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Abstract Barley straw is commonly used as animal feed
in many developing countries. Even a small increase in
its nutritive value can have a large impact on animal
production, and hence, on rural livelihood and human
nutrition. Straw quality is strongly affected by environ-
mental factors and is, therefore, difficult to improve with
empirical breeding. The objective of this study was to
identify molecular markers to facilitate the improvement
of straw quality in barley. For this purpose, we have
used the genetic linkage map that was already developed
for recombinant inbred lines (RILs) of the cross between
a Hordeum vulgare cultivar (‘Arta’) and a H. sponta-
neum line (H. spontaneum 41-1), covering a total of
890 cM. Straw parameters from RILs grown at Tel
Hadya and Breda (ICARDA’s research stations) in
2 years (1996/1997 and 1997/1998) were analyzed by
NIRS for predicted nutritional characteristics including
neutral detergent fiber, acid detergent fiber, lignin,
digestible organic matter in dry matter, voluntary in-
take, crude protein, and straw morphology (the per-
centage of blades, sheaths, and stems). Localization of
QTLs was performed using Windows QTL Cartogra-
pher, version 2.0. Seventy-three QTLs were identified,
the majority of which (17) in the driest of the four
environments. Only six QTLs were identified in two
environments; in five cases, one of the two was the
wettest environment. This is discussed in relation to the
possibility of improving straw quality in favorable
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environments where yields are higher, rather than in dry
environments where straw quality is already relatively
good.
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Introduction

Barley is the main rainfed crop in the dry areas of West
Asia and North Africa (WANA) and is largely grown as
feed for animals, particularly small ruminants, such as
sheep and goats, which play an important role in the
economy of farmers in the drier areas of the region. The
crop is normally harvested by combine, but when it is
too short because of drought, it may either be grazed at
maturity or hand-harvested by uprooting. In general,
the whole crop is collected, and the straw is chopped for
feed. In the case of combine harvesting, the barley
stubble is grazed during summer and early autumn. In
many countries of WANA, the contribution of pastures
to livestock feed has declined in the last 50 years and has
been replaced by feed grains and other concentrates,
and, to some extent, by straw and other crop residues
(Nordblom et al. 1995). In the semi-arid areas of
WANA, barley straw and stubble provide between one
quarter and one half of the metabolisable energy fed to
sheep (Goodchild et al. 1997).

Improving the quality and quantity of these crop
residues will increase the availability of nutrients to
small ruminants, and the characteristics associated with
straw quality are considered so important by farmers
that they play a major role in the adoption of new
varieties (Traxler and Byerlee 1993). Consequently,
breeding programs should enhance the nutritive value of
the residues for ruminant production, without causing
any associated negative effects on grain yields. Most of
the current genetic improvement programs for grain
crops do not include direct selection for the quality of



their residues as ruminant feed. Also, genetic markers on
which to base selection for straw quality have not re-
ceived enough attention.

The wild progenitor of cultivated barley, Hordeum
vulgare ssp. spontaneum (hereafter referred to as H.
spontaneum) is a source of useful genes for several char-
acteristics. Resistance to powdery mildew (Moseman
et al. 1983, Jahoor and Fischbeck 1987; Gustafsson and
Claesson 1988; Nevo 1992; Lehman et al. 1998), leaf rust
(Moseman et al. 1990; Nevo 1992), and other diseases
(Nevo 1992) have been identified in H. spontaneum, and
its use in breeding for disease resistance has been
reported by several authors (Lehmann and Bothmer
1988; Backes and Jahoor 2001; Pillen et al. 2003, 2004).
The species showed variation for important agronomic
traits, such as seminal root morphology (Grando and
Ceccarelli 1995), floral structure (Giles and Bengtsson
1988), salt tolerance (Nevo et al. 1993), grain size (Giles
1990), milling energy (Ellis et al. 1993), grain protein
content (Jaradat 1991), earliness, biomass, grain yield,
plant height under drought, and drought tolerance (Nevo
1992; Grando et al. 2001; Ellis 2002; Baum et al. 2003;
Pillen et al. 2003; Ceccarelli et al. 2004; Pillen et al. 2004).
This vast potential of genetic resources remains largely
unexploited. H. spontaneum has the potential to con-
tribute useful genes in barley breeding as a donor of
adaptive traits to extreme stress conditions, which is
suggested by its distribution in the driest areas of the
West Asia. However, it is not known whether its use may
introduce undesirable straw quality characteristics.

