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involving quantitative trait loci for height and ear-emergence time
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Summary. The quantitative traits height and ear-emer-
gence date were analyzed in the F, progeny of a cross
between a tall winter barley cultivar (Gerbel) and a short
spring barley cultivar (Heriot). The trait distributions
were found to be related to the genotypes at two
biochemical loci, f-amylase (Bmyf) and water-soluble
protein (Wsp3), which are known to lie on the long arm
of chromosome 4. Linkages between each trait and the
markers were investigated using normal mixture models.
The two parental phenotypes and the heterozygote phe-
notype of Bmy! were distinguishable so the model could
be used directly to estimate linkage between Bmyf and a
quantitative trait locus (QTL) for height (Height). The
Gerbel homozygote and heterozygote phenotype of
Wsp3 could not be distinguished and the model was
adapted accordingly. The proportion of plants requiring

vernalization was consistent with control by two inde- -

pendent genes acting epistatically, and a normal mixture
model based on a two-gene hypothesis was fitted to the
distribution of ear-emergence date to estimate linkage
between the marker loci and a QTL for ear-emergence
date (Vni). The parameters of each model were the re-
combination fraction between the marker locus and the
QTL and the means and standard deviations associated
with each QTL genotype; these were estimated by maxi-
mum likelihood. The fitted distributions correspond well
to those observed and the order of the loci along the
chromosome is inferred to be Height — Vini — Bmy! —
Wsp3, with Wsp3 being the most distal.
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Introduction

Quantitative traits of agricultural significance, such as
yield, often cannot be measured early in plant develop-
ment. However, if a quantitative trait locus (QTL) lies
near a genetic marker then unwanted genotypes can be
identified and eliminated from breeding populations, so
improving the efficiency of selection. Much work has
been carried out on testing for, and estimating, linkage
between a marker gene and a QTL. Weller (1986) mod-
elled the distribution of a trait for the three marker geno-
types of an F, population as a mixture of three normal
distributions, one for each QTL genotype. Luo and
Kearsey (1989, 1991) also fitted mixture models to simu-
lated F,, backcross, and doubled haploid populations.
Mixture models for linkage to more than one genetic
marker have been proposed by Weller (1987), Jensen
(1989) and Knapp et al. (1990).

One important trait in barley is the time from sowing
to ear emergence which, as in all the Triticeae, depends
on the rates of plant differentiation and growth (Yasuda
1981; Ellis and Russell 1984). These are determined by
the interaction of genotypes, especially their vernaliza-
tion and photoperiod requirement (Doll et al. 1989), with
temperature and day-length (Kirby and Ellis 1980). A
vernalization requirement delays flowering so that frost
damage at vulnerable developmental stages can be avoid-
ed. Takahashi and Yasuda (1970) concluded that the
spring/winter habit in barley was controlled by three
genes, sh, Sh, and Sh;, located respectively on barley
chromosomes 4, 1 and 7 (homoeologous to 4H, 7H and
5H) and that the only genetic constitution leading to
winter habit was ShShsh,sh,shysh; .

The experiment reported here was designed to deter-
mine the genetic map distance from the biochemical
marker gene loci Bmyl (syn. p-Amy-1) and Wsp3 (syn.



Wsp-3, Ibf-1), which are known to be on the long arm of
chromosome 4 (Thompson etal. 1990; Forster et al.
1991), to the gene on this chromosome controlling ver-
nalization requirement. The existence of a gene con-
trolling height on this chromosome arm was also investi-
gated. Following the flexible approach of Weller (1986)
we have modelled the quantitative traits as mixtures of
genotype-specific distributions and have used the method
of maximum likelihood, which has well understood
properties, to estimate all parameters.

Materials and methods
Materials

A cross was made between the barley cultivars Gerbel, a tall,
winter type with a six-row ear, and Heriot, a short, spring type
with a two-row ear. Twenty-five individual F, seeds were taken
from each of seven F, plants and cut in half. The halves without
embryos were each screened for f-amylase (EC 3.2.1.2) and for
water-soluble protein following the isoelectric focusing (IEF)
protocols described by Thompson et al. (1990) and Forster et al.
(1991). Embryo halves were germinated and grown in a glass-
house under non-vernalizing conditions and long days. The date
of ear emergence and plant height at maturity (from the base of
the culm to the collar) were recorded for the plants which flow-
ered under non-vernalizing conditions. Such plants were scored
as V7. Plants which remained vegetative after 90 days were
scored as V*. The V™ plants were subsequently vernalized but
their flowering times and heights were excluded from the analy-
sis because of the change in environment.

