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Abstract: Hordeum vulgare subsp. spontaneum is the progenitor of cultivated barley (Hordeum vulgare L.). Domestication
combined with plant breeding has led to the morphological and agronomic characteristics of modern barley cultivars. The
objective of this study was to map the genetic factors that morphologically and agronomically differentiate wild barley
from modern barley cultivars. To address this objective, we identified quantitative trait loci (QTLs) associated with plant
height, flag leaf width, spike length, spike width, glume length in relation to seed length, awn length, fragility of ear ra-
chis, endosperm width and groove depth, heading date, flag leaf length, number of tillers per plant, and kernel color in a
Harrington/OUH602 advanced backcross (BC2F8) population. This population was genotyped with 113 simple sequence re-
peat markers. Thirty QTLs were identified, of which 16 were newly identified in this study. One to 4 QTLs were identi-
fied for each of the traits except glume length, for which no QTL was detected. The portion of phenotypic variation
accounted for by individual QTLs ranged from about 9% to 54%. For traits with more than one QTL, the phenotypic var-
iation explained ranged from 25% to 71%. Taken together, our results reveal the genetic architecture of morphological and
agronomic traits that differentiate wild from cultivated barley.

Key words: barley, Hordeum vulgare L., Hordeum vulgare subsp. spontaneum, advanced backcross, quantitative trait lo-
cus.

Résumé : L’Hordeum vulgare subsp. spontaneum est l’ancêtre de l’orge cultivée (Hordeum vulgare L.). La domestication
et la sélection ont mené aux caractères morphologiques et agronomiques des cultivars modernes d’orge. L’objectif de cette
étude était de cartographier les facteurs génétiques qui distinguent l’orge sauvage de l’orge cultivée moderne sur les plans
morphologique et agronomique. Pour atteindre ce but, les auteurs ont identifié des QTL associés à la hauteur, la largeur de
la feuille étendard, la longueur et la largeur de l’épi, la longueur des glumes par rapport à la longueur des graines, la lon-
gueur des barbes, la fragilité du rachis, la largeur de l’albumen, la profondeur du sillon, la date d’épiaison, la longueur de
la feuille étendard, le nombre de thalles par plant et la couleur des grains dans une population BC2F8 issue du croisement
Harrington/OUH602. La population a été génotypée avec 113 marqueurs SSR. Trente QTL ont été identifiés dont 16
étaient inédits. D’un à quatre QTL ont été identifiés pour chacun des caractères à l’exception de la longueur des glumes
pour lequel aucun QTL n’a été détecté. La part de la variation phénotypique expliquée par les QTL individuels variait en-
tre 9 % et 54 %. Pour les caractères ayant plus d’un QTL, la variation phénotypique expliquée variait entre 25 % et 71 %.
Ensemble, ces résultats révèlent l’architecture génétique des caractères morphologiques et agronomiques qui distinguent
les orges sauvage et cultivée.

Mots-clés : orge, Hordeum vulgare L., Hordeum vulgare subsp. spontaneum, rétrocroisement avancé, caractère quantitatif.
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Introduction

Barley (Hordeum vulgare L.) is thought to have origi-
nated from H. vulgare L. subsp. spontaneum (C. Koch)
Thell. (Hsp) in the Fertile Crescent, where diverse popula-
tions of Hsp are still present (Nevo 1992). Domestication
and breeding led to the development of modern barley culti-
vars. Comparative analysis of morphological and agronomic
traits in cultivated barley and Hsp revealed 10 characteristics
that distinguish cultivated from wild barley (Badr et al.
2000). These characteristics are plant height, flag leaf width,
spike length, spike width, glume length in relation to kernel
length, awn length, number of ear rows, fragility of ear ra-
chis, endosperm width, and groove depth. Therefore, the
wild barley progenitor is a useful source for genetic analysis
of morphological and agronomic traits differing between
wild and cultivated barley.

Quantitative trait locus (QTL) mapping is a powerful ap-
proach for locating genomic regions controlling complex
traits. Advanced backcross QTL (AB-QTL) analysis was de-
veloped as an approach to examine alleles from unadapted
genotypes in an adapted genetic background (Eshed and Za-
mir 1995; Tanksley and Nelson 1996). AB-QTL analysis is
based on developing backcross populations of unadapted by
adapted crosses and then conducting QTL analysis. This ap-
proach has been used extensively in a variety of plants in-
cluding barley, rice, and tomato (e.g., Xiao et al. 1996;
Fulton et al. 2000; Pillen et al. 2004; Talamè et al. 2004;
von Korff et al. 2004; Li et al. 2005, 2006).