Previous work conducted at ICARDA (Thomson
and Ceccarelli 1990) has shown large effects of envi-
ronmental factors such as rainfall, temperature, soil
fertility, and crop management on quality. As many of
these factors are unpredictable, pragmatic breeding
based on phenotypic assessment of straw quality is not
expected to be very effective. Marker-assisted selection
(MAS) could be helpful in tackling some of these
problems.

The objectives of this study were to identify genes
responsible for straw characteristics, their linkages with
molecular markers using the QTL approach, and to
ultimately increase the efficiency of selection.

Materials and methods
Plant material and growth conditions

A population of 494 F; RILs derived by single-seed
descent from the cross ‘Arta’ X H. spontaneum 41-1 was
developed at ICARDA (the details of the two parents
are given by Baum et al. 2003). In the cropping seasons
1996/1997 (hereafter referred to as 1997) and 1997/1998
(hereafter referred to as 1998), the 494 lines and the
parental lines were planted at ICARDA’s research sta-
tions located near Tel Hadya (36°01” N; 37°20" E, ele-
vation 300 masl) and near Breda (35°56" N; 37°10" E,
elevation 354 masl) in Syria. The experimental design,
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rainfall, and temperature conditions were described in
Baum et al. (2003).

Straw-related traits

Complete plants for each plot were hand-harvested.
Roots were cut off by scissors, and samples were
weighed in the field and collected in plastic bags for
further processing. In the laboratory, straw samples
were dissected into stems, blades, and sheaths. Percent-
age of blades (PCB), percentage of sheaths (PCH), and
percentage of stems (PCS) by weight of air-dry straw
were calculated. PCB, PCH, and PCS were measured
only in straw of TH9S.

Straw samples were milled by a Wiley mill No. 4
(Thomas Scientific, USA) fitted with a 6-mm screen and
analyzed by NIRSystems Model 5000 scanning mono-
chromator (Foss NIRSystems, USA), wave length range
1,100-2,500 mm, using the coarse sample cell (half vol-
ume). Correlations among NIRS and reference methods
were previously established for acid detergent fiber
(ADF), neutral detergent fiber (NDF), digestible organic
matter in dry matter (OMD), voluntary intake (INT),
crude protein (CP), and lignin content (LIC) (Table 1).
ADF measures the total fiber content (cellulose and
lignin) or the more slowly digestible components of a
straw. NDF has been widely accepted as a determinant
for dietary fiber in cereal grains, as it estimates the
contents of cellulose, hemi-cellulose, and lignin present
mostly in outer grain layers. OMD measures enzymati-
cally the total dry matter digested in the rumen. INT is a
reflection of chemical composition, physical character-
istics, digestion, and rate of passage through the diges-
tive system of feed that is offered to the animal ad
libitum. CP is determined as total nitrogen x6.25. LIC is
the indigestible component of the straw limiting the
availability of cellulose carbohydrates in the plant.
ADF, NDF, OMD, INT, and CP were measured in the
four environments Br97, Br98, Th97, and Th98.

A total of 50 straw samples representing a range of
above parameters were selected from several growing
seasons (1986-1992). The sample sets were assembled
for NIRS calibration and validation in the approximate
ratio of 3:1, based on reference data. Near-infrared
Spectral Analysis Software, version 3.22 (Foss NIR-

Table 1 Accuracy of prediction of barley straw-quality parameters
by NIRSystems 5000. SEP Standard error of prediction

Parameter® ” SEP Range n

ADF 0.96 1.35 29.36-56.15 12
NDF 0.69 1.57 69.3-81.6 12
INT 0.94 1.96 7.80-31.79 12
LIC 0.98 0.36 2.11-9.35 12
CP 0.98 0.23 1.69-6.25 12
OMD 0.94 2.35 31.97-65.49 12

*ADF Acid detergent fiber, NDF neutral detergent fiber, INT vol-
untary intake, LIC lignin content, CP crude protein, OMD
digestible organic matter in dry matter
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Systems), was used to produce NIRS calibrations by
multiple regression analysis. Details for sample sets used
in validation are provided in Table 1.

