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Abstract A better understanding of the genetics of com-
plex traits, such as yield, may be achieved by using mo-
lecular tools. This study was conducted to estimate the
number, genome location, effect and allele phase of
QTLs determining agronomic traits in the two North
American malting barley (Hordeum vulgare L.) quality
variety standards. Using a doubled haploid population of
140 lines from the cross of two-rowed Harringtonxsix-
rowed Morex, agronomic phenotypic data sets from nine
environments, and a 107-marker linkage map, we per-
formed QTL analyses using simple interval mapping and
simplified composite interval mapping procedures. Thirty-
five QTLs were associated, either across environments
or in individual environments, with five grain and agro-
nomic traits (yield, kernel plumpness, test weight, head-
ing date, and plant height). Significant QTL xenviron-
ment interaction was detected for all traits. These inter-
actions resulted from both changes in the magnitude of
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response and changes in the sign of the allelic effect.
QTLs for multiple traits were coincident. The vrsl locus
on chromosome 2 (2H), which determines inflorescence
row type, was coincident with the largest-effect QTL
determining four traits (yield, kernel plumpness, test
weight, and plant height). QTL analyses were also con-
ducted separately for each sub-population (six-rowed
and two-rowed). Seven new QTLs were detected in the
sub-populations. Positive transgressive segregants were
found for al traits, but they were more prevalent in the
six-rowed sub-population. QTL analysis should be use-
ful for identifying candidate genes and introgressing
favorable alleles between germplasm groups.

Keywords Hordeum vulgare - Two-rowed - Six-rowed -
Agronomic traits - Quantitative trait loci

Introduction

In many crop species there is limited genetic variation
for economically important traits due to domestication
bottlenecks and intensive post-domestication selection
(Ladizinsky 1985). In order to maintain rates of gain
from selection for agronomic performance traits, to meet
challenges posed by new biotic stresses, and to increase
productivity in the face of abiotic stresses, it may be nec-
essary to introgress new alleles from distinct germplasm
groups within the cultivated germplasm pool, from exo-
tic germplasm, or from crop relatives (Tanksley et al.
1989). Examples of distinct germplasm groups within
cultivated germplasm pools include the flint and dent
germplasm pools in maize (Mangelsdorf 1974) and the
two-rowed and six-rowed germplasm pools in barley
(Powell et al.1990; Takahashi et al. 1975).

In barley each rachis node has three spikelets, each of
them bearing one floret. The two-rowed and six-rowed
germplasm groups are defined by the number of fertile
florets per rachis node. In two-rowed barley there is one
fertile floret per rachis node, whereas in six-rowed bar-
ley all three florets are fertile (Hitchcock 1971). Lateral
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floret fertility is determined by alleles at the vrsl and
int-c loci on chromosomes 2 (2H) and 4 (4H), respec-
tively (Franckowiak and Lundqvist 1997; Komatsuda et
al. 1999). There are epistatic interactions among alleles
at these loci such that the Vrs1Vrsl int-cint-c genotype
has a two-rowed inflorescence phenotype, the vrslvrsl
Int-clnt-c has a six-rowed phenotype, and the hetero-
zygotes exhibit a range of intermediate phenotypes
(Franckowiak and Lundqvist 1997; Lundgvist and
Franckowiak 1997; Nilan 1964). Most barley varieties of
commercia importance are inbred lines and are thus six-
rowed or two-rowed. This simple genetic system defines
the two principal germplasm groups of barley, and these
germplasm groups have historically defined end use.
Two-rowed barleys are favored for malting throughout
most of the world except the USA and Mexico, where
six-rowed barleys are used extensively for this purpose
(Riggs and Kirby 1978).

Malting quality is a complex multi-component trait
(Thomas et al. 1996). Stringent quality specifications
have led to a very narrow genetic base within the two-
rowed and six-rowed malting germplasm pools and a
higher degree of genetic distance between the germ-
plasm pools. There has recently been afocus on breeding
for defined feed and human food quality specificationsin
barley (Blake and Bowman 1999; Harten 1998) but his-
torically the primary objective of feed barley improve-
ment was grain yield, and to some extent kernel quality,
as measured by test weight and kernel size. As a conse-
guence, genetic diversity studies have revealed less vari-
ability in malting barley germplasm than in feed barley
germplasm (Hayes et al. 1997; Saghai-Maroof et al.
1994).