QTLs controlling a variety of morphological and agronomic
traits in barley have been mapped. QTLs explaining plant height
(Hayes et al. 1993; Tinker et al. 1996; Qi et al. 1998; Borem
et al. 1999; de la Peña et al. 1999; Zhu et al. 1999; Marquez-
Cedillo et al. 2001; Baum et al. 2003; Li et al. 2006), brit-
tleness of rachis (Kandemir et al. 2000, 2004; Komatsuda
et al. 2004; von Korff et al. 2006), spike length (Kjaer et
al. 1995; Li et al. 2006), heading date (Hayes et al. 1993;
Backes et al. 1995; Kjaer et al. 1995; Tinker et al. 1996;
Powell et al. 1997; Qi et al. 1998; de la Peña et al. 1999;
Marquez-Cedillo et al. 2001; Mesfin et al. 2003; von Korff
et al. 2004), and tiller number (Baum et al. 2003) have been
identified. Loci controlling kernel color have also been
identified (Franckowiak 1997). Hori et al. (2005) used ad-
vanced backcross and doubled haploid populations derived
from the Hsp accession H602 (OUH602) and cultivated
barley, H. vulgare ‘Haruna Nijo’, to map QTLs for a variety
of morphological and agronomic traits, but no QTL locations
for glume length, groove depth, endosperm width, spike
width, awn length, flag leaf width, and flag leaf length were
reported. Furthermore, most of the previously identified QTLs
were found in mapping populations that did not include
wild barley. Thus, the genetic architecture of the morphological
and agronomic differences between wild and cultivated barley
is largely unknown. Our objectives in this study were to map
the genetic factors underlying the morphological and agronomic
characteristics differentiating cultivated and wild barley.

Materials and methods

Plant materials
An advanced backcross (AB) BC2F8 population was de-

veloped from a cross between the Hsp accession OUH602
(OSU1, provided by P. Hayes, Oregon State University) and
the 2-rowed standard malting cultivar H. vulgare ‘Har-
rington’ as described by Yun et al. (2006). This population
was referred to as OUH602/Harrington BC2F8 in a previous
paper (Yun et al. 2006) but is referred to as Harrington/
OUH602 BC2F8 in this paper. The Hsp accession is from
the Fertile Crescent of the Middle East but its exact geo-
graphic origin is not known (Sato and Takeda 1997). Har-
rington was used as the female and OUH602 as the male to
obtain the F1 plants. For the BC1 and BC2 generations, Har-
rington was used as the male. Ninety-eight random BC1
plants were backcrossed with Harrington to generate 98
BC2 plants, 1 BC2F1 tracing back to 1 BC1F1. Single-seed
descent was used to advance progeny from the BC2F1 gener-
ation to the BC2F6 generation. Seed for trait evaluation was
bulk-harvested from BC2F7 plants derived from each BC2F6
plant.

DNA isolation and marker analysis

DNA was isolated from leaf tissue of a single plant from
each of 98 AB lines (BC2F6). DNA isolation and simple se-
quence repeat (SSR) marker analysis were conducted ac-
cording to Yun et al. (2005). A total of 113 SSR markers
polymorphic for OUH602 and Harrington were evaluated in
the AB population (Yun et al. 2006).

Experimental design

The morphological and agronomic trait data were ob-
tained from 5 different environments. Field experiments
were conducted in St. Paul, Minnesota, in 2001 (F01SP),
2002 (F02SP), and 2003 (F03SP) and in Cadriano, Italy, in
2002 (F02IT). A greenhouse trial was conducted in St. Paul
in the winter of 2003 (G03SP). A randomized complete
block design was used for each evaluation. Two replicates
of each line were planted in the field evaluations in St. Paul
and 3 replicates were used in the St. Paul greenhouse and
the Cadriano field trials. Each replicate contained the 98
AB lines and the parents.

The soil type in the St. Paul field trials was Waukegan
series with moderate permeability in the upper part and
rapid permeability in the underlying material. Seed (2 g) of
each AB line was planted in 120 cm rows with 60 cm of
row spacing between lines.

The field trial in Cadriano was conducted on an Udic Us-
tochrept (fine silty, mixed, and mesic) soil. For each line,
approximately 3 g of seed was planted in 2-row (2 m long)
plots. The distance between rows within plots and between
plots was 30 and 70 cm, respectively. The seed was planted
in the fall and overwintered in the field.

In the greenhouse, 4 seeds from each AB line were
planted in 13 cm � 13 cm plastic pots filled with Metro
Mix 200 growing media (Scotts-Sierra Horticulture Products
Company, 14111 Scottslawn Road, Marysville, OH 43041,
USA). After planting, all pots were watered and then moved
to 4 8C for 7 days to break seed dormancy. After the cold
treatment, the pots were placed in a greenhouse at 22 8C
and 16 h daylight. Once the seeds had germinated, the plants
were thinned to 2 plants per pot.
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Morphological and agronomic traits
Plant height, flag leaf width, spike length, spike width,