DNA extraction

A genetic linkage map was constructed using 194 RILs.
Total genomic DNA was extracted following the pro-
cedure described by Saghai-Maroof et al. (1984), with
minor modifications. Fresh, aboveground parts from 4-
to 6-week-old seedlings were collected for DNA isola-
tion from the parents, and a bulk of 10-20 individuals
were selected from each of the RILs. The DNA was
RNase-treated and quantified using a spectrophotome-
ter (Beckman DU-65). The quality of the extracted
DNA was visually checked on a 1% agarose gel.

Analysis of amplified fragment length polymorphic
markers and single sequence repeats

Genetic mapping was carried out using amplified frag-
ment length polymorphic markers and microsatellite-
based markers (Baum et al. 2003).

Linkage mapping

Segregation analysis was performed according to Lander
et al. (1987), with the MAPMAKER software program,
and the JoinMap, version 2.0 (Stam and van Ooijen
19995), software package was employed for map con-
struction. Recombination fractions were converted to
centiMorgans, according to the Kosambi mapping
function (Kosambi 1944).

QTL analysis

The QTL analysis was performed using Windows QTL
Cartographer, version 2.0 (Basten et al. 1994, 2002).
(For details, see Baum et al. 2003).

Results
Linkage map

Details of the linkage map based on the ‘Arta’ x H.
spontaneum 41-1 population are described in Baum
et al. (2003).

Trait variations and correlations

The RIL population showed a large variation for the
traits examined among the four environments. Average
grain and biomass yields reflected the difference in
rainfall and were higher in Tel Hadya (grain yield was

2,608 kg/ha and 2,536 kg/ha in 1997 and 1998, respec-
tively, and biomass yield was 9,310 kg/ha and 7,047 kg/
ha in 1997 and 1998, respectively) than in Breda (grain
yield was 936 kg/ha and 1,251 kg/ha in 1997 and 1998,
respectively, and biomass yield was 5,625 kg/ha and
3,745 kg/ha in 1997 and 1998, respectively).

The means of ADF, LIC, and NDF were higher in
Tel Hadya than in Breda and in 1998 than in 1997,
confirming the better quality of the straw produced in
dry years and in dry locations (data not shown). This is
confirmed by the lower values of INT, OMD, and CP in
Tel Hadya and in 1998. The traits measured only in
Th98 (PCB, PCH, and PCS) showed a large phenotypic
variation, as expected in a population derived from a
wide cross. PCB varied from 2.1 to 13.6, PCH from 10.5
to 26.3, and PCS from 65.5 to 84.5.

The simple correlation coefficients among the specific
traits in the four environments were calculated (data not
shown). In general, relatively high correlations were
found among the NIRS-based traits (ADF, NDF, LIC,
OMD, INT, and CP). Positive correlations were found
within the subgroup of ADF, NDF, and LIC on one
side, and the subgroup of OMD, INT, and NIT on the
other side, while negative correlations were observed
among these subgroups. Low correlations were observed
among these traits and the plant architecture-related
traits, i.c., PCB, PCH, and PCS. Within the latter, PCS
was correlated negatively with PCB and PCH, while no
significant correlation was found between PCB and
PCH. PCH showed significant positive correlations with
OMD and INT and significant negative correlations
with NDF and LIC. The most striking difference among
the environments was the lack of correlations between
INT and other traits in Th97, and the high correlations
between INT and the other traits observed in the other
environments.

QTL analysis

The QTLs identified in this study are shown in Fig. 1
and Table 2. In Table 2, the QTLs are ordered by
chromosomal position, followed by and the LR-value of
the locus, either from multi-trait analysis—if a QTL for
more than one trait was identified—or from composite
interval analysis. The effect and the explained pheno-
typic variance were estimated by multi-interval mapping.

The numbers on the right side of the chromosomes in
the diamond symbol in Fig. 1 correspond to chromo-
somal position in Table 2 (e.g., 1H-4 corresponds to the
diamond symbol with the number 4 at the right side of
chromosome 1H)

Ten QTLs were identified for ADF on 1H-2, 3H-3,
6H-1, 7H-6, and 7H-8 in Br97; on 6H-6 in Br98; on 4H-
2, 7TH-1, and 7H-2 in Th97; and finally, on 2H-1 in Th97;
none of them was common among the environments.
The QTLs identified in Br97 explained in total 18.6% of
the phenotypic variation, and the ones found in Th97
explained 19.2%.
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Fig. 1 Linkage map of the cross ‘Arta’ x Hordeum vulgare

One QTL was identified for NDF on 1H-1, and this
was common to Br98 and Th98. In Br97, four QTLs (on
1H-5, 2H-2, 2H-4, and 6H-3) and one epistatic interac-
tion (among the QTLs on 2H-2 and 2H-4) were found,
together explaining 30.1% of the phenotypic variation.
For all the QTLs identified for this trait, the H. spon-
taneum parent contributed the allele with the higher
value, i.e., that associated with a lower quality.