Statistical methods
Linkage between the biochemical marker loci Bmy1 and Wsp3

The alleles at the Bmy! and Wsp3 loci were denoted as B-Amy-
1a, B-Amy-1b, Wsp-3a, and Wsp-3b, by Forster et al. (1991); here
they will be denoted by 4,, 4,,, W,, and W, for brevity. If n
is defined as the number of plants of genotype 1 at the Bmy1
locus and genotype j at the Wisp3 locus [where i=1 (4,4,), 2
(4,4,) or 3 (4,4,) and j=1 (W, W,) or 2 (W, W, + W, W,,
which were indistinguishable)] the genotype frequencies can be
modelled as a multinomial distribution. The likelihood for the
recombination fraction 8 is then:

[(1 —Q)ZTU y [0 (2—0)]“12 y [0 ( —O)J“u y [1 —0+6°
4 4 2 2
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and H H, . For example:
fi(X)=P (H,Hy| 4, Ay) {(X|H H,)+ P (HH, | 4, A) f(X|H H,)
+P(HH,|4,4,) F(X|HH,). @

The conditional probabilities are functions of the recombination
fraction 0 so the densities can be expressed as:

£, (X)=(1—0)* §(X |H H,)+20(1 —0) (X | H H,)+ 0> {(X | H,H,)

£,(X) =0 (1 —0) {(X|HoH,) +[1-20 (1 - 0] {(X|HH,) ®
+0(1—0) [(X|H,H,) )
£5(X) = 0% [(X| H H,)+20 (1—6) {(X|H, H,)
+(1 -6 {(X|H,H,). ©)

The trait distributions f(X|H,H,), { (X|H,H,) and {(X|H,H,)
are assumed to be normal with means ug, py and py, and stan-
dard deviations of oy, oy and o. The likelihood is:

L0, ts, pu, thw, s, Oy, Ow) =

o] oo [ foo]. o

where n, ,n, and n, are the numbers of plants with the Bmy1
genotypes AyA,, A, A, and A,A4, respectively. Weller (1986,
1987) and Luo and Kearsey (1989, 1991) used the method of
moments to estimate some of the parameters, thus reducing the
dimension of the maximisation problem. Here maximum likeli-
hood estimates for all seven parameters were calculated simulta-
neously using the NAG implementation of the Nelder-Mead
algorithm (Nelder and Mead 1965). Asymptotic standard errors
of the estimates were derived by numerical approximation to the
second derivatives of the log likelihood at the maximum. Max-
imum likelihood estimation was also used by Jensen (1989).

There are only two distinct distributions associated with the
Wsp3 locus so modifications to Weller’s (1986) method are re-
quired. The probability density function for the homozygote
W, W, is unchanged from (3) above. The second density is asso-
ciated with the genotypes W, W, and W,W, and can be ex-
pressed as:

f,300) = £ 02— 0) (X | H H, )+ 2 (1 —0+62) {(X|HyH,)
+1(1—6%) (X|H,H,). 7

Apart from this modification, the Wsp3 parameters were estimat-
ed in the same manner as the Bmy/ parameters.

nzzx 9_2 "1 % 1-0% nszx !
4 7 n..:

L) =

ny, o, tn, ey, ng Ing,! 1)

where n.. is the total number of plants. This expression was
maximised numerically to estimate 6.

Linkage between genetic markers and a gene for height

Figure 1 shows the heights of the F, plants for each of the Bmy?
genotypes. The distributions vary according to the marker geno-
type, indicating the presence of a gene influencing height on
chromosome 4. This will be referred to as Height.

The model of Weller (1986) expresses the probability density
functions f,, f, and {; of the heights, X, for the three Bmy!
genotypes as dlfferent mixtures of the probability density func-
tions associated with the three Height genotypes H H, H.H

a“tas

Linkage between genetic markers and a gene
for vernalization requirement

The segregation ratio of V™ : V¥ plants in the F, generation was
found to be 140:29. This is inconsistent with a theoretical 3:1
ratio but agrees with a 13:3 ratio, i.e., in this cross the vernaliza-
tion requirement can be considered to be controlled by the
epistatic interaction of two unlinked genes. These genes will
initially be denoted V1 and V2 to avoid associations with estab-
lished gene loci.