glume length in relation to seed length, awn length, fragility
of ear rachis, endosperm width, and groove depth were eval-
uated as described by Badr et al. (2000). Plant height was
measured at the spike insertion (spike length measured indi-
vidually) from the ground in 4 environments (F02IT, F02SP,
F03SP, and G03SP). Flag leaf width was measured at the
widest point of the flag leaf in F02SP, F03SP, and G03SP.
Spike length was measured in F02IT, F02SP, F03SP, and
G03SP and spike width was measured in F02SP, F03SP,
and G03SP. Glume length compared with kernel length was
measured as 1 = longer, 2 = equal, and 3 = shorter in F03SP
and G03SP. Awn length was measured in F02IT, F02SP,
F03SP, and G03SP. Fragility of ear rachis was evaluated in
F02IT by the presence of the rachis on the seeds after
threshing, using a scale of 0 (no rachis) to 5 (rachis re-
mained on all seeds). The characterization of ear rachis fra-
gility in F03SP was changed to eliminate the labor-intensive
seed-threshing process. Instead of threshing, we evaluated
barley spikes in the field by gently touching the ripened
heads of each line and scoring them as 1 (non-shattering
Harrington type) or 2 (Hsp-type spikes fell apart from a gen-
tle touch). Endosperm width and depth of the lateral seed
grooves (1 = Hsp type, 2–4 = intermediate, 5 = H. vulgare
type) were evaluated on seed from the F01SP and F03SP tri-
als. Each seed was cut at the widest point with a razor blade
and evaluated under a dissecting microscope. Heading date
was measured as days after planting in St. Paul and the
greenhouse environment and as days after 1 January 2002
in Italy. Heading date was noted in 4 environments (F02IT,
F02SP, F03SP, and G03SP) and flag leaf length in three
(F02IT, F03SP, and G03SP). The number of tillers per plant
at the time of heading date assessment was measured in
F02IT, F03SP, and G03SP. Kernel color was assessed based
on a scale of 1 = light, 2 = gray, and 3 = dark in F01SP and
F03SP.

Statistical analysis
To determine the variation among environments, we used

the PROC GLM procedure of SAS version 8.02 (SAS Insti-
tute Inc., Cary, North Carolina). For QTL identification, the
single marker analysis method in Windows QTL Cartogra-
pher version 2.5 was utilized (Wang et al. 2005), consider-
ing a logarithmic odds (LOD) score of 2.3 and higher as
significant. For traits with multiple QTL locations, the mul-
tiple regression model was used to determine the explained
phenotypic variation.

Results

Genetic mapping
The Harrington/OUH602 AB population was previously

genotyped with 111 SSR markers that span the barley ge-
nome (Yun et al. 2006). Two additional markers, Bmac0209
and Bmag0318a, were also used here to genotype the popu-
lation. The SSR markers, except Bmac0209 and Bmag0318a,
were previously mapped in the OUH602/Harrington re-
combinant inbred line (RIL) population (Yun et al. 2005).
Thus, the genetic locations of the SSR markers in the AB
population were inferred using the OUH602/Harrington

RIL population. The map location of Bmac0209 is 2.7 cM
from EBmac0558.2 on chromosome 3(3H) at 46.8 cM, and
Bmag0318a is 3 cM from Bmac0209. The 113 markers
grouped into 11 linkage groups, generating a total map
length of 948 cM (Yun et al. 2005). These 113 markers
were used in the single-marker analysis for QTL detection.

Phenotypic data
Phenotypes of the AB lines and the 2 parents were eval-

uated for the 13 morphological traits at 2 to 4 environments.
The phenotypic data are summarized in Table 1. All traits
exhibited significant variation between lines (p < 0.0001).
However, each trait (except seed color) exhibited significant
(p < 0.05) genotype � environment interactions. Thus, the
trait data from each environment were analyzed separately.

The relative phenotypic values of the 2 parents were con-
sistent in all environments for all traits except plant height,
days to heading, and tiller number. OUH602 was taller than
Harrington in all test environments except F03SP, where
Harrington was slightly taller than OUH602. Days to head-
ing of the 2 parents were variable among the 4 test loca-
tions. Compared with Harrington, OUH602 headed earlier
in F02IT but later in G03SP and at about the same time in
F02SP and F03SP. Tiller number in OUH602 was less than
that in Harrington in F03SP but slightly greater in F02IT
and G03SP.

QTL analysis of morphological and agronomic traits

Height
Five QTLs were found for plant height (Table 2), but

none was detected consistently across the 4 test environ-
ments. The QTLs on chromosomes 1(7H) (BINs 6 and 7),
3(3H) (BIN 5), and 5(1H) (BIN 12) were detected only in
Italy. Each QTL explained about 11% to 13% of the pheno-
typic variation, and about 30% of the phenotypic variation
was explained by all 3 QTLs. The Hsp allele for these
QTLs increased plant height. The QTLs on chromosome
2(2H) (BIN 5 and BIN 12) were detected only in the green-
house experiment and explained 16% and 13% of the pheno-
typic variation, respectively. Together, these 2 QTLs
explained 25% of the phenotypic variation in the green-
house. The Hsp allele for these QTLs decreased plant height
(Table 2).

Flag leaf width
Three QTLs were found for flag leaf width. The QTL on

chromosome 2(2H) (BIN 3) was consistently detected in all
environments and explained 13% to 22% of the phenotypic
variation. The QTL on chromosome 4(4H) (BIN 13) was
identified in F02SP and F03SP and explained about 11%
and 21% of the phenotypic variation, respectively. The QTL
on chromosome 7(5H) (BIN 2) was detected in F03SP and
G03SP and explained 16% and 9% of the phenotypic varia-
tion, respectively. About 24%–43% of the phenotypic varia-
tion was explained by the 2 or 3 QTLs detected in each
environment. The Hsp alleles for the QTLs on chromosomes
2(2H) and 7(5H) decreased flag leaf width; however, the
Hsp allele for the QTL on chromosome 4(4H) increased
leaf width (Table 2).
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Spike length
Four QTLs for spike length were identified. The QTL on

chromosome 6(6H) (BINs 5 and 6) was detected in F02IT,
F03SP, and G03SP and explained between 10% and 20% of
the phenotypic variation. The QTL on chromosome 2(2H)
(BINs 3–5) was detected in F02SP and G03SP and ac-
counted for 12%–13% of the phenotypic variation. The
QTL on chromosome 1(7H) (BIN 7) was identified only in
F02IT and accounted for 12% of the phenotypic variation.
The QTL on chromosome 3(3H) (BIN 4) was identified
only in F03SP and accounted for 19% of the phenotypic var-
iation. About 13%–31% of the phenotypic variation was
explained by the 1 or 2 QTLs detected in each environment.