Eleven QTLs were identified for LIG. One of them
was common to two environments (6H-7 in Br97 and
Br9g), five were specifically identified in Br98 (on 2H-4,
3H-4, 5H-5, and 7H-7), three in Th97 (on 1H-5, 3H-5,
and 7H-5), and another three in Th98 (3H-2, 4H-4, and
6H-5). In Br98, an epistatic interaction was identified
among the QTLs on 3H-4 and 6H-7. The explained
variance in Br98 was 30%, while in Th97 and Th98, the
explained variance was around 20% (20.1% in Th97 and
19.7% in Th98, respectively). For all QTLs beside the
one on 5H-5, the allele with the higher value (lower
quality) originated from the H. spontaneum parent.

ssp. spontaneum 41-1, with positions of QTLs on the right side of the
chromosomes. The description of the QTLs indicated by the diamonds (e.g.,

1H-1s are listed in Table 2)

Twelve QTLs were identified for OMD; one of them
was common to Br98 and Th98 (on 5H-4). Four QTLs
were identified in Br97, (on 1H-9, 2H-5, SH-3, and 6H-4)
and two QTLs in Th97 (on 5H-5 and 6H-5). In addition
to the common QTL, three specific QTLs were found in
Br98 (on 2H-3, 3H-3, and 4H-3) and two specific QTLs
in Th98 (on 4H-1 and 4H-4). The explained phenotypic
variance ranged from 28.8% (Br97) over 19.9% and
15.1% (Th98 and Br98, respectively) to 13.4% (Th97).
Besides the QTL on 5H-5, ‘Arta’ possessed the allele
with the higher value for all the OMD QTLs.

Twelve QTLs were identified for INT, one of which
was common to Br97 and Th98 (on 1H-8) and one
common to Br98 and Th98 (on 5H-5). Only for these
two QTLs, the H. spontaneum parent contributed the
allele with the higher value (better quality), while for all
other QTLs identified for this trait, the allele with the
higher value was found in ‘Arta’. Specific QTLs for INT
were identified in Br97 (on 1H-4, 1H-9, 2H-6, and 6H-4),
in Br98 (1H-1, 3H-4, 6H-7, and 7H-4) and in Th98 (on
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Table 2 Position, statistics, effects, and explained phenotypic var-
iance (Var. expl.) of the QTLs detected

QTL? Effect® Var. expl. (%)
1H-1: 37 (LR=24.1)

NDF-Br98-01 0.379 [Hs] 3.5
INT-Br98-01 1.006 [Ar] 7.4
CP-Br98-01 3.616 [Ar] 5.3
1H-2: 43 (LR =20.4)

ADF-Br97-01 1.381 [Hs] 4.1
PST-Th98-01 1.313 [Ar] 5.2
1H-3: 58 (LR =8.4)

PSH-Th98-01 0.987 [Hs] 3.8
1H-4: 81 (LR =14.3)

INT-Br97-01 0.983 [Ar] 7.2
1H-5: 105 (LR =10.9)

LIG-Th97-01 0.516 [Hs] 7.6
NDF-Br97-01 0.607 [Hs] 3.8
1H-6: 111 (LR=15.3)

INT-Th98-01 1.636 [Ar] 13.7
IH-7: 115 (LR="7.1)

CP-Th97-01 3.152 [A1] 6.0
1H-8: 120 (LR =22.8)

INT-Br97-02 1.037 [Hs] 2.2
ASH-Br98-01 0.372 [Hs] 4.6
INT-Th98-02 1.232 [Hs] 0.5
1H-9: 125 (LR =13.5)

INT-Br97-03 1.487 [Ar] 8.4
DOM-Br97-01 1.378 [A1] 4.8
2H-1: 17 (LR=11.2)

