
Abstract Characterization of the determinants of econo-
mically important phenotypes showing complex inherit-
ance should lead to the more effective use of genetic re-
sources. This study was conducted to determine the num-
ber, genome location and effects of QTLs determining
malting quality in the two North American barley quality
standards. Using a doubled-haploid population of 140
lines from the cross of Harrington×Morex, malting quality
phenotype data sets from eight environments, and a 107-
marker linkage map, QTL analyses were performed using
simple interval mapping and simplified composite inter-
val mapping procedures. Seventeen QTLs were asso-
ciated with seven grain and malting quality traits (per-
centage of plump kernels, test weight, grain protein per-

centage, soluble/total protein ratio, α-amylase activity, di-
astatic power and malt-extract percentage). QTLs for
multiple traits were coincident. The loci controlling in-
florescence type [vrs1 on chromosome 2(2H) and int-c on
chromosome 4(4H)] were coincident with QTLs affecting
all traits except malt-extract percentage. The largest
effect QTLs, for the percentage of plump kernels, test
weight protein percentage, S/T ratio and diastatic power,
were coincident with the vrs1 locus. QTL analyses were
conducted separately for each sub-population (six-rowed
and two-rowed). Eleven new QTLs were detected in the
subpopulations. There were significant interactions be-
tween the vrs1 and int-c loci for grain-protein percentage
and S/T protein ratio. Results suggest that this mating of
two different germplasm groups caused a disruption of
the balance of traits. Information on the number, position
and effects of QTLs determining components of malting
quality may be useful for maintaining specific allele con-
figurations that determine target quality profiles.
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Introduction

Quantitative trait locus (QTL)-analysis tools are useful
for dissecting complex traits and for identifying favora-
ble alleles in diverse germplasm. Characterization of the
determinants of economically important phenotypes
showing complex inheritance should lead to a more
effective use of genetic resources. The malting quality of
barley (Hordeum vulgare L.) is an economically impor-
tant phenotype that represents the net effects of a number
of interacting component traits.

Malting is a process involving controlled germination
of the barley grain. Pollock (1962), Burger and La Berge
(1985), and Bamforth and Barclay (1993) provide reviews
of the malting process. Briefly, cytolitic, amylolytic and
proteolytic enzymes dissolve cell walls, allowing diastatic
enzymes to degrade starch granules. Polymeric carbohy-
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drates and proteins are broken down to component sugars
and amino acids or peptides, providing fermentable sugars
and nitrogenous compounds as substrates for fermentation
(Pollock 1962). Key enzymes in the pathways culminating
in malting quality are α-amylase, β-amylase, β-glucanase,
and the endo- and exo-proteinases.

α-amylase activity measures the effects of enzymes
which initially attack starch, forming the substrates upon
which other enzymes can work. β-amylase reduces the
ends of glucose chains, breaking glucosidase bonds,
and liberating maltose. The joint action of α-amylase
and β-amylase and any other carbohydrate-degrading en-
zymes is termed “diastatic power” (Pollock 1962; Burger
and La Berge 1985). Soluble and hydrolyzed forms of
endosperm proteins are essential for germination. The ra-
tio of soluble protein to total protein (S/T) indicates the
degree of proteolysis and the degree of modification of
grain to malt (Hunter 1962; Burger and La Berge 1985).
Malt-extract percentage is a measure of the sugars and
nitrogenous compounds available for yeast nutrition.

Two indicators of grain physical quality that are pre-
requisites for malting quality are the percentage of
plump grain (kernel plumpness) and test weight. These
two traits are important because they indicate uniformity
of kernel size and germination. Both attributes are im-
portant during the malting process. Barley grain with
adequate physical quality has a test weight ≥60 kg hl−1

and ≥70% of plump grain (as measured on a 2.38-mm
sieve). Grain protein level is the initial commercial spe-
cification for malting barley and correlates with many of
the other quality traits. Within a narrow acceptable range
of protein (10.5–13.5%), there are additional specificati-
ons for S/T protein ratio (40–46%), α-amylase activity
(35–60 20° DU), diastatic power activity (95–170°
ASBC) and malt extract percentage (≥78%). Target qual-
ity profiles differ somewhat for the two germplasm gro-
ups: two-rowed and six-rowed. These germplasm groups
are discussed in greater detail in a succeeding section.