Figure 2 shows that the distributions of ear-emergence date
and the numbers of plants with a vernalization requirement
varied according to the genotype at the Bmy! locus. Hence one
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Fig. 1a—c. Observed and fitted height distributions for each
genotype of Bmyl. a Heights for homozygote 4,4, . b Heights
for heterozygote 4,4, . ¢ Heights for homozygote 4,4,. Fre-
quency on y-axis: Height (cm) on x-axis

vernalization gene, say ¥/, must lie on the long arm of chromo-
some 4, linked to Bmy! and Wsp3. The observed data is consis-
tent with the genetic model of Fig. 3. No other two gene model
fits the constraints of this data set. The probabilities for the
different F, genotypes at the Bmy!, V1 and V2 loci are given in
Table 1.
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Fig. 2a—-c. Observed and fitted distributions of ear-emergence
date for each genotype of Bmy!. Plants requiring vernalization
were coded as having a ear-emergence date of 99 days. a Ear-
emergence dates for homozygote 4,4, . b Ear-emergence dates
for heterozygote 4,4, . ¢ Ear-emergence dates for homozygote
A,A, . Frequency on y-axis: Ear emergence date (days) on x-axis

The recombination fraction between Bmy! and VI can be
estimated by classifying each plant as V™ or V¥, and as 4,4,,
A, Ay, or A,A, at the Bmy{ locus. These data were modelled by
a multinomial distribution and the maximum likelihood esti-
mate of # was calculated numerically. The same method was
used to estimate the recombination fraction between Wsp3 and
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Gerbel

VivaiVaV2

Genotype ViVaiVaVa VivaiVaVz VaivaiVaVe ViVaiVave VivaiVava

Probability 1/16 2/16 1/16 2/16 4/16

VavaVve VaVavarv: VavaivVaV2 VaVaiVaVe

2/16 1/16 2/16

Fig. 3. Inheritance of the unlinked vernal-
1/16 ization genes, V7 and V2. The late-flower-
ing genotypes are boxed

V1, using the probabilities from Table 1 with the lines for classes
AyA, and 4,4, combined.

However, classification of lines as V™ or V™ ignores the
actual ear-emergence dates of those plants that did not require
vernalization, although the distribution of these dates varies
with the genotypes at the marker loci Bmyf and Wsp3. If V1 is
regarded as a QTL for ear-emergence date the probability den-
sity function of the ear-emergence dates can be modelled for
each marker genotype as a mixture of three continuous distribu-
tions, together with the probability of a plant requiring vernal-
ization. The mixture probabilities are given in Table 1. The den-
sities of ear-emergence date, Y, for the three Bmy! genotypes,
conditional on the plant not requiring vernalization, can be
written as:

AyA4, homozygote:
(1=6)* F(Y|V, ¥+ 2 6 (1—0) f(Y | V;v)+ 2 02 £(Y v, )
~-16(2-0)

f1 (Y) =

®)
A,A, heterozgyote:

f(Y)=
01 =) fY|V V) +3(1 =20(1 =) (Y |Vn)+3 0 (1 =) (Y] v 1)
(—1(1—0+0% o

A,A, homozygote:
O Y|V )+ 38 (1 =0) (Y[ v)+ 2 (1 =0 £(Y|nv)
1 2
—1(1—0%

4

f3 (Y)=
(10
The ear emergence dates for each genotype at the Vf locus were
again assumed to follow a normal distribution and the parame-
ters were estimated by maximum likelihood.

In the case of Wsp3 the model has to be adapted as previous-
ly described. The probability density function for the ho-
mozygote W, W, is the same as (8) while the probability density
function for genotypes W,W, and W,W,, conditional on the
plant not requiring vernalization, is:

fzs(Y)=
10— YK +1(1—0+0) (Y| Wv)+ 1 (1—0) f(Y|vn)
1-5(3-20+6% (11

Table 1. Probabilities of the F, genotypes for plants segregating
at the Bmy1, VI and V2 loci