The Hsp alleles for the QTLs on chromosomes 2(2H) and
3(3H) decreased spike length, whereas the alleles for the
QTLs on chromosomes 1(7H) and 6(6H) increased spike
length (Table 2).

Spike width
Two QTLs for spike width were detected in 2 of 3 envi-

ronments tested. The QTL on chromosome 2(2H) (BIN 5)
was detected in F02SP, and the QTL on chromosome 6(6H)
(BIN 12) was detected in G03SP. Each QTL explained be-
tween 16% and 18% of the phenotypic variation. The Hsp
alleles of the 2 QTLs slightly decreased spike width
(Table 2).

Table 1. Morphological traits of parents and lines from the Harrington (HRT) / OUH602 (OUH) BC2F8 population.

Parents Population P value

Trait Environmenta HRT OUH Mean Range Error MSb Line E � Lc

Plant height (cm) F02IT 98.2 113.8 100.3 89.3–115.2 62.0 <0.0001 <0.0001
F02SP 62.8 67.8 64.5 54.2–76.8 62.9 <0.0001
F03SP 63.7 62.5 65.2 45.3–83.5 47.1 <0.0001
G03SP 89.4 96.6 95.2 65.1–112.8 275.3 <0.0001

Flag leaf width (cm) F02SP 0.7 0.4 0.6 0.3–0.9 0.1 <0.0001 <0.0001
F03SP 0.8 0.6 0.7 0.4–1.4 0.1 <0.0001
G03SP 1.4 1.2 1.4 0.8–1.9 0.1 <0.0001

Spike length (cm) F02IT 12.7 11.7 12.1 10.3–14.5 2.2 <0.0001 <0.0001
F02SP 9.9 5.5 10.1 6.2–12.5 5.2 <0.0001
F03SP 10.7 3.8 10.8 5.2–14.3 3.2 <0.0001
G03SP 10.7 8.5 10.5 7.7–13.8 220.7 <0.0001

Spike width (cm) F02SP 0.6 0.5 0.6 0.5–0.7 0.01 <0.0001 <0.0001
F03SP 0.8 0.6 0.8 0.6–3.9 0.08 <0.0001
G03SP 0.9 0.7 0.9 0.6–1.1 234.3 <0.0001

Glume length F03SP 2.3 1.0 2.3 1.0–3.0 0.6 <0.0001 0.0099
G03SP 2.0 1.2 1.5 1.0–2.0 232.2 <0.0001

Awn length (cm) F02IT 11.0 9.5 11.0 8.0–14.3 3.9 <0.0001 <0.0001
F02SP 16.4 14.5 17.5 12.2–21.8 9.9 <0.0001
F03SP 12.6 11.9 12.4 8.7–16.2 2.5 <0.0001
G03SP 13.7 8.2 13.3 10.1–17.5 212.3 <0.0001

Fragile rachis F02IT 0 5 0.5 0–5 4.7 <0.0001 <0.0001
F03SP 1 2 1.1 1–2 0.2 <0.0001

Endosperm width (mm) F01SP 3.5 2.3 3.1 2.8–3.5 0.08 <0.0001 <0.0001
F03SP 3.7 2.3 3.4 2.2–4.2 0.23 <0.0001

Lateral groove depth F01SP 5 1 4.9 3.7–5.0 0.7 <0.0001 <0.0001
F03SP 5 1.7 4.4 1–5 1.8 <0.0001

Days to heading F02IT 122.8 117.0 121.2 115.7–125.0 17.8 <0.0001 <0.0001
F02SP 61.0 60.5 63.1 57.0–68.0 19.5 <0.0001
F03SP 62.7 63.2 61.4 53.0–65.5 14.8 <0.0001
G03SP 60.0 80.5 54.4 33.7–70.7 200.4 <0.0001

Flag leaf length (cm) F02IT 17.3 17.1 16.2 11.5–22.3 13.6 <0.0001 <0.0001
F03SP 13.1 9.7 12.8 8.0–21.5 5.7 <0.0001
G03SP 22.8 15.7 22.1 12.3–34.1 39.8 <0.0001

Tiller number F02IT 3.7 3.8 3.9 2.2–4.8 1.1 <0.0001 0.0125
F03SP 17.3 10.2 17.6 7–40 33.8 <0.0001
G03SP 20.4 21.8 22.0 8.3–32.5 69.4 <0.0001

Kernel color F01SP 1 3 1.1 1–3 0.8 <0.0001 0.1086
F03SP 1 3 1.1 1–3 0.2 <0.0001 .

aThe different traits were evaluated in field experiments (F) in Cadriano, Italy (IT), in 2002 and in St. Paul, Minnesota (SP), in 2001, 2002,
and 2003. The greenhouse experiment (G) was completed in winter 2003 in St. Paul.

bMean square of the experiment in each environment.
cInteraction between the line and environment.
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Table 2. Locations of QTLs for plant height, flag leaf width, spike length, spike width, glume length in relation to seed length, awn
length, fragility of ear rachis, endosperm width, lateral groove depth, days to heading, flag leaf length, number of tillers per plant, and
kernel color traits in the Harrington/OUH602 advanced backcross (BC2F8) population.