Two-rowed varieties usually have a higher number of
tillers per plant and larger, heavier seed than six-rowed
varieties. Six-rowed varieties, on the other hand, usually
have more seeds per inflorescence. Thus the compensa-
tory effects of yield components lead to similar levels of
yield potential. However, historical patterns of geograph-
ic distribution and end-use of the two-rowed and six-
rowed germplasm groups have led to the idea that the
two germplasm groups carry different alleles at other
loci in addition to those determining lateral floret fertili-
ty (Takahashi et al. 1975). Accordingly, crosses between
the two germplasm groups could be expected to produce
positive transgressive segregants for economically im-
portant phenotypes. The experience of plant breeders,
however, has generally been that two-rowedxsix-rowed
crosses are not suitable for variety development (Kjaer
and Jensen 1996). Allard (1988) concluded that **Evi-
dently the two-row/six-row locus affects developmental
processes in ways that leave few quantitative characters
untouched” and *‘this locus had large effects on survival
and adaptedness’. Large pleiotropic effects on multiple
phenotypes are attributed to alleles at the vrsl locus
based on studies of the progeny of two-rowedxsix-rowed
crosses (Kjaer and Jensen 1996; Jui et al. 1997). Howev-
er, it is possible that the correlated phenotypes are due to
linkage rather than pleiotropy. It is difficult to distin-

guish between these phenomena in the case of the vrsl
locus which is located, on linkage maps, near the centro-
mere (Robertson et a. 1965). On the physical map of
Kuenzel et a. (2000), however, the vrsl locus is located
in one of the higher recombination regions on the long
(minus) arm of chromosome 2 (2H). Powell et al. (1990),
in a comparative analysis of two types of cross progeny
from a six-rowedxtwo-rowed cross, concluded that some
associations between quantitative phenotypes and the
vrsl locus were due to linkage rather than pleiotropy.

Molecular markers have facilitated the dissection of
guantitative traits via quantitative trait locus (QTL) anal-
ysis procedures. QTLs for a range of economically im-
portant phenotypes are reported throughout the genome
(Hayes et al. 1993; Mather et a. 1997; Powell et al.
1990; Tinker et al. 1996) including the region of chro-
mosome 2 (2H) where vrsl is located (Zhu et al. 1999).
QTL studies based on progeny of two-rowedxsix-rowed
crosses consistently report determinants of agronomic
and malting quality traits in regions coincident with the
vrsl and int-c loci (Jui et al. 1997; Kjaer and Jensen
1996; Marquez-Cedillo et al. 2000; Powell et al. 1990).

The North American Barley Genome Mapping Pro-
ject (NABGMP) has supported QTL analysis of malting
and agronomic traits in three reference populations of
doubled haploid lines derived from the following
crosses: SteptoexMorex (Hayes et al. 1993), Harringtonx
TR306 (Mather et al. 1997; Tinker et a. 1996); and
HarringtonxMorex (Hayes et al. 1997; Marquez-Cedillo
et a. 2000). Steptoe and Morex are six-rowed varie-
ties. Harrington and TR306 are two-rowed varieties.
Harrington and Morex, respectively, are the two-rowed
and six-rowed malting quality standards for North Ame-
rica. Steptoe and TR306 do not have acceptable malting
quality profiles, but they have desirable agronomic attri-
butes. In the progeny of SteptoexMorex and Harringtonx
TR306, agronomic and malting quality QTL mapped to
all chromosomes (Hayes et a. 1993; Mather et al. 1997,
Tinker et al.1996).

The objectives of the investigation reported here were
to estimate the number, genome location, effect and al-
lele phase of QTLs for grain and agronomic traits in the
HarringtonxMorex population and to use this informa-
tion to determine (1) the relationships of the loci deter-
mining inflorescence type with agronomic traits and (2)
the consistency of QTL significance and alele phase
among three mapping populations, SteptoexMorex,
HarringtonxTR306 and HarringtonxM orex.

Materials and methods

One hundred and forty doubled haploid (DH) lines were produced
from the F; of HarringtonxMorex by the Hordeum bulbosum
method (Chen and Hayes 1989). One hundred and six markers
were used for construction of a base map, with a target density of
10 cM (Hayes et al. 1997). The int-c locus was added to this map.
To map this locus, we scored DH lines as homozygous recessive
(Harrington aleles) when laterals were small and had no anthers
or awns. DH lines were scored as homozygous dominant (Morex
aleles) when laterals were large, sessile, and had anthers and long



awns. The 107-point map and multiple environment malting quali-
ty data sets were used for QTL analysis of malting quality
(Marquez-Cedillo et al. 2000). We used the same map for the QTL
analysis of agronomic traits.