V* (require V™ (no vernalization requirement)
vernaliza-
tion) VIVIV2V2 VIviV2V2 viviV2V2
———— VIVIV2v2 ViviV2v2 viviV2y2
Vivivav2 Vivivav2

viviv2v2

A A, 6Q—016 (1—02/4 3/80(1—6) 3/1662 1/4
A A, (1—6+6%8 0(1—0)2 3/8(1—20 3/80(1—8) 12

(1+6)
A,A, (1—6%/16  6%/4 3/80(1—6) 3/16(1—6)> 1/4
3/16 1/4 3/8 3/16
Results

The f-amylase and water-soluble protein phenotypes of
Gerbel and Heriot have already been described (Forster
etal. 1991). In the case of f-amylase the heterozygote
phenotype could also be distinguished. The individual
segregation ratios for f-amylase and water-soluble
protein were consistent with the expected 1:2:1 and 3:1
ratios respectively and the pairwise segregation con-
firmed linkage between the two markers. The recombina-
tion fraction 8 was estimated as 0.085+0.032.

The maximum likelihood estimates and standard
errors of the mixture distribution parameters describing
the linkage of Height with Bmy{ and Wisp3 are given in
Table 2. The model requires that the means and standard
deviations associated with the Height genotypes are inde-
pendent of the position of the genetic marker; this was
confirmed by the similarity of the two sets of estimates.
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Table 2. Estimates of the recombination fractions and the means
and standard deviations associated with the three genotypes at
the Height QTL

Table 4. Estimates of the recombination fractions and the means
and standard deviations associated with the three genotypes at
the Head QTL

Parameter estimates Marker Parameter estimates Marker
Bmyi Wsp3 Bmy! Wsp3
Esti- SE Esti- SE BEsti- SE Esti- SE
mate mate mate mate
Recombination fraction 0.255 0.056  0.267 0.066 Recombination fraction 0.138 0.031 0.155 0.033

Mean of short homozygote  47.4 098 474 1.06

Mean of heterozygote 554 1.65 55.6 2.18
Mean of tall homozygote 64.6 217 634 2.91
SD of short homozygote 345  0.70 329  0.80
SD of heterozygote 8.27 1.09 9.10 133
SD of tall homozygote 530 1.29 549  1.39
Recombination fraction 0.085 0.032

between Bmyl and Wsp3

Mean of spring homozygote 33.7 0.32 338 0.32

Mean of heterozygote 494 135 486 1.10
Mean of winter homozygote 59.0 276 615 1.79
SD of spring homozygote 1.89  0.23 1.89  0.23
SD of heterozygote 8.00 1.08 644 094
SD of winter homozygote 9.00 2.50 6.07 1.8

Recombination fraction 0.043 0.060 0.113 0.110

with V1

Table 3. Observed and estimated means and standard devia-
tions of the distributions of height for each marker genotype

Locus and genotype Mean Standard deviation

Ob- Esti- Ob- Esti-

served mated served mated

Bmyl1

Homozygote 4,4, 51.82 5156 891 7.79
Heterozygote 4,4, 55.37 5563 174 8.84
Homozygote 4,4, 61.40 5999  8.94 8.51
Wsp3

Homozygote W, W, 5170 51.77 891 8.12
Heterozygote W, W, 5716 56.76 872 912

and homozygote W, W,

Mean plant heights are estimated to be approximately
48, 55 and 64 cm depending on the genotype at the
Height locus. The observed and fitted distributions for
each genotype of Bmy{ are shown in Fig. 1. Chi-squared
goodness of fit tests failed to detect any significant depar-
ture from the models [x%,=8.82, P=0.36 for Bmyf;
Xisy=2.45, P=0.78 for Wsp3]. The observed and estimat-
ed means and standard deviations of the distribution for
each marker genotype also agree well, as shown in
Table 3. A mixture of two distributions was fitted to each
data set to test the hypothesis of a dominant allele ob-
scuring any difference between the heterozygote and tall
genotypes at the Height locus. However, a likelihood
ratio test rejected this hypothesis in favour of three distri-
butions with P<0.005 for linkage to Bmy! and P<0.1
for linkage to Wsp3.

When the F, plants were classified simply as V™ or
V* the ratio was significantly different from a 3:1 ratio,

but was consistent with a 13:3 ratio. This indicates
control by two unlinked genes, i.e., ¥/ and V2. The
pairwise segregations of the markers indicated linkage
between Bmy1, Wsp3 and V1. The estimates for recombi-
nation fraction and Kosambi map distances (Table 4)
indicated that the closest linkage was between Bmy! and
V1 [4.3 centiMorgans (cM)]. The map distance between
Wsp3 and V1 (11.5 cM) was greater than that between
Wsp3 and Bmy{ which indicates that the order of the loci
is V1 — Bmy! — Wsp3.