A number of the genes encoding key enzymes in mal-
ting quality pathways have been cloned (von Wettstein-
Knowles 1992; Hayes 1996). However, the phenotypic
distributions for components of malting quality are usu-
ally continuous, leading to the generalization that these
traits are quantitatively inherited (Bell and Lupton
1962). The components of malting quality have,
accordingly, been the subject of QTL analysis (Hayes et
al. 1993; Mather et al. 1997). In some cases the map po-
sitions of structural genes coincide with QTLs, as in the
case of β-amylase 1 and diastatic power (Hayes et al.
1997). In most cases, however, QTLs do not coincide
with known genes (Hayes et al. 1997; Mather et al.
1997). These QTLs may represent the effects of regula-
tory genes. Efforts are underway to determine the gene-
tic basis of these QTLs (Han et al. 1997).

The North American Barley Genome Mapping Pro-
ject (NABGMP) has focused on QTL analysis of malting
and agronomic traits in three populations of doubled-
haploid lines derived from the following crosses: Ste-
ptoe×Morex (Hayes et al. 1993); Harrington×TR306

(Tinker et al. 1996; Mather et al. 1997) and Harrington×
Morex (Hayes et al. 1997). Steptoe and Morex are six-
rowed varieties. Harrington and TR306 are two-rowed
varieties. The number of kernel rows refers to the num-
ber of fertile spikelets per rachis node. In two-rowed bar-
leys only the central spikelet of a triplet is fertile, while
in six-rowed barleys all three spikelets are fertile. Two
loci – the vrs1 locus located in the centromeric region of
chromosome 2 (2H), and the int-c on the short arm of
chromosome 4 (4H) – control this trait (Nilan 1964;
Franckowiak and Lundqvist 1997; Lundqvist and
Franckowiak 1997). Although the number of kernel rows
(hereafter referred to as inflorescence type) is simply
inherited, two-rowed and six-rowed barleys are distinct
germplasm groups (Bell and Lupton 1962; Kjaer and
Jensen 1996; Jui et al. 1997). Harrington and Morex, res-
pectively, are the two-rowed and six-rowed malting qual-
ity standards for North America. Steptoe and TR306 do
not have acceptable malting quality profiles and are the-
refore classified as “feed” barleys. In the progeny of
Steptoe (feed) ×Morex (malt), malting quality QTLs
mapped to all seven chromosomes (Hayes et al. 1993).
In the progeny of Harrington (malt) ×TR306 (feed), mal-
ting quality QTLs mapped to all chromosomes except
chromosome 2 (Mather et al. 1997). No QTL analysis of
malting quality in two-rowed by six-rowed populations
has been reported. Agronomic-trait QTLs in two-ro-
wed×six-rowed crosses were mapped throughout the ge-
nome, including the locations of the two loci determi-
ning inflorescence type (Kjaer and Jensen 1996).

The objective of the present investigation was to
determine the number, location and effects of malting
quality QTLs in the North American two-rowed and six-
rowed standards. We reasoned that if these genotypes
had contrasting alleles at malting quality QTLs, this in-
formation could be useful for developing new genotypes
with superior malting quality profiles.

Materials and methods

One hundred and forty doubled-haploid (DH) lines were produced
from the F1 of Harrington×Morex by the H. bulbosum method, as
described by Chen and Hayes (1989). One hundred and six mar-
kers were used for construction of a base map, with a target den-
sity of 10 cM (Hayes et al. 1997). This map was used for mapping
malting quality QTLs. We added the int-c locus to this map. Late-
ral florets were scored as homozygous recessive (Harrington alle-
les) for those DH lines with small laterals, no anthers and no
awns, and homozygous dominant (Morex alleles) for those with
sessile laterals, anthers and large awns.