The DH lines and parents were grown in nine environments:
four locations in 1995 [Pullman, Wash. (WA95), and Klamath
Falls, Ore. (OR95), USA; Saskatoon, Sask. (SK95), and Brandon,
Man. (MB95), Canada] and five locations in 1996 [Pullman,
Wash. (WA96); Pendleton, Ore. (OR96), and Aberdeen, ldaho
(ID96), USA; Saskatoon, Sask. (SK96) and Brandon, Man.
(MB96), Canada). Plot size, seeding rate, and management were
in accordance with local practice. Plots at Klamath Falls and
Aberdeen were irrigated, while plots at other locations received no
supplemental irrigation. Two replications were used in 1996 at
Aberdeen, Pendleton, and Pullman; a single replication was used
at the other sites.

Four agronomic traits — yield, kernel plumpness, test weight,
and plant height — were scored in nine environments. Heading date
was measured at all sites except Pendleton. Yield was measured as
the weight of grain harvested per plot and converted to kilograms
per hectare. The percentage of plump kernels was determined by
weighing grain remaining on a 0.24x1.91-cm dlotted sieve after 30
cycles of shaking a 100-g sample on a Seedburo Strand sizer/shaker.
Test weight was measured as the weight of grain contained in a
1-quart cylinder and converted to kilograms per hectoliter. Heading
date was measured as the number of days from planting until emer-
gence of 50% of the inflorescences in each plot. Plant height was
measured, in centimeters, from the soil surface to the tip of the in-
florescence (excluding awns).

QTL analyses were performed using 5,000 permutations for
the simple interval mapping (SIM) and simplified composite inter-
val mapping (sCIM) procedures of MQTL (Tinker and Mather
1995). Individual and joint additive effects of QTLs were used to
estimate the percentage of phenotypic variation (R%,) accounted
for by significant QTLs. In this report we focus on primary QTLs
(sensu Mather et al. 1997). These are QTLs where there were co-
incident peaks with both SIM and sCIM analysis, and the SIM
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peaks exceeded the significance threshold (P<0.05). When signifi-
cant (P<0.05) QTLs were coincident with the vrsl locus, separate
QTL analyses were performed for both the two-rowed (Vrs1Vrsi;
n=72) and six-rowed (vrslvrsl; n=68) sub-populations and the
Int-c Int-c (n=69) and int-c int-c (n=71) sub-populations. Esti-
mates of heritability were calculated as h?=02/(02,+02 /e+a?re),
where r=number of replications; e=number of environments, 62, is
the additive genetic variance among DH lines; 02,.=geneticxenvi-
ronment interaction variance; and o2,=non-genetic variance. Since
the number of replicates was not equal at all locations, the re coef-
ficients and estimates of 02, and 02, were obtained, respectively,
from VARCOMP Type-l and REM?_ procedures implemented in
SAS (SAS Institute 1989). Multiple regression procedures (imple-
mented in SAS) were used to test the significance of two-locus in-
teractions.

Results and discussion
Quantitative traits

There were large differences, in terms of both mean and
standard deviation, for all agronomic traits (Table 1).
Averaged over environments, Harrington was higher
yielding, had a higher percentage of plump kernels, was
later to head, and shorter than Morex (Tables 1, 2). Aver-
aged across environments, frequency distributions were
continuous, with the exception of percentage of plump
kernels (Fig. 1). The phenotypic frequency distributions
and mean values for the two-rowed (Mrsl\rsl Int-clnt-c
and WrslVrsl int-cint-c) and six-rowed (vrslvrsl Int-
cint-c and wrslvrsl int-cintc) sub-populations of DH
lines were significantly different, and in some cases dif-

Table 1 Means and standard

deviations for five agronomic Environment  Yield (kg hal) Kernel plumpness (%) Test weight (kg hl-1)

traits in Harrington, Morex, _ . .

and tr:eir 140| d%ubled haploid ParentsP DH Lines Parents" DHLines  Parents® DH Lines

DH) progeny in nine environ-

fnenzsﬁ’ geny H M M o H M (VI H M n o
WA 95 4,737 3,647 4,287 528 91 84 81 14 67 65 63 2
SK 95 4,822 4,665 4,342 665 84 8 76 14 66 66 63 2
MB 95 4,745 3,079 4,041 759 87 80 78 19 64 65 64 3
OR 95 4,822 3,899 4,235 998 94 72 76 21 68 69 67 2
WA 96 4,424 3,432 3,554 547 94 90 80 18 71 71 70 2
SK 96 4,676 3,674 3,982 559 79 67 71 23 64 66 64 4
MB 96 6,371 6,627 6,020 737 92 93 84 16 70 69 67 2
OR 96 6,502 3,776 4,042 714 94 90 80 18 71 71 70 2
ID 96 8,775 6,726 6,738 941 90 96 88 10 66 65 64 2
Environment Heading date (days) Plant Height (cm)