Trait Environmenta
Chromosome
in RILb Est. BINc

Associated
marker(s) LOD �d pr(F)e R2f

Plant height F02IT 1(7H) 6–7 GBM1069 3.32 2.70 <0.0001 13.67
F02IT 3(3H) 5 Bmag0318a 3.08 2.69 <0.0001 12.66
F02IT 5(1H) 12 GBM1002 2.82 2.56 <0.0001 11.20

30.29g

G03SP 2(2H) 5 GBM1066a 3.96 –6.67 <0.0001 16.11
G03SP 2(2H) 12 HVM54 2.65 –5.34 0.001 13.39

24.79g

Flag leaf width F02SP 2(2H) 3 HVM36 5.27 –0.10 <0.0001 21.68
F02SP 4(4H) 13 Bmag0138.2 2.62 0.08 0.001 10.64

29.55g

F03SP 2(2H) 3 HVM36 3.32 –0.08 <0.0001 12.78
F03SP 4(4H) 13 Bmag0138.2 5.60 0.10 <0.0001 20.84
F03SP 7(5H) 2 UMB705 3.78 –0.08 <0.0001 16.26

42.98g

G03SP 2(2H) 3 HVM36 4.40 –0.14 <0.0001 16.63
G03SP 7(5H) 2 UMB705 2.30 –0.11 0.001 9.28

24.11g

Spike length F02IT 1(7H) 7 GBM1069 2.99 0.52 <0.0001 12.29
F02IT 6(6H) 5–6 GBM1027 4.27 0.68 <0.0001 16.13

21.81g

F02SP 2(2H) 5 GBM1066a 3.26 –0.79 <0.0001 13.28
F03SP 3(3H) 4 Bmac0067 5.27 –0.93 <0.0001 19.25
F03SP 6(6H) 6 Bmag0496 3.64 0.83 <0.0001 10.36

31.04g

G03SP 2(2H) 3 HVM36 2.76 –0.67 <0.0001 12.40
G03SP 6(6H) 5–6 GBM1027 4.46 0.99 <0.0001 19.68

27.15g

Spike width F02SP 2(2H) 5 GBM1066a 4.51 –0.04 <0.0001 18.24
G03SP 6(6H) 12 Bmac0040 3.98 –0.06 <0.0001 16.17

Awn length F02IT 3(3H) 4 Bmac0067 2.63 –0.61 0.001 11.15
F03SP 3(3H) 4 Bmag0006 3.69 –0.65 <0.0001 10.70

Fragile rachis F02IT 3(3H) 4 Bmac0067 8.24 1.05 <0.0001 27.77
F02IT 5(1H) 12 GBM1002 14.23 1.36 <0.0001 53.82
F02IT 7(5H) 6 Bmag0812 4.94 0.88 <0.0001 17.01

71.39g

F03SP 3(3H) 4 Bmac0067 13.93 0.31 <0.0001 44.37
F03SP 5(1H) 12 GBM1002 3.84 0.20 <0.0001 8.88
F03SP 7(5H) 6 Bmag0812 3.94 0.19 <0.0001 17.32

51.41g

Endosperm width F03SP 2(2H) 13 GBM1047 2.79 –0.20 <0.0001 9.42
Lateral groove depth F01SP 1(7H) 10–11 UMB101 2.98 –0.23 <0.0001 12.33
Days to heading F02IT 2(2H) 7 Bmag0518 12.61 –2.23 <0.0001 42.65

F02SP 2(2H) 3–5 HVM36 4.62 –2.10 <0.0001 17.53
F02SP 2(2H) 7 Bmag0518 3.58 –1.72 <0.0001 12.24

37.11g

F03SP 2(2H) 3–5 GBM1066a 6.44 –2.44 <0.0001 24.57
G03SP 2(2H) 3–5 HVM36 8.00 –6.56 <0.0001 29.37

Flag leaf length F02IT 1(7H) 11 UMB101 3.11 1.75 <0.0001 12.98
F02IT 7(5H) 6–8 UMB702 2.90 1.21 <0.0001 12.14

27.50g

F03SP 3(3H) 5–6 Bmac0138.1 3.62 1.08 <0.0001 14.95
F03SP 7(5H) 6–8 UMB702 3.88 1.07 <0.0001 15.81

28.25g

G03SP 7(5H) 6 UMB702 2.95 2.03 <0.0001 12.21
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Glume length
No QTLs for glume length were identified.

Awn length
One QTL controlling awn length was detected on chro-

mosome 3(3H) (BIN 4) in F02IT and F03SP and explained
about 11% of the phenotypic variation in both environments.
The Hsp allele of the QTL decreased awn length (Table 2).