The DH lines and parents were grown in eight environments;
three locations in 1995 (Pullman, Washington, USA; Saskatoon,
Saskatchewan; and Brandon, Manitoba, Canada) and five locati-
ons in 1996 (Pullman, Washington; Pendleton, Oregon; and Aber-
deen, Idaho USA; Saskatoon, Saskatchewan, and Brandon, Mani-
toba, Canada) without replication. Plot size and management were
in accordance with local practice. The percentage of plump ker-
nels was calculated as the weight of a 100-g sample of grain re-
maining on a 2.38 mm×1.91 cm slotted sieve after 30 shaking cyc-
les on a Seedburo strand sizer/shaker. Test weight was measured
as the weight in grams of grain contained in a one-quart cylinder.
This weight was divided by 10.99 to convert to kg hl−1.

174



A 170-g sample of each DH line and each of the parents from
each location was malted and used to measure malting quality
[grain protein (%), S/T protein ratio (%), α-amylase activity (20°
DU), diastatic power (° ASBC), and malt extract (%)] according
to the standard procedures of the USDA/ARS Cereal Crops Re-
search Unit, Madison, Wisconsin. Protocols are available upon re-
quest (bljones@facstaff.wisc.edu). The American Society of Bre-
wing Chemists and the European Brewery Convention (EBC)
units are equivalent for grain protein percentage, malt extract per-
centage and α-amylase activity. The S/T protein ratio is equivalent
to the Kolbach index. Diastatic power in Dextrinizing units is con-
verted to Windish-Kolbach units as follows: (Dextrinizing units-
4/0.3) (Oziel et al. 1996).

QTL analyses were performed using 5000 permutations for the
simple interval mapping (SIM) and simplified composite interval
mapping (sCIM) procedures of MQTL (Tinker and Mather 1995).
Individual and joint additive effects of QTLs were used to estima-
te the percentage of phenotypic variation (R2

p) accounted for by
significant QTLs. In this report we focus on primary QTLs (sensu
Mather et al. 1997). These are QTLs where there were coincident
SIM and sCIM peaks, and the SIM peaks exceeded the significan-
ce threshold. For those traits where significant (P<0.05) QTLs
were detected that were coincident with the vrs1 locus, separate
QTL analyses were performed at the whole genome for the two-
rowed (72 lines) and six-rowed (68 lines) sub-populations.

Approximate estimates of heritability were calculated as:
h2=σ2g/)σ2g+σ2e/r), where σ2g is the variance among DH lines,
σ2e is the error variance among DH lines, and r is the number of
environments. Environments were substituted for replications bec-
ause the cost of malting quality analyses precludes replicated te-
sting within environments. Multiple regression procedures (imple-
mented in the Statistical Analysis System, SAS Institute 1989)
were used to test the significance of two-locus interactions.

Results and discussion

Malting quality in parents and the doubled-haploid
population

Each of the eight environments that were sampled gave
distinct quality profiles (Table 1). Because QTL×environ-
ment interaction was significant only for two malt-extra-
ct-percentage QTLs on chromosome 5 (1H) (Fig. 1),
means across environments were used for QTL analysis.
Averaged across environments, Harrington and Morex
approached the US malting industry specifications (Table
2). Harrington had a lower grain protein percentage and
diastatic power activity, and a higher percentage of plump
grain, α-amylase activity, and malt-extract-percentage
than Morex. Both cultivars had the same test weight. The
two-rowed subpopulation had significantly (P<0.01)
plumper grains than the six-rowed subpopulation. Howe-
ver, the two-rowed and six-rowed subpopulations had
malting quality profiles contrary to expectations. The
two-rowed subpopulation had a significantly (P<0.01)
higher diastatic power, and grain protein percentage than
the six-rowed subpopulation (Table 2). The malt-extract-
percentage values for two subpopulations were not sig-
nificantly different. Both were lower than the lowest
malt-extract-percentage parent (Morex). Both subpopula-
tions had malt-extract-percentage values lower than in-
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Table 1 Means and standard deviations for seven grain and malting quality traits in Harrington, Morex and their doubled-haploid pro-
geny in eight environments. See text for definition of the environmentsa