ParentsP DH Lines Parents”  DH Lines
H M o H M o

aFor consistency with Tinker H a

etal. (1996) and Mather etal. — wp g5 172 165 167 3 86 94 98 13

(1997) environmentsare coded ¢ g5 190 187 189 2 80 97 89 8

asfollows: lettersidentify the g g5 193 190 191 2 64 8 80 7

Canadian province or USstate  oR 95 200 186 193 4 75 85 84 10

and numerals identify theyear  \w g6 187 182 185 2 87 94 92 8

(1995 or 1996). Heading date 5 g6 194 190 193 2 9 111 108 9

was measured in eight environ- v 96 182 177 180 2 69 9 90 8

mentsonly. See Materialsand R g6 _ _ _ _ 75 90 90 10

methods for definition of codes | gg 187 181 176 2 94 111 101 8

bH, Harrington; M, Morex
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Table 2 Means, standard deviations and heritabilities for five agronomic traits in Harrington, Morex, their 140 DH progeny, and the
two-rowed and six-rowed sub-populations, averaged over nine environments

Trait Parents? Doubled haploidprogeny

H M Two-rowed Six-rowed All lines

sub-population  sub-population

X X v v v (o} Minimum  Maximum  h2 (%)b
Yield (kg ha-1) 5539 4,391 4,386 4,791**¢ 4582 595 3,166 5,693 83
Kernel plumpness (%) 90 85 93 66** 80 18 6 99 98
Test weight (kg hl-1) 67 67 66 64** 65 3 50 75 97
Heading date (days) 188 182 185 183** 184 9 160 200 92
Plant height (cm) 81 96 95 89** 92 12 55 132 95

aH, Harrington, M, Morex
b Estimated as the percentage of phenotypic variance attributable
to DH lines using environments as replications

Table 3 Agronomic trait QTL location?, higher value alleleb, and
percentage of phenotypic variance explained by QTL(s) (RZ) in
the DH progeny of HarringtonxMorex. Analyses are based on nine

¢ Significance of t-tests comparing the means of the two-rowed
and the six-rowed subpopulations: ** P<0.01

environments for yield, kernel plumpness and test weight, and
eight environments for heading date

Phenotype Chromosome R2,

(%)

2 (2H) 3(3H) 4 (4H) 7 (5H)

Yield vrsl-MWG503M 8
Kernel plumpness Hvbkasi-vrsiH 61
Test weight Hvbkasi-vrs1H ABG003a-MWGO58H MWG635d-ABC302aM 27
Heading date B15c-ABC162H 32
Plant height Hvbkasi-vrs1H ABG462-PSR156aM int-c-Phy2H MWG635d-ABC302aM 44

aFlanking markers bH Harrington; M, Morex

ferent, from the corresponding parent. The six-rowed
sub-population was significantly (P<0.05) higher yield-
ing, later and shorter than the two-rowed sub-population
(Table 2, Fig. 1). Kernel plumpness and test weights of
the six-rowed sub-population were significantly lower
than those for the two-rowed sub-population and were
lower than the six-rowed parent. There were positive and
negative transgressive segregants for all traits. Estimates
of heritability across environments were high for all
traits (Table 2). Heritabilities for individual environ-
ments where replications were used were aso high. For
example, grain yield heritability estimates ranged from
55% (1D96) to 76% (OR96), and plant height estimates
ranged from 61% (WA 96) to 86% (OR96).

In summary, the agronomic phenotypic data were
quite consistent and, with the exception of kernel
plumpness, support complex inheritance. In the case of
kernel plumpness, there was a continuous distribution of
values within the six-rowed sub-population. In the two-
rowed sub-population, the sieve size used precluded
separation of the positive phenotypic transgressive se-
gregants falling into the 100% plump grain class. The
significant differences between the two-rowed and six-
rowed sub-populations for all agronomic traits indicated
that loci determining inflorescence type (vrsl and the
int-c) and/or linked loci affect multiple characters. The
distribution of values within each sub-population sug-

¢Multilocus percentage of variance explained by QTLs

gests that loci in addition to vrsl and int-c (and/or
linked loci) are also involved.