Fragility of ear rachis
Three QTLs were identified in the 2 environments where

the trait was evaluated. The QTL on chromosome 3(3H)
(BIN 4) explained 28% to 44% of the phenotypic variation.
The QTL on chromosome 5(1H) (BIN 12) explained be-
tween 9% and 54% of the phenotypic variation. The QTL
on chromosome 7(5H) (BIN 6) explained 17% of the pheno-
typic variation. Together, the 3 QTLs explained 51%–71%
of the phenotypic variation in each environment. The Hsp
alleles for all the QTLs increased fragility of ear rachis
(Table 2).

Endosperm width
One QTL on chromosome 2(2H) (BIN 13) was detected

for endosperm width only in F03SP, and it explained 9% of
the phenotypic variation. The Hsp allele for the QTL de-
creased endosperm width (Table 2).

Lateral seed groove depth
A QTL for seed groove depth was identified in F01SP on

chromosome 1(7H) (BINs 10 and 11), and it explained 12%
of the phenotypic variation. The Hsp allele for the QTL de-
creased the score of seed groove depth by changing the seed
groove to Hsp type (Table 2).

Days to heading
Two QTLs for days to heading were identified. The QTL

on chromosome 2(2H) (BINs 3–5) was identified in F02SP,
F03SP, and G03SP and explained 18% to 29% of the pheno-
typic variation. The QTL on chromosome 2(2H) (BIN 7)
was mapped in F02IT and F02SP and accounted for 12% to
43% of the phenotypic variation. About 25%–43% of the

phenotypic variation was explained by the 1 or 2 QTLs
detected in each environment. The Hsp alleles for each
QTL decreased days to heading (Table 2).

Flag leaf length
Three QTLs for flag leaf length were identified. The QTL

on chromosome 7(5H) (BINs 6–8) was consistently identi-
fied in all 3 environments where this trait was measured.
This QTL explained between 12% and 16% of the pheno-
typic variation. The QTL on chromosome 1(7H) (BIN 11)
was identified only in F02IT, and the QTL on chromosome
3(3H) (BINs 5 and 6) was found only in F03SP. The QTLs
on chromosomes 1(7H) and 3(3H) explained 13% and 15%
of the phenotypic variation, respectively. About 12%–28%
of the phenotypic variation was explained by the 1 or
2 QTLs detected in each environment. The Hsp alleles for
each QTL increased flag leaf length (Table 2).

Tiller number
Three QTLs for tiller number were identified. The QTL

on chromosome 5(1H) (BINs 6–8) was detected in 2 loca-
tions and explained about 10%–13% of the phenotypic var-
iation. Two additional QTLs were identified on
chromosomes 2(2H) (BIN 3) and 6(6H) (BINs 10 and 11)
and they accounted for 16% and 15% of the phenotypic var-
iation, respectively. About 10%–25% of the phenotypic var-
iation was explained by the 1 or 2 QTLs detected in each
environment. The Hsp alleles for the QTL decreased tiller
number (Table 2).

Kernel color
Two QTLs for kernel color were identified on chromo-

somes 3(3H) (BINs 1–3) and 5(1H) (BINs 14 and 15) and
explained 13% and 30% of the phenotypic variation, respec-
tively. Together, the 2 QTLs explained 35% of the pheno-
typic variation. The Hsp alleles for the QTLs resulted in
darker kernel color (Table 2).

Discussion
Modern barley cultivars are easily distinguished from the

Table 2 (concluded).

Trait Environmenta
Chromosome
in RILb Est. BINc

Associated
marker(s) LOD �d pr(F)e R2fabcdef2g

Tiller number F02IT 5(1H) 6 Bmag0872 2.49 –0.38 0.001 10.32
F03SP 5(1H) 8 GBM1013 3.26 –2.25 <0.0001 12.90
G03SP 2(2H) 3 GBM1035 4.16 –3.09 <0.0001 15.72
G03SP 6(6H) 10–11 GBM1022 3.34 –2.69 <0.0001 15.26

24.55g

Kernel color F01SP and F03SP 3(3H) 1–3 HvLTPPB 2.86 0.21 <0.0001 13.12
F01SP and F03SP 5(1H) 14–15 GBM1061 7.08 0.32 <0.0001 30.41

34.86g

aThe traits were evaluated in field experiments (F) in Cadriano, Italy (IT), in 2002, and in St. Paul, Minnesota (SP), in 2001, 2002, and 2003. The
greenhouse experiment (G) was completed in winter 2003 in St. Paul.

bMap locations of markers in the Hsp OUH602/Harrington RIL population (Yun et al. 2005).
cEstimated BIN based on the chromosome BIN location of barley markers (http://barleygenomics.wsu.edu/).
dAverage effect of substituting Harrington allele with OUH602 allele.
eProbability of F statistics.
fR2 � 100, based on simple linear regression.
gMultiple regression model.
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wild progenitor Hsp by contrasting phenotypes for a variety
of morphological and agronomic traits. In this study, we
examined the genetic architecture underlying the phenotypic
differences for 13 morphological and agronomic traits and
identified 30 QTLs. The location and number of QTLs asso-
ciated with these traits were determined in an AB population
derived from the cross between the Hsp accession OUH602
and the 2-rowed barley cultivar Harrington. The results from
this study provide a framework for understanding the ge-
netic differences controlling morphological and agronomic
traits between wild and cultivated barley.