Environ- Kernel plumpness (%) Test weight (kg hl−1 Grain protein (%) S/T protein (%)
ment

Parents DH Lines Parents DH Lines Parents DH Lines Parents DH Lines

H M µ σ H M µ σ H M µ σ H M µ σ

WA 95 91 84 81 14 67 65 63 2 12 14 14 2 34 31 30 6
SK95 84 85 76 14 66 66 63 2 12 14 13 1 36 32 35 5
MB95 87 80 78 19 64 65 64 3 11 13 13 1 38 37 32 6
WA96 94 72 76 21 68 69 67 2 12 13 14 1 33 37 35 5
OR96 94 90 80 18 71 71 70 2 10 10 10 1 43 44 42 5
ID96 92 93 84 16 70 69 67 2 14 15 14 3 33 33 31 6
SK96 79 67 71 23 64 66 64 4 12 14 14 1 38 37 35 6
MB96 90 96 88 10 66 65 64 2 11 14 14 1 45 34 38 8

Environment α-amylase (20° DU) Diastatic power (° ASBC) Malt Extract (%)

Parents DH Lines Parents DH Lines Parents DH Lines

H M µ σ H M µ σ H M µ σ

WA95 47 38 42 9 98 126 130 30 80 77 74 11
SK95 58 47 45 9 121 137 120 25 79 77 75 1
MB95 68 61 56 10 125 145 141 23 79 78 75 1
WA96 59 54 55 6 105 127 122 26 80 79 77 6
OR96 55 46 49 7 90 84 91 18 82 81 80 1
ID96 52 45 46 12 134 164 147 42 79 78 72 1
SK96 47 45 48 8 115 173 154 27 79 76 77 2
MB96 61 55 59 12 104 152 148 26 81 78 77 16

a For consistency with Tinker et al. (1996) and Mather et al. (1997) environments are coded as follows: letters identify the Canadian pro-
vince or US state, and numerals identify the year (1995 or 1996)
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Fig. 1 Scans of test statistics
(Y-axis) for simple interval
mapping (SIM, solid wider li-
nes), simple composite interval
mapping (sCIM, broken lines)
and QTL×environment interac-
tion( solid, thinner lines) for
the full population of DH lines
from Harrington×Morex. Scans
are shown for seven malting
traits, as indicated. Chromoso-
mes 1(7H), 2(2H), 3 (3H), 4
(4H), 5 (1H), 6 (6H), and 7
(5H) are shown left to right on
the X-axis. Horizontal lines in-
dicate thresholds for testing
SIM, estimated from 5000 per-
mutations. The parent giving
the higher value allele is shown
for each QTL peak (H=Har-
rington; M=Morex)

Table 2 Grain and malting quality data for Harrington, Morex, their 140 DH progeny, and the two-rowed and six-rowed subpopulations,
averaged over eight environments

Trait Parents Doubled-haploid progeny

Harrington Morex Two-rowed Six-rowed All lines

x– x– µ µ µ σ Min Max h2 a

Kernel plumpness 90 85 93 66** b 80 18 6 99 98
Test weight 67 67 66 64** 65 3 50 75 97
Grain protein 11 13 14 12** 14 1 11 17 79
S/T protein 38 36 35 38** 36 4 28 46 83
α-amylase 56 49 50 51* 51 6 34 67 84
Diastatic power 111 138 137 122** 130 17 94 178 83
Malt extract 80 78 77 77ns 77 2 69 80 25

a Estimated as the percentage of genetic variance attributable to DH lines environments as replications
b Significance of t-tests comparing the means of the two-rowed and the six-rowed subpopulations: ns=non-significant; * significant at
P<0.05; and ** significant at P<0.01
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Fig. 1 (continued)
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dustry specifications. α-amylase activities were sig-
nificantly different (P<0.05) between the two subpopula-
tions, and both were higher than the lower α-amylase-
activity parent (Morex). The estimates of heritability
were high for all traits except malt extract percentage
(Table 2). The phenotypic data from the DH population
suggest a disruption of the balance in malting quality
leading to increases in protein and enzymes levels. These
increases were not matched by an increase in malt extract
percentage, particularly in the two-rowed genotypes.