ADF-Th98-01 1.588 [Ar] 6.6
2H-2: 30 (LR=7.2)

NDF-Br97-02 0.415 [Hs] 3.1
2H-3: 115 (LR=11.4)

DOM-Br98-01 1.193 [Ar1] 5.9
2H-4: 122 (LR =33.3)

ASH-Br98-02 0.299 [Ar] 2.5
LIG-Br98-01 0.359 [Hs] 5.8
NDF-Br97-03 1.065 [Hs] 14.7
2H-5: 127 (LR=24.4)

DOM-Br97-02 2.179 [Ar] 12.0
2H-6: 135 (LR=19.3)

INT-Br97-04 1.144 [Ar] 10.1
3H-1: 22 (LR=11.1)

ASH-Br98-03 0.496 [Ar] 8.3
3H-2: 38 (LR =12.0)

LIG-Th98-01 0.486 [Hs] 8.9
3H-3: 72 (LR =8.2)

ADF-Br97-02 1.148 [Hs] 25
DOMD-Br98-02 1.086 [Ar] 4.1
3H-4: 94 (LR =13.9)

LIG-Br98-02 0.333 [Hs] 4.4
INT-Br98-02 0.763 [Ar] 5.2
3H-5: 116 (LR=11.2)

LIG-Th97-02 0.453 [Hs] 54
4H-1: 47 (10.5)

DOM-Th98-01 1.332 [Ar] 4.4
4H-2: 80 (LR =23.7)

ADF-Th97-01 1.194 [Ar] 2.3
INT-Th98-03 1.073 [A1] 11.6
4H-3: 102 (LR =13.3)

DOMD-Br98-03 1.226 [Ar] 6.3
4H-4: 108 (LR="7.8)

LIG-Th98-02 0.295 [Hs] 3.7
DOM-Th98-02 1.638 [Ar] 6.2
SH-1: 12 (LR = 16.0)

ASH-Br98-04 0.330 [Ar1] 1.1
NDE-Th97-01 0.637 [Hs] 7.8

Table 2 (Contd.)

QTL? Effect® Var. expl. (%)
5H-2: 18 (LR=10.4)

ASH-Br98-05 0.554 [Hs] 9.3
PBL-Th98-01 0.988 [Ar] 6.2
5H-3: 28 (LR =10.5)

DOMD-Br97-03 1.302 [Ar] 42
5H-4: 50 (LR =21.0)

DOMD-Br98-04 1.077 [Ar] 3.6
DOMD-Th98-03 1.385 [Ar] 4.5
5H-5: 100 (LR =23.1)

INT-Th98-04 0.845 [Hs] 5.6
DOM-Th97-01 2.369 [Hs] 6.1
INT-Br98-03 0.718 [Hs] 4.0
LIC-Br98-03 0.309 [Ar] 43
CP-Th97-02 2.537 [Hs] 33
CP-Th98-01 1.966 [Hs] 42
6H-1: 6 (LR =8.6)

ADF-Br97-03 1.380 [Ar] 4.1
6H-2: 25 (LR=15.1)

PSH-Th98-02 1.506 [Hs] 7.9
6H-3: 34 (LR=11.1)

NDF-Br97-04 0.571 [Hs] 3.8
6H-4: 69 (LR=11.4)

DOM-Br97-04 1.700 [Ar] 7.8
INT-Br97-05 0.922 [Ar] 6.0
PSH-Th98-03 1.180 [Ar] 2.3
6H-5: 84 (LR=24.4)

DOM-Th97-02 2.567 [Ar] 73
LIG-Th98-03 0.423 [Hs] 7.1
6H-6: 89 (LR=14.1)

ADF-Br98-01 1.043 [Hs] 3.2
PSH-Th98-04 1.338 [Hs] 3.6
6H-7: 98 (LR =30.7)

INT-Br98-04 0.790 [Ar] 52
LIG-Br97-01 0.661 [Hs] 42
LIG-Br98-04 0.433 [Hs] 7.5
7H-1: 4 (LR=5.2)

ADF-Th97-02 3.871 [Hs] 0.7
7H-2: 7 (LR=12.7)

ADF-Th97-03 4715 [Ar] 16.2
7H-3: 28 (LR=11.0)

PSH-Th98-02 1.600 [Ar] 7.8
7H-4: 77 (LR =8.4)