QTL analysis

In the analysis of the five agronomic traits across envi-
ronments, a total of ten significant QTLs were detected
(Table 3, Fig. 2). The number of QTLs detected for each
trait ranged from one to four. The ten QTLs were signifi-
cant (P<0.05) with the SIM analysis, and coincident
peaks were detected with the sCIM analysis. In addition,
there were QTLs that approached, but did not reach, the
SIM significance threshold. Higher sCIM peaks were co-
incident with SIM peaks, but as indicated by Tinker and
Mather (1995), sCIM significance thresholds cannot be
established with multiple environment data sets. Single
QTLs were detected for yield, kernel plumpness, and
heading date. All were on chromosome 2 (2H). The
yield, kernel plumpness, test weight, and plant height
QTLs were flanked by the vrsl locus. The heading date
QTL was 19 cM from the yield QTL and 2.3 cM from
the kernel plumpness, test weight, and plant height QTL
(Fig. 3). In addition to the QTL on chromosome 2 (2H),
two other QTLs for test weight were detected, one on
chromosome 4 (4H) and one on chromosome 7 (5H).
The chromosome 4 (4H) test weight QTL was 43 cM
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Fig. 1 Phenotypic frequency distributions for five agronomic
traits in the doubled haploid (DH) progeny of HarringtonxMorex
divided by inflorescence row type into two-rowed and six-rowed
sub-populations. Distributions are based on nine environments of
data for yield, kernel plumpness, test weight, and plant height and
eight environments for heading date

from the int-c locus. Four QTLs were detected for
plant height, one each on chromosomes 2 (2H), 3 (3H),
4 (4H), and 7 (5H) (Table 3).

The percentage of variance explained by the signifi-
cant QTLs (R2,) was low for grain yield (8%) and

reached a maximum of 61% for kernel plumpness. Con-
sidering the high heritability (h?) estimates (Table 2), a
substantial portion of the genotypic variance for grain
yield remains unexplained. This could be due to bias at-
tributable to small population size (Melchinger et al.
1998; Utz et a. 2000) and/or effects of undetected
QTLs, and/or QTL interaction. When the grain yield
QTL on chromosome 1 (7H) and chromosome 3 (3H),
which approached the SIM significance threshold, were
included in the calculation of R?, the value reached
15%. The R?; values for test weight, heading date, plant
height, and kernel plumpness were progressively higher,
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Fig. 2 Scans of test statistics (Y-axis) for simple interval mapping
(SIM, solid wider lines), simple composite interval mapping
(sCIM, broken lines) and QTLxenvironment interaction (solid,
thinner lines) for the full population of HarringtonxMorex DH
lines. Scans are shown for five agronomic traits as indicated.
Chromosomes (C) 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
indicate thresholds for testing SIM, estimated from 5,000 permu-
tations. The parent giving the higher value allele is shown for each
QTL peak (H Harrington, M Morex)

ranging from 27% to 61% (Table 3). The coincident
QTLs, flanked by the vrsl locus, for all traits except for
heading date support the role of the vrsl locus, or of
tightly linked loci, in multiple traits. Nevertheless, the
presence of additional significant QTLs, and of the ge-
netic variance that remains unexplained, suggests that

other genes are also determinants of these traits. The
chromosome 2 (2H) heading date QTL — 26.6 cM from
the vrsl locus —is not as likely a candidate for pleiotropy
versus linkage with vrsl. Allele phases at the chromo-
some 2 (2H) QTL are consistent with the parental pheno-
types. Morex contributed the higher value allele for grain
yield, and six-rowed genotypes have three fertile florets
per rachis node whereas the two-rowed genotypes have
only one. Likewise, Harrington contributed the higher
value alleles for kernel plumpness and test weight, and
two-rowed genotypes typicaly have higher values for
these traits than six-rowed genotypes, due to their more
uniform kernel size and weight. Harrington was, on aver-
age, 6 days later than Morex, and it contributed the later
allele for heading date. The exception to this pattern was
plant height where Harrington — the shorter parent — con-
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included this interaction, plus the four significant main

tributed the higher value alleles at two out of four plant

height QTLs.

effect QTLs, explained 62% of the phenotypic variance.

Even with arobust set of environments, a large popu-
lation, and a trait of high heritability, there may still be
bias in QTL estimation (Utz et a. 2000). We sampled a

Pairs of significant QTLs for each trait were tested for
significant (P value <0.05) two-locus interaction. Only

the interaction between vsrl and int-c loci for plant

height was significant (P value <0.01). The model that broad and representative set of environments. Heritabili-
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R2
47
44
30
35
28
47
33
53
39

(%

MWG635d-ABC302aM
MWG635d-ABC302aM
MWG635d-ABC302aM
ABG003b-ABC159pM

MWG635d-ABC302aM

7 (5H)

ABG452-KgE33M59.222M

6 (6H)

ABG003a-MWG058H
int-c-Phy2H
ABG003a-MWG058H
HVM68-ABG472H

int-c-Phy2H
ABG003a-MWG058H

int-c-Phy2H
int-c-Phy2H
int-c-Phy2H
ABG472-MWG655cH
int-c-Phy2H
ABG003a-MWG058H

5 (1H)