Detection of malting quality QTLs

All QTLs described in this report were significant with
SIM, and corresponding peaks were detected with sCIM.
QTLs for the seven components of malting quality were
detected in nine regions of the genome on five chromo-
somes. Coincident QTLs for more than one trait were
detected at four of these regions (Table 3, Fig. 1). The
subsequent discussion is presented in order of physical
grain characteristics, followed by grain protein percent-
age, S/T protein ratio, enzyme activities, and finally malt
extract percentage. Only one QTL for kernel plumpness
was detected. It explained 61% of the phenotypic variati-
on for this trait. This kernel plumpness QTL coincided
with the vrs1 locus and QTLs for test weight, grain pro-
tein percentage, S/T protein ratio and diastatic power.
Harrington contributed larger-value alleles for kernel
plumpness, test weight, protein percentage and diastatic
power, while Morex contributed higher-values alleles for
the S/T protein ratio (Table 3; Fig. 1). In addition to the
test-weight QTL on chromosome 2 (2H), two test-weight
QTLs were detected, one on chromesome 4 (4H) and one
on chromosome 7 (5H). QTLs for grain protein were
detected on chromosomes 2 (2H), 4 (4H), and 7(5H).

Coincident QTLs may be due to linkage or pleiotropy.
The two cannot be distinguished at the level of resoluti-
on afforded by this mapping population. In this case, in-
florescence architecture could determine the grain size
and the allocation of protein and enzymes to kernels. Al-
ternatively, the grain-protein-percentage, diastatic-po-
wer, and S/T-protein ratio QTL effects could be due to a
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Fig. 2 Skeleton map of the Harrington×Morex population after
(Hayes et al. 1997) but modified for chromosome 4 (4H) to in-
clude the int-c locus. QTL detected in the Harrington×Morex
(h/m); Steptoe×Morex (s/m) and Harrington×TR306 (h/t) popula-
tions are shown on the right of each linkage group. QTLs for the
h/m population include those detected in the full population and in
the two-rowed and six-rowed subpopulations (see test for details).
The parent contributing the higher value allele is marked with a+

sign. KP=Kernel plumpness; TW=Test weight; GP=Grain protein;
S/T Soluble/total protein; AA=α-amylase; DP=Diastatic power,
ME=Malt extract. QTLs detected in the h/t and s/m populations
are based on the report of Hayes et al. (1993) and Mather et al.
(1997). Loci on the left of each chromosome correspond to map-
ped genes that have a role in malting quality. Distances are in Ko-
sambi cM. Chromosome 3 (3H) is not shown because no malting
quality QTLs were detected on this chromosome in the Harring-
ton×Morex population

▲
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Fig. 3 Scans of test statistics for simple interval mapping (SIM)
from the two-rowed subpopulation (solid line) and the six-rowed
subpopulation (broken line). Scans are shown for malting quality
traits for which vrs1 locus had a significant effects. Chromoso-
mes 1 (7H) to 7 (5H) are shown left to right. Horizontal lines
show the SIM threshold estimated from 5000 permutations. The
parent giving the higher value allele is shown for each QTL peak
(H=Harrington; M=Morex)

gene, or genes, linked to the vrs1 locus. Since the vrs1
locus is located in the centromeric region of the chromo-
some, recombination is suppressed and conservation of
different alleles at loci in the two-rowed and six-rowed
germplasm groups could be expected. The allele values
at the coincident QTLs support the observed pattern of
phenotypes in the two-rowed and six-rowed subpopulati-
ons, with a higher test weight, percentage of plump
grain, grain protein percentage and diastatic power in the
two-rowed subpopulation and a higher S/T protein ratio
in the six-rowed subpopulation. The role of a conserved
linkage block around the vrs1 locus and/or pleitropic
effects of this locus are supported by the absence of mal-
ting quality QTLs at this region in other mapping popu-
lations which were derived from six-rowed×six-rowed or
two-rowed×two-rowed crosses (Fig. 2).