Novel loci for many morphological and agronomic traits
were identified

Sixteen of the 30 identified QTLs for the 13 morphologi-
cal traits investigated were newly identified in this study
(Fig. 1). Four of these newly described QTLs were identi-
fied in 2 environments and 3 were found in 3 environments.
All QTLs identified for plant height were reported previ-
ously (Hayes et al. 1993; Qi et al. 1998; Borem et al. 1999;
de la Peña et al. 1999; Marquez-Cedillo et al. 2001). The
QTLs for spike length on chromosomes 2(2H) (BINs 3–5)
and 1(7H) (BIN 7) (Kjaer et al. 1995; Hori et al. 2005) are
consistent with the previously reported regions, but the other
QTLs for spike length on chromosomes 3(3H) (BIN 4) and
6(6H) (BINs 5 and 6) are newly identified regions. The QTL
for fragile rachis on chromosome 3(3H) (BIN 4) corresponds
to the loci for the complementary genes Btr1 and Btr2 (Ta-
kahashi and Hayashi 1964; Larson et al. 1996; Kandemir et
al. 2000, 2004; Komatsuda et al. 2004). The QTL on chro-
mosome 7(5H) (BIN 6) for fragile rachis might correspond
to the previously identified QTL on chromosome 7(5H)
(BIN 8) (von Korff et al. 2006). However, the QTL found
in our study for fragile rachis on chromosome 5(1H) (BIN
12) is a newly identified locus. The heading date QTLs in
BINs 3–5 of chromosome 2(2H) (Hayes et al. 1993; Backes
et al. 1995; Kjaer et al. 1995; Powell et al. 1997; Qi et al.
1998; von Korff et al. 2004) and in BIN 7 of chromosome
2(2H) (Kjaer et al. 1995; Tinker et al. 1996; de la Peña et
al. 1999; Marquez-Cedillo et al. 2001; Mesfin et al. 2003)
were identified previously. The tiller number QTLs on chro-
mosomes 2(2H) (BIN 3) and 5(1H) (BINs 6–8) might corre-
spond to the regions reported earlier (Baum et al. 2003), but
the QTL on chromosome 6(6H) (BINs 10 and 11) is unique
to this work. The kernel color QTL on chromosome 5(1H)
(BINs 14 and 15) is coincident with a locus for black lemma
(Franckowiak 1997); however, the QTL on chromosome
3(3H) (BINs 1–3) is novel to this work. Additionally, all
QTLs associated with flag leaf width, flag leaf length, spike
width, awn length, endosperm width, and lateral groove
depth are novel to this work.

Utility of QTLs detected in this study
The AB-QTL method was developed to identify poten-

tially useful genes in wild relatives that were left behind
during domestication and breeding (Tanksley and Nelson
1996). The accession used in this study, OUH602, has been
found to be a source of novel resistance genes for Septoria
speckled leaf blotch (Yun et al. 2005). Hori et al. (2005) de-
scribed OUH602 (referred to as H602) as carrying positive
alleles at QTLs for spike length, culm length, number of

spikelets, and heading date. The mere detection of positive
alleles from the wild parent does not necessarily mean that
those alleles will be useful in plant breeding. The value of
an allele from a wild accession is dependent on the culti-
vated genetic background used in the study. In addition,
many QTLs discovered in wild by cultivated crosses are co-
incident with QTLs identified in standard mapping studies
of cultivated barley. In these cases, if the coincident QTLs
represent the same gene, then the wild allele may be the
same as or similar to alleles already present in cultivated
barley. At this time, we do not know whether the alleles
identified in our study that control differences between wild
and cultivated barley will provide a practical benefit for
breeding. The additional effort necessary to introgress genes
free of linkage drag from wild species, even with the use of
markers, is great enough to warrant careful consideration of
potentially useful alleles from wild parents.

OUH602 mapping in different populations and
environments

The Hsp accession OUH602 has been used to identify
QTLs in other genetic backgrounds (Hori et al. 2005) and
in our study in the different environments of Minnesota and
Italy. Hori et al. (2005) used populations of recombinant
chromosome substitution and doubled haploid lines derived
from OUH602 crossed to Haruna Nijo to identify QTLs con-
trolling culm length, ear length, number of spikelets, glume
length, rachis-internode length, thousand kernel mass, head-
ing date, and seed dormancy. The ear length and heading
date traits were also examined in our study. We mapped a
QTL for spike length (ear length) on chromosomes 7H
(BIN 7), 6(6H) (BINs 5 and 6), 2(2H) (BINs 3–5), and
3(3H) (BIN 4), and Hori et al. (2005) mapped this trait on
chromosome 2(2H) in BINs 3–5. We mapped a QTL for
heading date on chromosome 2(2H) (BINs 2, 3, and 7),
whereas Hori et al. (2005) mapped a QTL for heading date
on chromosome 4(4H). Thus, for the 2 traits we can directly
compare, our results are consistent for only the 1 QTL con-
trolling spike length on chromosome 2(2H). In addition, we
observed differences in QTL detection between the Minne-
sota and Italian environments. For example, we detected a
QTL for spike length on chromosome 1(7H) in the Italian
environment that was not detected in the Minnesota environ-
ments. These differences are likely due to the spring and
winter growing conditions in Minnesota and Italy, respec-
tively. These comparisons illustrate the problems of identify-
ing all QTLs for a particular trait based on a single
population examined in a few environments. A single popu-
lation restricts the number of segregating alleles and few en-
vironments will limit the phenotypic variation that could be
observed in different environments.

