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Abstract This paper reports on the first comparative
advanced backcross quantitative trait locus (AB-QTL)
study in barley. The BC,F, population Hx101 was
generated from crossing var. Harry [H; Hordeum vulgare
ssp. vulgare (Hv)] with ISR101-23 [101; H. v. ssp.
spontaneum (Hsp)]. The results of the AB-QTL analysis
for 13 quantitative traits are presented and, subsequently,
compared with the AB-QTL study of the barley cross
Apex x ISR101-23 (Ax101; Pillen et al., Theor Appl
Genet 107:340-352). Both AB populations share the
exotic Hsp donor accession ISR101-23. In Hx101, 108
putative QTLs (17%) were identified among the 650
markerxtrait combinations tested. Altogether 52 (48 %)
favorable effects were identified from the exotic parent.
At these marker loci, the homozygous Hsp genotype was
associated with an improvement in the trait compared to
the homozygous Hv genotype. The percentage of QTLs
detected in Hx101 was comparable to that in Ax101 (17%
vs. 15%), however more favorable exotic QTL alleles
were located in Hx101 than in Ax101 (48% vs. 34%). In
Hx101, the Hsp QTL allele at EBmac0679y; was
associated with a yield increase of 5.9% averaged across
the six environments tested. A comparison of putative
QTLs between Hx101 and Ax101 was based on 26 shared
SSR markers. In total, 26% of the putative QTLs could be
detected simultaneously in both AB populations. This
finding indicates that only a portion of the QTL effects of
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the donor allele can be transferred from one elite recipient
to the next.

Introduction

The advanced backcross-quantitative trait locus (AB-
QTL) strategy, introduced by Tanksley and Nelson
(1996), combines the two breeding steps of (1) localizing
exotic polygenes that exhibit effects on the expression of
quantitative traits like yield and quality and (2) using the
marker information to select new, improved breeding
material. In order to achieve this goal, the authors utilized
exotic germplasm as the genetic donor for the improve-
ment of quantitative agronomic traits (Tanksley and
McCouch 1997) and conducted the marker and phenotype
analysis in advanced backcross generations like BC, or
BCs.

So far, several reports on the application of the
AB-QTL strategy are available for tomato (Tanksley et
al. 1996; Fulton et al. 1997, 2000, 2002; Bernacchi et al.
1998a) and rice (Xiao et al. 1996, 1998; Moncada et al.
2001; Brondani et al. 2002). Reports have recently
appeared on the first AB-QTL analyses in maize (Ho
et al. 2002), wheat (Huang et al. 2003) and barley (Pillen
et al. 2003). In most instances, significant improvements
in yield and yield components could be associated with
exotic donor segments. These effects were dramatic in
tomato and rice, where yield increased up to 34% and
18%, respectively. The effects of wild-type QTL alleles
on yield were less pronounced in maize, wheat and barley
but still reached levels of 11%, 15% and 7%, respectively.

In barley, the AB-QTL analysis was conducted with a
BC,F, population from the cross Apex x ISR101-23
(Ax101; Pillen et al. 2003). The genotype data were
collected from SSR (simple sequence repeat) markers,
and the phenotype data were compiled for 13 quantitative
agronomic traits measured in a maximum of six environ-
ments. Altogether, 86 putative QTLs were identified by
means of a two-factorial ANOVA. Favorable effects of
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the exotic parent were identified at 29 putative QTLs
(34%).

In order to verify QTL effects, two strategies have
been applied. On one hand, a common parent between
two backcrosses can assist in the validation of QTLs. In
tomato, several backcross populations have been gener-
ated with the same recurrent parent. This rendered it
possible to compare the effects of exotic QTL alleles from
different tomato wild species in the genomic background
of a single cultivar. Fulton et al. (1997) reported that 19%
of the QTLs detected from a study with Lycopersicon
peruvianum as the donor parent were also found in at least
one of the crosses with L. pimpinellifolium or L. hirsutum.
Thus, the authors concluded that most of the QTLs
detected in L. peruvianum were unique. In rice, Xiao et al.
(1998) and Moncada et al. (2001) used the same Oryza
rufipogon accession as the exotic donor for their respec-
tive backcrosses. The latter authors reported that a yield-
increasing exotic QTL allele was found in both studies in
similar chromosomal regions, thus confirming its effect.
The final proof of a QTL effect will be its confirmation in
a pure nearly isogenic line (QTL-NIL) that contains a
single donor segment in the background of the recipient
genome. This concept has been successfully applied in
order to validate favorable QTL effects of exotic tomato
alleles (Bernacchi et al. 1998b; Monforte and Tanksley
(2000) and Monforte et al. (2001). Until recently, the idea
of a QTL as a genetic entity was solely a hypothesis.
However, Frary et al. (2000) cloned the first QTL: the
fruit weight regulator, fw2.2, in tomato. This example
ultimately proved that the expression of quantitative traits
can be traced back to the concerted action of single genes.