The int-c locus, the second determinant of in-
florescence type, mapped between KgE39M59.M06 and
HVM40 at a distance from the centromere corresponding
to that reported by Nilan (1964). Coincident QTLs and
alternative allele phases were detected for test weight,
grain protein percentage, S/T protein ratio and α-amyla-
se activity on chromosome 4 (4H) in the region of the
int-c locus (Fig. 2). Morex contributed the larger-value
allele for S/T protein ratio, while Harrington contributed
larger-value alleles for test weight, grain protein percent-
age and α-amylase activity. Higher-value alleles for
grain protein percentage and S/T protein ratio may or
may not be favorable for malting quality. Rather than
quantity, a specific balance is desired. No malting quality
QTLs mapped to this region of the genome in the ref-
erence populations where the parents are monomorphic
for inflorescence type, suggesting that these QTL alleles,
like those coincident with the vrs1 locus, are unique to
this two-rowed×six-rowed population. This also suggests
that these two traits are attributable to a pleiotropic effect
of the int-c locus, or to conservation of linkage blocks,
as in the case of kernel plumpness, test weight, grain
protein percentage, diastatic power, and S/T ratio on
chromosome 2 (2H).

The third region where a grain-protein-percentage
QTL was detected was at the centromeric region of chro-
mosome 7 (5H). This QTL was coincident with a test-
weight QTL. Morex contributed the higher-value allele
for both traits (Fig. 1). QTLs were also detected in this
region of the genome for multiple traits in the Steptoe×
Morex and Harrington×TR306 populations (Fig. 2). A
QTL for grain protein percentage was detected in this re-
gion in the Steptoe×Morex and Harrington×TR306 po-
pulations, where Morex and TR306 contributed the allele
with the larger value respectively (Fig. 2). Of the total
grain protein percentage, the soluble fractions and en-
zymes involved in hydrolysis are favorable for malting
quality. In addition to the S/T protein ratio QTLs on
chromosomes 2 (2H) and 4 (4H) that coincided with
grain protein percentage QTLs, a S/T-protein-ratio QTL
was detected on chromosome 7 (5H) that coincided with
a QTL for α-amylase activity. In both cases Harrington
contributed the larger-value alleles. This capacity of Har-

rington to produce a higher S/T ratio and α-amylase ac-
tivity than Morex was also apparent in the multi-environ-
ment parental means (Table 2). QTLs for malt extract
and kernel plumpness were found at this position in Har-
rington×TR306, where Harrington also contributed the
higher-value allele for malt extract percentage and
TR306 for kernel plumpness. In the same way an α-amy-
lase-activity QTL was detected in the Steptoe×Morex
population where Morex contributed the higher-value
allele.

The α-amylase-activity QTL on chromosome 4 (4H)
did not coincide with QTLs detected in Steptoe×Morex
or Harrington×TR306, but the α-amylase-activity QTL
on chromosome 7 (5H) coincided with a QTL detected
in Harrington×TR306. In both cases Harrington contri-
buted the higher-value allele. A diastatic-power QTL
was detected in the centromeric region of chromosome 1
and coincided with the region where a diastatic-power
QTL was detected in the Steptoe×Morex population
(Fig. 2). In Harrington×Morex, Morex contributed the
favorable allele, as it did in Steptoe×Morex.

Malt-extract-percentage QTLs were detected on chro-
mosomes 2 (2H) and 5 (1H). Neither coincided with
QTLs for other malting quality traits. The chromosome 2
(2H) malt-extract-percentage QTL, where Morex contri-
buted the favorable allele, was distal to a cluster of QTLs
determining multiple quality traits. The malt-extract-per-
centage QTL on the short arm of chromosome 5 (1H), in
which Harrington contributed the favorable allele, co-
incided with a malt-extract-percentage QTL detected in
the Steptoe×Morex population, where Morex contributed
the favorable allele. This position coincided with a ker-
nel-plumpness QTL in the six-rowed subpopulation and a
diastatic-power QTL in the Steptoe×Morex population.