Genetic architecture of morphological and agronomic
traits in a wild by cultivated barley population

The results from this study provide the opportunity to
examine the genetic architecture of morphological and agro-
nomic traits in a wild by cultivated population. We observed
1 to 4 QTLs for each of the traits except glume length.
The portion of phenotypic variation explained by individ-
ual QTLs ranged from 9% to 54%, and most of the indi-
vidual QTLs explained 9% to 25% of the phenotypic
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variation. For the most part, the multiple QTL model for
any particular trait explained only a small portion (<35%)
of the phenotypic variation. One noteworthy exception was
fragile rachis: 3 QTLs together explained over 50% of the
variation in 2 environments. We also observed that
11 QTLs were clustered in 2 regions on chromosome
2(2H) (BINs 3–5) and chromosome 3 (BINs 4–6), with 6
and 5 QTLs in each region, respectively. Both related and
non-related traits were linked in the clustered regions. For
example, QTLs for spike length and width, days to head-
ing, plant height, flag leaf width, and tiller number were
found on chromosome 2(2H) (BINs 3–5) and QTLs for
spike length, awn length, fragile rachis, plant height, and
flag leaf length were found on chromosome 3(3H) (BINs
4–6). These results seem to suggest that loci controlling
morphological and agronomic traits are clustered in a few
regions of the genome. However, size characters such as
plant height and spike length are likely traits that exhibit
pleiotropic effects. Moreover, drawing conclusions about
the number and effects of QTLs based on relatively small

mapping populations must be done with caution. In general,
population sizes similar to the one used in this study will
underestimate the number of QTLs controlling a trait and
overestimate the importance of those QTLs detected (Mel-
chinger et al. 1998; Utz et al. 2000). Given these statistical
limitations, and the fact that only 1 population in a limited
number of environments was examined, we cannot conclude
that these traits in barley are controlled by a few clustered
loci. Nevertheless, our analysis establishes the positions of
the QTLs for these traits on the barley genetic map.

To further define the molecular architecture of morpholog-
ical and agronomic traits that differentiate wild and culti-
vated barley, additional wild by cultivated populations
evaluated in multiple environments are required. As de-
scribed above, different populations having OUH602 as the
wild parent and characterized in different environments re-
sulted in identification of different QTLs. Moreover, charac-
terization of wild and cultivated germplasm collections using
association genetics approaches will also help elucidate the
genomic structure of these traits.

Fig. 1. Locations of quantitative trait loci (QTLs) for morphological traits. Chromosomes were scaled as in the linkage map generated from
the OUH602 � Harrington RIL population (Yun et al. 2005). QTLs at chromosomal regions similar to those of previously reported QTLs
are underlined. Locations of the known QTLs were adopted from the Barley World Web site (http://www.barleyworld.org). Letters in par-
entheses correspond to previously described QTL locations that are coincident with those reported in this paper: a, Backes et al. 1995; b,
Baum et al. 2003; c, Borem et al. 1999; d, de la Peña et al. 1999; e, Hayes et al. 1993; f, Hori et al. 2005; g, Kandemir et al. 2000; h,
Kandemir et al. 2004; i, Kjaer et al. 1995; j, Komatsuda et al. 2004; k, Marquez-Cedillo et al. 2001; l, Powell et al. 1997; m, Qi et al. 1998;
n, von Korff et al. 2006; o, Franckowiak et al. 1997. Abbreviations used are as follows: AL, awn length; DH, days to heading; EW, endo-
sperm width; LW, flag leaf width; LL, flag leaf length; FR, fragility of ear rachis; GR, lateral groove depth; PH, plant height; SL, spike
length; SW, spike width; TN, tiller number; KC, kernel color. Numbers after the trait abbreviations are chromosome BIN numbers.
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Talamè, V., Sanguineti, M.C., Chiapparino, E., Bahri, H., Ben
Salem, M., Forster, B.P., et al. 2004. Identification of Hordeum
spontaneum QTL alleles improving field performance of barley
grown under rainfed conditions. Ann. Appl. Biol. 144: 309–319.
doi:10.1111/j.1744-7348.2004.tb00346.x.

722 Genome Vol. 50, 2007

# 2007 NRC Canada



Tanksley, S.D., and Nelson, J.C. 1996. Advanced backcross QTL
analysis: a method for the simultaneous discovery and transfer
of valuable QTLs from unadapted germplasm into elite breeding
lines. Theor. Appl. Genet. 92: 191–203. doi:10.1007/
s001220050114.

Tinker, N.A., Mather, D.E., Rossnagel, B.G., Kasha, K.J., Klein-
hofs, A., Hayes, P.M., et al. 1996. Regions of the genome that
affect agronomic performance in two-row barley. Crop Sci. 36:
1053–1062.

Utz, H.F., Melchinger, A.E., and Schön, C.C. 2000. Bias and sam-
pling error of the estimated proportion of genotypic variance ex-
plained by quantitative trait loci determined from experimental
data in maize using cross validation and validation with inde-
pendent samples. Genetics, 154: 1839–1849. PMID:10866652.
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