However, V1 can be regarded as a QTL, Head, affect-
ing ear emergence date. In this case the parameters de-
scribing its linkage with Bmy! and Wsp3 are given in
Table 4 and, as for Height, the estimates of the means and
standard deviations are consistent for the two markers.
Mean ear-emergence times of about 34, 49 and 60 days
are predicted depending on the genotype at the V1 locus.
Chi-squared goodness of fit tests failed to detect any
significant departures from the model developed using
the two-gene hypothesis [, =7.32, P=0.60 for Bmy!;
x&)y=3.99, P=0.14 for Wsp3]. The observed and estimat-
ed means and standard deviations of the mixture distri-
butions for each marker genotype and the observed and
estimated numbers of plants requiring vernalization
agree well (Table 5).

When V7 is regarded as a QTL the estimates of the
recombination fraction are larger than when VI is re-
garded as a Mendelian gene, but not significantly so. The
precision of the estimates is increased by regarding V1 as
a QTL. In either case the recombination fractions be-
tween Height and Wsp3 or Bmy! were significantly
greater than those between V1 and Wsp3 or Bmy{. The
orientation of Bmy! and Wsp3 has been established by
mapping to mil-o (Thomas etal. 1992) and hence the
order of genes implied by the QTL analyses is Height —
Vi — Bmyl — Wsp3 with Wsp3 being the most distal.
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Table 5. Observed and estimated means and standard deviations of the distributions of ear emergence date for each marker genotype

Locus and genotype Mean

Standard deviation Late plants

Observed  Estimated

Observed  Estimated Observed  Estimated

Bmy1

Homozygote 4,4, 39.69 41.02 12.40 16.95 1 3.07
Heterozygote 4,4, 60.74 59.31 23.08 22.91 20 18.48
Homozygote 4,4, 65.43 66.62 19.92 20.47 8 9.07
Wsp3

Homozygote W, W 40.80 41.80 15.14 17.51 2 291
Heterozygote W, W, and homozygote W, W, 61.30 61.71 21.88 22.17 24 25.31
Discussion ing ear emergence date its position may be estimated with

Genes controlling height and ear-emergence date have
been mapped to the long arm of chromosome 4 of barley.
The mean plant heights corresponding to the three
Height genotypes were 48, 55 and 64 cm. The spring
parent, Heriot, is known to possess the denso dwarfing
gene (Thomas et al. 1990) derived from Triumph, which
has not yet been located to a chromosome. We suggest
that the gene for height located here may be the denso
gene.

Previous studies have also identified a genetic deter-
minant of ear-emergence date on chromosome 4. Taka-
hashi et al. (1957) and Takahashi and Hayashi (1966)
mapped a gene (sh) controlling spring habit to chromo-
some 4, 2.1 cM from the locus for yellow spike (yh).
Nielsen etal. (1983) estimated the distance between
Bmy{ and yh to be 6 cM. Chojecki et al. (1989) deduced
the genetic distance from Bmy! to be about 4 cM. We
therefore conclude that V7 is synonymous with sh. We
will now use the symbol Vrn? (Forster and Ellis 1991) as
this gene probably forms part of a homoeoallelic series
with Vin! of wheat (Pugsley 1972; Law et al. 1976) which
is also linked to the f-Amy-1 (syn. B-Amy-2 and ho-
moeoallelic to Bmy! in barley) and the Wsp-3 (syn. Ibf-1
and homoeoallelic to Wsp3 in barley) loci (Ainsworth
etal. 1983; Liu and Gale 1989, respectively).

Our data suggest a two gene hypothesis for the segre-
gation of vernalization requirement, i.e., V¥nf on chro-
mosome 4, linked to Bmy! and Wsp3, which interacts
with an unlinked gene, ¥#2. This is supported by the
data of Doll et al. (1989) and that of Kjaer et al. (1991).
Takahashi and Yasuda (1970) found that three genes
were segregating for winter/spring habit in their cross but
Gerbel and Heriot could be homozygous for the same
allele at the third locus of Takahashi and Yasuda. Link-
age between Vrni and the genetic markers could be esti-
mated simply by scoring plants as V™ or V*: in this case
the estimates of the recombination fraction have very
large standard errors. If Vin{ is regarded as a QTL affect-