ABC171b-ABG471M
ABG462-PSR156aM
ABG462-PSR156aM
ABG462-PSR156aM
ABG462-PSR156aM
ABG462-PSR156aM
ABC171b-ABG471M
ABG462-PSR156aM

4 (4H)
¢Multilocus percentage of variance explained by QTLs

Hvbkasi-vrsH
Hvbkasi-vrs1H
B15c-ABC162H
Hvbkasi-vrsH
Hvbkasi-vrs1H
Hvbkasi-vrs1H
B15c-ABC162H
Hvbkasi-vrsiH
Hvbkasi-vrs1H
Hvbkasi-vrs1H

3(3H)

bH Harrington; M, Morex

ABC465-MWG2031M

Chromosome
2 (2H)

Table 4 (continued)
Phenotype
Environment
Plant height

WA 95

SK 95

MB 95

OR 95

WA 96

SK 96

MB 96

OR 96

ID 96

aFlanking markers
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ty estimates were high but our population size was small
according to the criteria of Utz et al. (2000). Recogniz-
ing this limitation, we present individual environment
datain Table 4 to make several points. First, limited test-
ing can lead to afailure to detect "large-effect” QTL. For
example, the yield QTL coincident with the vrsl locus
was only significant in four of nine environments. Sec-
ond, measurement of related, or component, phenotypes
is warranted. For example, although the chromosome
2 (2H) yield QTL was significant in only a subset of en-
vironments, the QTLs for kernel plumpness and test
weight, related with yield, were significant in al and
eight out of nine environments, respectively. Findly,
QTLs may be significant in only a subset of the total
number of test environments, but these QTLs coincide
with QTL for the same trait detected in related popula-
tions. For example, the chromosome 3 (3H) yield QTL
was significant in only two of nine environments, but it
coincides with the largest-effect QTL detected in the
SteptoexMorex population (Table 4, Fig. 3). In the indi-
vidual environment analyses, we found 25 additional
QTLs that were undetected in the combined analysis. In
general, R2, values were higher in the individual analys-
es than in the joint analysis (Table 4). In the combined
analysis (Table 3), only two QTL regions had QTLs co-
incident for two or more traits — on chromosome 2(2H)
and 7 (5H) — but in the individual environment analysis
(Table 4) there were additional QTL regions associated
with multiple traits. For example, the yield QTLs on
chromosomes 4 (4H) and 5 (1H) were also coincident
with test weight QTLs. Morex contributed the favorable
allele for yield, while Harrington contributed the favor-
able alele for test weight. The heading date QTL on
chromosome 2 (2H) was also coincident, in two environ-
ments, with a plant height QTL. In this case Harrington
contributed the larger value aleles for both traits. The
heading date QTLs on chromosomes 3 (3H) and 7 (5H)
have common flanking markers with a plant height QTL.

QTL xenvironment (E) interaction

QTLxE interaction was significant for al traits, and
QTLXE peaks generaly coincided with QTL main effect
peaks, except for a grain yield QTL on chromosome
5 (1H) (Fig. 2). At this QTL, Morex contributed the
larger value alele in six environments, while Harrington
contributed the larger value allele in the other three envi-
ronments (WA95, SK95, and OR95). In this case, there
was no significant main effect QTL in the joint analysis
of al environments. For the chromosome 2 (2H) yield
QTL coincident with the vrsl locus, Morex contributed
the higher value allele in eight environments and
Harrington the larger value allele in one environment
(WA95). In this case, there was a significant main effect
QTL in the joint analysis of all environments. QTLXE
due to changes in magnitude of QTL effect characterized
most of the interactions in this experiment. With this
type of interaction, it is necessary to decide if aQTL has
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Table5 QTL locationa higher value aleleb, and percentage of
phenotypic variance (R?°) explained by QTL(s) in the two-rowed
doubled haploid progeny of HarringtonxMorex, across eight envi-

ronments for heading date and nine environments for kernel
plumpness, test weight, and height. No yield QTLs were detected
in this sub-population

Phenotype Chromosome R2,

(%)
1 (7H) 3(3H) 6 (6H) 7 (5H)
Kernel plumpness ABC465-MWG2031M MSrh-ABC717M 12
ABGO003b-ABC159bM
Test weight KgE33M61.399-KgE33m51.85H 18
KgE39M48-M002-K gE39m48.258H

Height ABG462-PSR156a! 30

aFlanking markers bH Harrington; M, Morex b Multilocus percentage of variance explained by QTLs