In this paper, we report on a second barley AB-QTL
project which utilized the same Hsp (Hordeum vulgare
ssp. spontaneum) donor accession (ISR101-23) as that
used by Pillen et al. (2003) but with the variety Harry as
the recurrent parent. Our goals were (1) to localize QTLs
for the expression of quantitative traits in spring barley,
(2) to identify favorable Hsp alleles that improve agro-
nomic traits and (3) to compare the genetic effects of
donor QTL alleles between the two related crosses Hx101
and Ax101.

Materials and methods
Plant material

For QTL analysis, the barley BC,F, population Hx101 was
generated by crossing German spring var. Harry [H; Hordeum
vulgare ssp. vulgare (abbreviated Hv)] as the female with the Israeli
Hsp wild barley (H. v. ssp. spontaneum) accession ISR101-23 (101)
as the pollinator followed by two cycles of backcrossing with Harry
as the pollinator and one round of selfing. The Hx101 population
consisted of 164 randomly chosen individuals.

SSR markers

The SSR markers used and their map locations are explained in
Pillen et al. (2003).

Genotyping BC,F, individuals

The genotypes of 164 BC,F, individuals of the Hx101 population
were determined by means of SSR analysis as explained in Pillen et
al (2003).

Phenotyping BC,F,-derived Hx101 families

The treatment of BC,F,.5 (1999) and BC,F,.¢ (2000) plots and the
phenotypic evaluation of up to 13 quantitative traits (Table 1) in a
maximum of six environments (three locations x 2 years) was
conducted as stated in Pillen et al. (2003).

QTL analysis

QTL analysis was performed as stated in Pillen et al. (2003). QTL
detection from BC,F, genetic data and field data from multiple
environments was conducted using the procedure GLM of the SAS
software (SAS Institute 1999). In each environment, field data from
two to three replications were averaged by the least square means
option of the GLM procedure. At each marker locus, only the
homozygous genotypes (Hv or Hsp) were included in the calcu-
lation since the repeated selfing of heterozygous BC,F, individuals
lead to a mix of both homozygous genotypes in the derived BC,F.5
and BC,F, field plots, resulting in a false estimate of the
performance of true heterozygotes. Like in Pillen et al. (2003), a
mixed model was used to detect QTLs which included a fixed
marker genotype (M) effect, a random environment (E) effect and
the MxE interaction. The presence of a QTL in the vicinity of a
marker locus was assumed, if the marker main effect or the MxE
interaction was significant at P<0.01.

Results and discussion

Traits

The least square means of each trait across all environ-
ments was calculated for the Hx101 backcross population
and for the recurrent parent Harry (Table 1). The
backcross significantly (P<0.01) excelled the recurrent
parent Harry for the trait HEA. From a breeder’s
perspective, this result is highly regarded under the
assumption that early flowering is independent of yield.
The backcross was significantly (P<0.001) inferior to
Harry with respect to traits HI, KER, MT and YLD. Both
of these findings also applied to the Ax101 population
(Pillen et al. 2003). The altogether inferiority of the
backcross was anticipated since no selection was exer-
cised during the development of the AB population.
Correlations between the 13 aforementioned traits and
the Hsp genome ratio per individual (P[Hsp]) were
calculated across all environments (Table 1). In general,
a high Hsp genome ratio exerted negative effects on the
performance of the Hx101 individuals. As in Ax101,
P[Hsp] showed significant negative correlations with
YLD (r=-0.70), HI (r=-0.51), KER (r=-0.40) and MT
(r=-0.36) and, on the other hand, a positive correlation
with PRO (#=0.55). The negative correlations of the
aforementioned traits with P[Hsp], in accordance with the
significantly reduced trait mean values in the backcross
population, confirm that the introgression of wild barley
germplasm would not lead to an improvement in agro-



Table 1 Least square means for 13 traits and their correlation with
P[Hsp]*

b

Least square means Correlation®

Traits? Hx101 LSD test® with P[Hsp]®
Harry
EAR 492.90 482.60 0.17*
HEA 67.53 68.94 %3 —0.15%
HEI 83.21 82.56 0.08
HI 0.41 0.45%3%:* —0.5] %k
KER 20.28 22.93 3% —0.40%x:*
LOF 2.56 2.10 0.11
LOH 4.77 4.94 0.14
MAS 43.03 42.66 0.16%
MT 62.81 72 .84 %% —0.36%**
PRO 11.24 11.10 0.55%3#:*
TGW 50.47 50.42 -0.05
WA 45.87 45.73 -0.01
YLD 51.65 58.50%** —0.70%**

4 P[Hsp] is defined as the percentage of Hsp alleles present in a
BC,F; line (see Pillen et al. 2003)

b The least square means for the backcross Hx101 and the recurrent
parent Harry are calculated across all environments

¢ The trait performance of each BC,F; line was averaged across all
environments in order to compute the Pearson correlation coeffi-
cients

4 The traits evaluated are: EAR, number of ears per square meter;
HEA, days from sowing to heading; HEI, plant height (cm); HI,
harvest index; KER, number of kernels per ear; LOF, lodging at
flowering; LOH, lodging at harvest; MAS, above ground biomass
(g/50 cm); MT, malt tenderness (%); PRO, grain protein content
(%); TGW, thousand grain weight (g);, WA, grain water absorption
(%); YLD, total yield (in 100 kg/ha). For details of trait evaluation
see Pillen et al. (2003)

¢ The significance thresholds for the LSD test and for the
correlations are: *P<0.05, **P<0.01, ***P<0.001

nomic traits without selection. Thus, the goal of the AB-
QTL study was to identify those rare exotic QTL alleles
that improve quantitative traits.