With the exception of kernel plumpness, the proporti-
on of phenotypic variance (R2

p) accounted for by QTLs
for each trait was ≤40%. The largest values of R2

p were
for those traits where QTLs were coincident with the
vrs1 and int-c loci (kernel plumpness, test weight, grain
protein percentage, S/T protein ratio, α-amylase activity
and diastatic power). Considering the high estimates of
heritability (Table 2) these QTLs accounted for less than
50% of the genetic variance. The test for two-locus inter-
actions was significant between the vrs1 and int-c loci
for both grain protein percentage and S/T protein ratio.
The two-locus R2

p values were 52% and 48%, res-
pectively. These estimates of QTL effect may be biased
since larger populations and alternative QTL estimation
procedures may give better estimates of the QTL effect
(Melchinger et al. 1998).

▲
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Subpopulation analysis classified by the
inflorescence type

The only QTLs for grain protein percentage and S/T pro-
tein ratio that showed significant (P<0.05) two-locus in-
teractions were those coincident with the vrs1 and int-c
loci. In order to further explore this interaction and to
determine if the vrs1 locus was masking other QTLs, we
divided the total population into the two-rowed (n=72 li-
nes) and six-rowed (n=68 lines) subpopulations. In the
two-rowed subpopulation, two kernel-plumpness QTLs
were detected on chromosome 1 (7H) and 7 (5H) (Table
4, Fig. 2). Two new QTLs for test weight were detected
on chromosome 6 (6H). No other QTL mapped to this
chromosome in this population. QTLs for grain protein
percentage on chromosomes 1 (7H) and 2 (2H) were sig-
nificant and were also detected in the Steptoe×Morex
and Harrington×TR306 populations (Table 4, Fig. 2). At
the QTL on chromosome 1 (7H), Morex contributed the
higher-value allele in both populations. At the QTL on
chromosome 2 (2H) Harrington contributed the higher-
value allele. In the case of the six-rowed subpopulation,
two new kernel-plumpness QTLs were detected on chro-
mosome 5 (1H) (one of them coincident with a malt-ex-
tract QTL in the full population) and one on chromoso-
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Table 4 QTL locationa higher value alleleb, and percentage of phenotypic variance accounted for by QTLs in the two-rowed doubled-
haploid progeny of Harrington×Morex, averaged over eight environments

Phenotype Chromosome R2pc

1 (7H) 2 (2H) 6 (6H) 7 (5H)

Kernel plumpness ABC465-MWG2031M MSrh-ABC717M 12
ABG003b-ABC159bM

Test weight KgE33M61.399-KgE33M51.85H 18
KgE39M48-M002-KgE39M48.258H

Grain protein ABC465-MWG2031M MWG655e-CD064M MWG635d-ABC302aM 40
S/T protein ABG463-MWG851bH 21
Diastatic power ABC465-MWG2031M 34

a Flanking markers
b H=Harrington; M=Morex
c Multilocus percentage of variance explained

Table 5 QTL locationa higher value alleleb, and percentage of phenotypic variance accounted for by QTLs in the six-rowed doubled-ha-
ploid progeny of Harrington×Morex averaged over eight environments

Phenotype Chromosome R2pc

1 (7H) 4 (4H) 5 (1H) 7 (5H)

Kernel plumpness ABC801-CDO99H ABG003b-ABC159bM 35
MWG943-KgE33M51.88M

Test weight int-c-HVM40H MWG635d-ABC302aM 25
Grain protect int-c-HVM40H 22
S/T protein int-c-HVM40M MWG943-KgE3M51.88H ABG463-MWG851bH 37
Diastatic power ABC465-MWG2031M 9

a Flanking markers
b H=Harrington; M=Morex
c Multilocus percentage of variance explained

me 7 (5H) (coincident with a kernel-plumpness QTL
detected in the two-rowed subpopulation). Two test-
weight QTLs were detected, one on chromosome 4 (4H)
(in the region of int-c locus) and one in the centromeric
region of chromosome 7 (5H). This latter QTL was co-
incident with a QTL for grain protein percentage in the
two-rowed subpopulation, and with QTL for test weight
and grain protein percentage in the full population. The
same S/T protein ratio and diastatic power QTLs were
detected on chromosomes 1 (7H), (4H and 7 (5H) that
were detected in the full population.