Table6 QTL location?, higher

value alleleb, and percentage of ~ Phenotype Chromosome R%p

henotypic variance (R2°) ex-

(%)

5 (1H) 7 (5H)

plained by QTL(s) in the six- 4 (4H)
rowed DH progeny of Harring-

tonxMorex, across nine envi- Kernel plumpness

ronments for kernel plumpness . .

and test weight. Neither yield ~ Test weight int-c-Phy2H

ABCB801-CDO99H
MWG943-K GE33M51.88M

ABG003b-ABC1590M 35
MWG635d-ABC302aM 25

nor plant height QTLs were de-

tected in this sub-population aFlanking markers

bH Harrington; M, Morex

¢Multilocus percentage of variance explained by QTLs

sufficient effect on the phenotype to warrant selection. In
cases where the favorable allele phase changes, breeding
objectives will be different for environments in which al-
ternative aleles have favorable effects. Zhu et a. (1999)
reported favorable alele phase changes at yield QTLs
within a sample of environments that was relatively ho-
mogeneous geographically. This degree of interaction
will further complicate breeding schemes built on QTL
information.

Two-row/six-row sub-population analyses

In order to explore the effects of the two loci that
determine inflorescence morphology on the quantitative
traits studied, we performed QTL analyses in the sub-
populations sorted by the alelic combinations at these
two loci. In the first case, QTL analyses were performed
on the full population (140 DH lines) sorted by vrsl
(72 Vrslvrsl and 68 vrslvrsl lines, respectively) for
traits where the vrsl locus had a significant effect (yield,
kernel plumpness, test weight, and height) (Tables 5 and
6, Fig. 4). No new yield QTLs were detected in either of
the sub-populations (Tables 5 and 6). In the two-rowed
sub-population, three new kernel plumpness QTLs were
detected, one on chromosome 1 (7H) and two on chro-
mosome 7 (5H) (Table 5, Fig. 4). One of the QTLs on
chromosome 7 (5H) was coincident with a kernel plump-
ness QTL in the six-rowed sub-population. In the six-
rowed sub-population, two additional kernel plumpness
QTLs were detected on chromosome 5 (1H) (Table 6,
Fig. 4). Two test weight QTLs were detected in the two-
rowed sub-population on chromosome 6 (6H). One of

these QTLs was coincident with a test weight QTL de-
tected in the full population in three environments (Table
3). Two test weight QTLs were detected in the six-rowed
sub-population. One of these was flanked by the int-c lo-
cus, and the other mapped to the short arm of chromo-
some 7 (5H), where a coincident test weight QTL was
detected in the full population. Only one plant height
QTL was detected in the two-rowed sub-population, and
it was coincident with a plant height QTL in the full pop-
ulation on chromosome 3 (3H). No plant height QTLs
were detected in the six-rowed sub-popul ation.

Although the only significant QTL coincident with
int-c was for plant height, in order to further explore the
effects of thislocus (and linked loci) on agronomic traits,
we sorted the full population by int-c alele configuration
(69 Int-clnt-c and 71 int-cint-c). No new QTLs were de-
tected in these sub-populations. For al traits except plant
height, the only significant QTLs were on chromosome
2 (2H) and coincided with the locations of the QTLs de-
tected in the full population. For plant height, QTLs
were detected on chromosomes 2 (2H) and 3 (3H) and
coincided with those in the full population (data not
shown).

Coincidence of QTLsin HarringtonxMorex with QTLs
in related populations

One of the objectives of this study was to determine the
consistency of QTL significance in the three NABGMP
mapping populations sharing common parents. QTLs for
agronomic traits significant in each of the three mapping
populations are shown on the HarringtonxMorex map in
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Fig. 3. A total of 31 QTL regions were detected when
the three populations and the QTLs detected in the
HarringtonxMorex two-rowed and six-rowed sub-popu-
lations were considered. Out of 31 regions, 14 were co-
incident in at least two populations, considering all agro-
nomic traits, and nine were coincident for the same trait.
The only QTL coincident in the three populations was
the chromosome 5 (1H) yield QTL bracketed by
ABC159c and MWG912. The QTLs on chromosome
2 (2H) coincident with the vrsl locus were unique to the
HarringtonxMorex population. These data suggest that
these two accessions, representing the two-rowed and
six-rowed germplasm groups, may carry aternative al-
leles at agronomic trait loci throughout the genome.

However, the largest and most consistent QTL effects
were associated with the vrsl locus.