INT-Br98-05 0.890 [Ar] 4.8
7H-5: 116 (LR =19.8)

LIG-Th97-03 0.523 [Hs] 7.1
CP-Th97-03 3.020 [Ar] 5.3
7H-6: 124 (LR=15.4)

ADF-B197-04 2.136 [Hs] 5.9
7H-7: 132 (LR=12.7)

LIG-Br98-05 0.346 [Hs] 5.2
7H-8: 137 (LR=10.5)

ADF-Br97-05 1.754 [Ar] 2.0
7H-9: 156 (LR =9.4)

PSH-Th98-05 1.152 [Ar] 2.5

4QTL position: The number connected to the chromosome is the
number indicated in Fig. 1. The absolute position of the locus
follows the colon and in parentheses, the LR-value. The latter is
derived from composite interval mapping: either from a multi-trait
analysis if QTLs for more than one trait are detected at this locus

or from a single trait composite interval mapping

Difference of the genotype with two alleles of the one parent
compared to the genotype with two alleles from the other parent (in
brackets): the parent with the higher value trait expression, [Ar]

‘Arta,” [Hs] Hordeum vulgare ssp. spontaneum



2H-6 and 4H-2). Epistatic effects were found in Br98
between the QTL on 5H-5 and the one on 6H-7. No
QTLs were found in Th97. The explained phenotypic
variance was about 30% (Br97, 33.9%; Br98, 30.3%;
and Th98, 31.4%).

For CP, no QTLs were found in Br97, while one QTL
was common to Th97 and Th98 (on 5H-5) and three
additional specific QTLs were localized. One of them
was identified in Br98 (on 1H-1), and two in Th97 (on
1H-7 and 7H-5). All three QTLs in Th97 explained 20%
phenotypic variation. As in the case of LIC, OMD, and
INT, the origin of the allele with the higher value for the
locus on 5H-5 was opposite to the rest of the QTLs; in
this case, it was the only QTL where the H. spontaneum
parent contributed with the allele leading to the higher
value of the trait (better quality).

PCB, PCH, and PCS were exclusively measured in
Th98. For PCH, five QTLs were identified (on 1H-3,
6H-2, 6H-4, 6H-6, and 7H-9, see Table 2) together
explaining 20.1% variation. For two of them, the H.
spontaneum line contributed the allele for the higher
stem percentage, and for three of them ‘Arta’ contrib-
uted to higher stem percentage. For PCS, two QTLs
were localized, one on 1H-2 and one on 7H-3, leading to
13% explained phenotypic variance. Finally, one QTL
on 5H-2 was localized for PCB.

Discussion

The literature has long provided information on signif-
icant genetic variation in the nutritional value of pasture
grass and legume species (e.g., Minson and McLeod
1970).

In the present study, 73 QTLs were identified, the
majority of which in only one environment (17 in
Br97, 21 in Br98, 12 in Th97, and 20 in Th98) and six
in two environments. Drought resistance-related traits
measure the reaction of the plant to environmental
conditions. Therefore, a change in these conditions will
necessarily result in differences in QTL localization.
Although, e.g., the total rainfall in Breda was similar
between the years, large differences in distribution
together with differences in temperature have major
effects on plant development in that site. This is the
reason why we focused on the QTLs in single envi-
ronments and the relations of the single traits to each
other in the different environments, reflected by cor-
relations and the multi-trait analysis and indicated
through LR-values and explained variance.

In the driest environment (Br97), the QTLs for
ADF, INT, NDF, and OMD explained an amount of
phenotypic variance ranging from a minimum of
18.6% (ADF) to a maximum of 33.9% (INT). This
would indicate that a dry location such as Breda is a
suitable place to select for these four traits related to
higher straw quality. However, the greater need is to
improve straw quality in wet environments where there
is large quantity of straw of poor quality. Therefore,
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the QTLs identified in Th98, explaining nearly 20% of
the phenotypic variance of LIG and OMD and slightly
more that 30% of the phenotypic variance of INT, are
probably more relevant, because they are the five
QTLs identified in two environments.