more precision and the hypothesised distributions agree
well with the observed data. More complicated genectic
mechanisms could be proposed to explain the distribu-
tion of ear-emergence dates but the simple two-gene
hypothesis is adequate. In particular, it is possible that
more than one gene for ear-emergence date lies on chro-
mosome 4, which would bias the parameter estimates.
This might be the situation if the gene for height is actu-
ally the denso dwarfing gene, which is known to be asso-
ciated with delayed ear-emergence date (Thomas et al.
1990). These hypotheses need to be tested using further
genetic markers. Useful markers would include the yi
locus (yellow spike, Takahashi and Hayashi 1966) and
the ml-o locus for mildew resistance, which is known to
lie near the estimated position of Height (Swgaard and
von Wettstein-Knowles 1987).

The method of maximum likelihood has been used in
this study to estimate all the parameter values. The max-
imum of the likelihood surface was found numerically via
the Nelder-Mead algorithm (Nelder and Mead 1965)
thus enabling all seven parameter estimates to be found
simultaneously. In each case valid results were obtained,
L.e., the recombination fraction was less than 0.5 and the
means and standard deviations were positive. Jensen
(1989) also used maximum likelihood estimation, while
Weller (1986) and Luo and Kearsey (1989, 1991) equated
observed and expected means and variances of the trait
distributions associated with each marker genotype to
reduce the number of parameters to be estimated by
maximum likelihood. However Luo and Kearsey (1991)
suggest that these moment estimates may be biased due
to skewness in the distributions associated with each
marker genotype. The observed moments were not used
to derive the parameter estimates reported in this paper
but they have been compared to the estimated moments
in Tables 3 and 5 and found to agree well. When the
calculations were repeated using the method of moments
the model fitted the data less well, although ¥? goodness
of fit tests did not indicate a significant lack of fit.
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The estimates of the recombination fractions have
quite large standard errors. These would be reduced if
data were available from more lines. Alternatively, if the
plants are scored for more genetic markers it should be
possible to extend the model to a pair of flanking mark-
ers. Weller (1987) used a flanking-marker model to esti-
mate recombination fractions for an interspecific cross
in tomato from mean trait values of individuals ho-
mozygous for the marker alleles, and concluded that the
estimates were more reliable than those from individual
marker models. Lander and Botstein (1989) have used
such models to calculate QTL likelihood maps showing
how the LOD score varies along a chromosome. Jensen
(1989) mapped a QTL for single-kernel weight in barley
relative to two marker loci on chromosome 7. Knapp
et al. (1990) have discussed two-marker models in more
detail for doubled haploid and equivalent crosses, espe-
cially a model including a coefficient of coincidence to
model interference. They have also proposed a no-dou-
ble-crossover model for F, data, and have used linear,
non-linear, and mixture models to estimate parameter
values. These models could perhaps be adapted for use
with a data set such as the present one, where the two
linked markers lie on the same side of the QTL, thus
allowing all the parameter values to be estimated simulta-
neously.

Acknowledgements. We thank Dr. C. A. Glasbey of the Scottish
Agricultural Statistics Service for providing us with a copy of his
optimisation program, and Mr. R. Keith for assistance with the

experimental work. This work was supported by funds from the
Scottish Office Agriculture and Fisheries Department.

References

Ainsworth CC, Gale MD, Baird S (1983) The genetics of f-amy-
lase isozymes in wheat. 1. Allelic variation among hexaploid
varieties and intrachromosomal gene locations. Theor Appl
Genet 66:39-49

Chojecki J, Barnes S, Dunlop A (1989) A molecular marker for
vernalisation requirement in barley. In: Helentjaris T, Burr B
(eds) Development and application of molecular markers to
problems in plant genetics. Current Commun Mol Biol. Cold
Spring Harbour Laboratory, Cold Spring Harbour, New
York, pp 145-148

Doll H, Haahr V, Segaard B (1989) Relationship between vernal-
ization requirement and winter hardiness in doubled hap-
loids of barley. Euphytica 42:209-214

Ellis RP, Russell G (1984) Plant development and grain yield in
spring and winter barley. J agric Sci Camb 102:35-95