Conclusions

The results presented in this study are consistent with
previous reports on the relationship of inflorescence type
and multiple agronomic traits in barley (Jui et al. 1997;
Kjaer and Jensen 1996; Powell et al. 1990) on the effects
of the loci determining inflorescence type (vrsl and
int-c) on multiple agronomic traits. Our QTL analysis of
agronomic traits could not distinguish between linkage
and pleiotropy for yield, kernel plumpness, test weight,
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Table 7 Agronomic data? and allele architecture for the five highest and five lowest yielding DH linesin the HarringtonxMorex population

Line Headtype Yield Kernel Test Heading Plant  Closest marker and parent contributing the allele for each markerP
no. (kg hal) plumpness weight date height
(%) (kg hl-1) (days) (cm) vsrl PSR156a ABGO0003a CMWG706 ABC159¢ MWG635d
Mc  He Me¢ Mc Mc He
Five DH lines high yielding
31 Six-rowed 5,693 70 64 186 8 M H M M M H
22 Six-rowed 5,413 75 65 182 7 M H M M M H
83 Six-rowed 5,386 62 66 183 8 M H H M M M
84 Two-rowed 5,379 88 66 186 84 H H H H H H
116 Six-rowed 5,353 67 64 183 86 M M M M M H
Five DH lines low yielding
122 Two-rowed 3,166 88 67 186 93 H M H H H M
106 Two-rowed 3,270 95 65 188 113 H M H M M M
35 Two-rowed 3,391 89 66 186 106 H M H H H M
91 Six-rowed 3,452 78 67 184 % M M M H H -
75 Two-rowed 3,483 95 65 185 % H M M M M H

a Averaged over nine environments for yield, kernel plumpness, test
weight and plant height, and eight environments for heading date

and plant height. Phenotypic analyses of vrsl near-iso-
genic lines have not been able to distinguish between the
effects of linkage and pleiotropy (Takahashi et a. 1975).
Molecular marker analysis of these stocks is warranted
and could assist in cloning the vrsl and int-c genes. This
would alow for complementation tests involving these
loci and characterization of linked loci. Our data suggest
that the QTL determining heading date is distal to the
vrsl locus on the long arm of chromosome 2 (2H).

Other QTLs in addition to those associated with the
vrsl and int-c loci were detected, suggesting that the two-
rowed and six-rowed North American malting quality
standards varieties carry different aleles at loci distribut-
ed throughout the genome. Analysis of the two-rowed
and six-rowed sub-populations, and of the data from indi-
vidual environments, revealed additional QTLS, but these
estimates may be biased by sampling and population size.

Previous reports described difficulties in obtaining
agronomically acceptable lines from two-rowedxsix-
rowed crosses (Jui et al. 1996; Powell et al. 1990;
Takahashi et a 1975). Our data indicate that the yield of
six-rowed genotypes should be improved by the intro-
gression of alleles at QTLs where Harrington contributed
favorable alleles. However, due to the consistent advan-
tage of Morex alleles at the vrsl locus and/or linked re-
gions, it would be difficult to improve yield of two-
rowed genotypes. Four out of the five highest yielding
lines were six-rowed, while four out of the five lowest
yielding were two-rowed (Table 7). Higher value allele
phases for those genotypes generally follow predicted
patterns except for the anomalous two-rowed and six-
rowed types in the high-yielding and low-yielding
groups, respectively. The other determinant of inflores-
cence morphology (int-c) does have an effect on yield,
but in this case it is limited and its interaction with the
vrsl locus is not significant. Other QTLs in addition to
those associated with determinants of inflorescence mor-
phology had an effect on yield in this sample of germ-

bM, Morex ; H, Harrington
¢ Parent contributing the higher value allele

plasm. One of these is a QTL on chromosome 3 (3H),
where Harrington contributed the favorable allele. A
yield QTL was reported at this location by Larson et a.
(1997), in the SteptoexMorex germplasm, and they at-
tributed the yield QTL to the propensity of Morex to
shatter in dry environments. The positive effects of
Harrington alleles at this QTL may explain the trans-
gressive segregation for yield in six-rowed genotypes in
the HarringtonxMorex population.

QTL anaysis can locdlize determinants of complex
traits to specific regions of the genome. This is an im-
provement over previous quantitative analysis tools, which
only allowed estimation of number of genes and alele val-
ues (Allard 1988). Bias due to limited population sizeis an
important issue in QTL analysis (Melchinger et a. 1998).
However, the resources available to most breeding and re-
search programs will limit the number of genotypes and
environments that can be analyzed. Therefore, QTL analy-
sis based on segregating populations can be a useful first
step toward identifying regions of the genome to target in
marker-assisted selection experiments, understanding the
basis of correlated responses, characterizing the genes de-
fining mayor germplasm groups, and toward identifying
candidate genes underlying complex phenotypes.
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