Two important agronomic traits associated with
straw quality are plant height and lodging resistance
(Travis et al. 1996). Tall plants are desirable under
drought even though the straw quality is inferior, while
lodging, associated with soft and palatable straw, af-
fects negatively yield in wet conditions (Ceccarelli et al.
1991). In the case of plant height under drought, the
QTLs found in the ‘Arta’ x H. spontaneum 41-1 pop-
ulation, especially the one on 3H (Baum et al. 2003),
showed pleiotropic effects on traits such as days to
heading, grain yield, and biological yield. However,
there was little co-localization of straw-quality QTLs
at the same position. Only one QTL for LIG and one
for INT, both identified in Breda 1998, were identified
in this interval (at 3H-4). Therefore, it should be
possible to combine the height under drought con-
tributed by H. spontaneum  with desirable straw-
quality attributes. This is important, because H.

spontaneum is used in drought resistance breeding at
ICARDA, and this study shows that, with few
exceptions, the specific H. spontaneum  line used

extensively in the crossing program contributes alleles
with a negative effect on straw quality.

The protein concentration of the straw is important
for the multiplication and metabolism of rumen micro-
flora, and hence, it affects voluntary intake and digest-
ibility. QTLs for straw crude protein (CP) were identified
on chromosomes 1H, 5H, and 7H, with the SH-5 location
appearing in more than one environment. This could
coincide with QTLs for leaf nitrogen at maturity identi-
fied on 1H and 3H in a recent study by Mickelson et al.
(2003). At the 3H location, the alleles with high leaf
nitrogen at maturity were associated with low yield, while
at the 1H location, alleles were associated with low
residual leaf nitrogen but with high yield.

Quality traits such as OMD, water-soluble carbohy-
drate content, and high digestion rate are consistently
rated as the highest priorities for improvement in graz-
ing crops for meat and milk production (Smith et al.
1998). Coefficients of variation of 0.05 —0.16 among
genotypes are seen for the in vivo digestibility and
voluntary digestible dry matter intake of barley straw
(Herbert et al. 1994). Voluntary intake itself has a
genotypic coefficient of variation of about 0.10 and is
not correlated with grain yield or lodging resistance
(Goodchild et al. 1996). However, it is negatively
correlated with stem height. Annual differences in
springtime drought and heat stress increase intake, and
do so to a greater extent than genetic variation (Good-
child 1997). Heritable differences in straw intake are,
however, most marked when growing conditions are
favorable, so that cultivars whose grain yields are well
maintained under drought tend to have the best intake
under higher-rainfall conditions (Goodchild 1997).
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Correlation and co-localizations

There were four main locations within the barley map
where a number of QTLs for traits associated with straw
quality were located. The 1H-5-8 interval (105-120 cM)
had seven QTLs, the 2H-3-6 interval (115-135 cM) had
six QTLs, the SH-5 (100 cM) interval had six QTLs, and
the 7H5-8 interval (116-137 cM) had five QTLs. In
particular, the QTLs that were identified in more than
one environment are interesting for further character-
ization and utilization. QTLs for INT were identified in
Br97 and Th98 at 1H-8; QTLs for grain yield and bio-
logical yield co-located at the same position (Baum et al.
2003): LIC in Br97, Br98 at 6H-7, NDF in Br98 and
Th98 at 1H-1; CP in Th97 and Th98 at SH-5; and OMD
in Br98 and Th98 at SH-4. It is interesting that out of
the six QTLs common to two environments, five were
identified in Th98, the highest yielding environments and
therefore, where straw is expected to be of the poorest
quality and where improvement can have greater impact
because of the large amount of straw produced.
Favorable wild-species QTL alleles are useful as a
breeding resource after they have been fixed in nearly
isogenic lines (NILs) and after the superior performance
of a QTL-NIL has been confirmed in comparison to the
recurrent elite line (Pillen et al. 2003, 2004). Bernacchi
et al. (1998) have already validated the effects of exotic
tomato QTLs in QTL-NILs. We are developing advanced
backcross populations for ‘Arta’ X H. spontaneum 41-1 as
well as QTL-NILs mainly for agronomic traits. While
numerous positive spontaneum alleles have been identified
for agronomic traits (Baum et al. 2003), positive sponta-
neum alleles for straw-related traits are rather limited. The
SH-5 location carries spontaneum  alleles for the
improvement of crude protein concentration and for in-
take and the 1H-8 location for intake. MAS could help to
identify the spontaneum alleles in further backcross gen-
erations and for the development of QTL-NILs. This
should allow the improvement of straw quality traits even
under the variable West Asian environmental conditions.
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