The higher level of grain protein percentage observed
in Morex (Table 2), a feature of North American six-ro-
wed malting barleys compared with the two-rowed ty-
pes, may be due to alleles at the QTL on chromosome 7
(5H) (Table 3). At the grain-protein-percentage QTLs
detected in the two-rowed subpopulation, higher-value
alleles were contributed from Morex (Table 4). These
QTLs are coincident with QTLs detected in the Ste-
ptoe×Morex population. In the six-rowed subpopulation,
no new QTLs were detected.

In the case of the S/T protein ratio, no new QTLs
were detected in the two-rowed subpopulation. In the
six-rowed sub-population, a significant QTL was detec-
ted on chromosome 5 (1H) in the same region where an
α-amylase-activity QTL was detected in Steptoe×Morex



(Table 5, Fig. 2). The S/T-protein-ratio QTL on chromo-
some 7 (5H) is coincident with a S/T-protein-ratio QTL
detected in Harrington×TR306; in both cases Harrington
contributed the higher-value allele and it was significant
in both subpopulations. For diastatic power, one QTL
was detected in the full population and in both subpopu-
lations. This QTL coincided with a diastatic-power QTL
detected in the Steptoe×Morex population, and in both
cases Morex gave the larger-value allele.

Conclusions

Four out of seven of the malting quality QTLs we detec-
ted in the full Harrington×Morex population coincided
with malting quality QTLs detected in the Harrington×
TR306 and Steptoe×Morex populations. Favorable allele
phases were consistent at QTLs common to the three
mapping populations. The notable exceptions were
QTLs coincident with the vrs1 and int-c loci, confirming
the importance of linkage/or pleitropy. In feed×malt
crosses (e.g. Steptoe×Morex, Harrington×TR306) most
breeders would not expect positive transgressive seg-
regants for malting quality. In the case of Harring-
ton×Morex, since the parents are genetically distinct
malt standards, we hypothesized that we would recover
positive transgressive segregants. We found transgressi-
ve segregants for high-grain-protein percentage and
desirable transgressive segregants for high enzyme acti-
vity. Favorable transgressive segregants for malt-extract
percentage were not found. Malt-extract percentage is
the result of a balance of all the malting quality compo-
nents. Our detection of QTLs in association with, or as a
result of, the genes determining inflorescence type sug-
gests that integration of two germplasm groups disturbs
the balance of properties leading to malting quality.

Malting quality QTLs detected in this population co-
incided with the Amy2 locus on chromosome 1 (7H), the
hordein loci on chromosome 5 (1H), and the vrs1 and the
int-c loci. Are these candidate genes for the coincident
QTLs? On chromosome 1 (7H), recent work suggests
that the Amy2 locus is not the only determinant of mal-
ting quality QTLs in the Steptoe×Morex population (Han
et al. 1997). The hordein loci code for structural proteins
(von Wettstein-Knowles 1992) and their role in determi-
ning malt extract is not obvious. The association of the
vrs1 and int-c loci with malting quality QTLs could be
due to pleitropy or linkage drag. Distinguishing between
these alternatives will be complicated by suppressed re-
combination in the vicinity of the vrs1 locus on chromo-
some 2 (2H).

Because of the delicate balance of properties required
for malting quality, any modification of the balance that
results in higher or lower levels of a specific component
may lead to an unacceptable quality profile. In many ca-
ses, the malting and brewing industries demand a defi-
ned and static quality profile. In such situations, the
most-efficient breeding strategy may be one that uses
QTL information to maintain the specific configurations

of QTL alleles that lead to a target quality profile. To im-
plement such a strategy, markers could be used to retain
a particular genomic architecture for regions critical for
malting quality during the process of introgressing posi-
tive alleles for other target phenotypes, such as disease
resistance and productivity traits.
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