Forster BP, Ellis RP (1991) Two biochemical markers for spring/
winter habit. In: Munck L, Kirkegaard K, Jensen B (eds)
Barley genetics VI. Proc 6th Int Barley Genet Symp, Helsing-
borg, Sweden 1991 Munksgaard International Publishers
1td, Copenhagen, pp 101103

Forster BP, Thompson DM, Watters J, Powell W (1991) Water-
soluble proteins of mature barley endosperm: genetic con-
trol, polymorphism and linkage with f-amylase and spring/
winter habit. Theor Appl Genet 81:787-792

Jensen J (1989) Estimation of recombination parameters be-
tween a quantitative trait locus (QTL) and two marker gene
loci. Theor Appl Genet 78:613-618

Kirby EJM, Ellis RP (1980) A comparison of spring barley
grown in England and in Scotland. J agric Sci Camb 95:101 —
110

Kjaer B, Haahr V, Jensen J (1991) Associations between 23 quan-
titative traits and 10 genetic markers in a barley cross. Plant
Breed 106:261-274

Knapp SJ, Bridges WC Jr, Birkes D (1990) Mapping quantitative
trait loci using molecular marker linkage maps. Theor Appl
Genet 79:583~-592

Lander ES, Botstein D (1989) Mapping Mendelian factors
underlying quantitative traits using RFLP linkage maps.
Genetics 121:185-199

Law CN, Worland AJ, Giorgi B (1976) The genetic control of
ear-emergence time by chromosomes 5A and 5D of wheat.
Heredity 36:49-58

Liu CJ, Gale MD (1989) Ib/-f (Iodine-binding factor), a highly
variable marker system in the Triticeae. Theor Appl Genet
77:233-240

Luo ZW, Kearsey MJ (1989) Maximum likelihood estimation of
linkage between a marker gene and a quantitative locus.
Heredity 63:401-408

Luo ZW, Kearsey MJ (1991) Maximum likelihood estimation of
linkage between a marker gene and a quantitative trait locus.
II. Application to backcross and doubled haploid popula-
tions. Heredity 66:117-124

Nelder JA, Mead R (1965) A simplex method for function min-
imisation. Computer J 7:308-313

Nielsen G, Johansen H, Jensen J (1983) Localization on barley
chromosome 4 of genes coding for f-amylase (Bmy!) and
protein Z (Pazf). Barley Genet Newslett 13: 55-57

Pugsley AT (1972) Additional genes inhibiting winter habit in
wheat. Euphytica 21: 547552

Segaard B, Wettstein-Knowles P von (1987) Barley: genes and
chromosomes. Carlsberg Res Commun 52:123-196

Takahashi R, Hayashi J (1966) Inheritance and linkage studies
in barley. II. Assignment of several new mutants to their
respective linkage groups by trisomic method analysis. Ber
Ohara Inst Land-wirtsch Biol, Okayama University 13:185—
198

Takahashi R, Hayashi J, Yasuda S (1957) Four genes in linkage,
which are inherited independently of the markers in the
known linkage groups in barley. Nogaku Kenkyu 45:1-10

Takahashi R, Yasuda S (1970) Genetics of earliness and growth
habit in barley. In: Nilan RA (ed) Barley genetics II. Proc
2nd Int Barley Genet Symp, Washington 1970. Washington
State University Press, pp 388—-408

Thomas WTB, Powell W, Swanston JS (1990) Association of
two dwarfing genes with quality, yield and agronomic char-
acters in spring barley. Aspects Appl Biol 25:131-141

Thomas WTB, Powell W, Forster BP, Swanston JS (1992) The
effects of three linked major genes (mi-o, Bmy! and Wsp3) on
quantitatively varying characters in barley. Ann Appl Biol
(in press)

Thompson DM, Powell W, Forster BP (1990) Use of isoeletric-
focusing in barley varietal identification. Ann Appl Biol
117:625-631

Weller JI (1986) Maximum likelihood techniques for the map-
ping and analysis of quantitative trait loci with the aid of
genetic markers. Biometrics 42: 627640

Weller JI (1987) Mapping and analysis of quantitative trait loci
in Lycopersicon (tomato) with the aid of genetic markers
using approximate maximum likelihood methods. Heredity
59:413-421

Yasuda S (1981) The physiology of earliness in barley. In: Asher
MIC, Ellis RP, Hayter AM, Whitehouse RNH (eds) Barley
genetics IV. Proc 4th Int Barley Genet Symp, Edinburgh.
Edinburgh University Press, pp 507-517



