonstrated the utility of
marker-based analyses for identifying candidate loci
that are determinants of heading-date QTLs in barley.
They provided an insight into the complexity of photo-
period and vernalization response, and revealed the
physiological basis of a two-locus epistatic interaction.
Additional experiments are needed to determine the
role of other heading-date genes in this germ plasm,
and in other sources of barley germ plasm, and to
unequivocally establish the identity of the Ppd and Sh2
loci as the determinants of the chromosome-2 and -7
heading date QTLs in the Dicktoo]Morex population.
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