Marker data

More than 200 SSRs were tested for polymorphism
between the parents Harry and ISR101-23; of these, 77
SSRs were polymorphic. The 164 BC,F, lines of the
Hx101 population were successfully genotyped with 50
SSRs distributed over all seven barley chromosomes
(Table 2). The remaining 27 (35%) SSRs failed to exhibit
the Hsp allele in the BC,F, population. The chromosomal
location of the SSRs were inferred from Ramsay et al.
(2000) and Pillen et al. (2003). In total, 72 SSRs could be
placed in a map representing 850 cM of the barley
genome. The mean SSR density is equal to 11.8 cM. Both
the size and the density of the Hx101 map are very similar
to those of the Ax101 map (Pillen et al. 2003) that covers
852 cM with an average marker density of 12.7 cM. The
Hx101 map contains seven gaps with marker distances of
more than 30 cM. A similar observation was made in the
Ax101 map (Pillen et al. 2003), which included nine gaps.

From 50 informative SSRs, 45 (90%) could be scored
co-dominantly. Two dominantly scored SSRs did not
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amplify an Hsp allele and three failed to amplify an Hv
allele. A similar observation was made in the Ax101 map
(Pillen et al. 2003) where three dominantly scored SSRs
did not amplify an Hsp allele and two failed to amplify an
Hv allele. However, whereas HvWI was scored co-
dominant in Hx101 it was scored dominant in Ax101 with
a null allele in Apex. Presumably, at least one primer
sequence of HvW1I is absent in Apex, thereby preventing
the amplification of this PCR fragment from Apex.

QTL detection

Like in Pillen et al. (2003), a single point-marker analysis
by means of a two-factorial ANOVA rather than an
interval mapping was preferred for QTL analysis because
of the low marker coverage and the presence of gaps in
the Hx101 map. It should be noted that QTL effects
simultaneously detected at two or more adjacent marker
loci by ANOVA are presumably due to the existence of a
single, linked genetic factor that exerts the QTL effect.
However, because of two reasons we kept all putative
QTLs in the records. First, the alternative hypothesis—
that there are two or more QTL factors present on a single
chromosomal segment—cannot be ruled out. Second, the
ANOVA gives no clear indication which of the significant
markers is located nearest to the true QTL factor.

Among 650 markerxtrait combinations tested, 108
putative QTLs were detected: the marker main effect was
significant at 71 putative QTLs (P<0.01), and the MxE
interaction was significant at 41 putative QTLs (P<0.01)
(Table 2). In four cases, both effects were significant.
Altogether, 52 (48%) favorable QTL effects were detect-
ed in Hx101. At these loci, the homozygous Hsp genotype
was associated with an improvement in the trait compared
to the homozygous Hv genotype (Table 2). The putative
QTLs of Hx101 were unevenly distributed over the
chromosomes. Whereas at least 19 QTLs were located on
chromosomes 2H, 3H, 4H and 5H, only three QTLs were
detected on chromosomes 6H. However, on the latter
chromosomes only three SSRs were genotyped. The
majority of favorable QTLs were located on chromo-
somes 2H, 3H and 5H (23, 13 and 9, respectively). In
contrast, only zero and one favorable QTL were detected
on chromosome 1H and 7H, respectively. The distribution
of putative QTLs among the 50 genotyped SSR markers
in Hx101 was also uneven. Six segregating SSRs were
not associated with any QTL effect in Hx101, whereas
HVM36y211;, GMS3 o1y, and HvBKASIoy; revealed clus-
ters of putative QTL effects for seven traits and
GMS27 sy showed a cluster of putative QTL effects for
six traits. The QTLs detected in Hx101 are summarized
for each trait in Table 2 and presented in the following
sections.
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Table 2 List of 108 putative QTLs detected from the BC,F, cross Harryx101-23

Trait® Marker Chromo- Posi- Sm © R%\¢ S;¢ Ry®¥Y QrLe PNT  LSMe RP[Hsp] !
some tion ° (%) (%) [Hsp] (%)
EAR HVM20 1H 58 ok 0.7 M - 449.42 -8.86
EBmac0775 4H 42 ok 0.6 M - 462.52 543
HvBAMY 4H 88 s 1.5 M + 522.22 6.70
HEA HvALAAT 1H 57 okt 0.9 M - 70.34 4.92
HVM20 1H 58 skt 0.9 M - 70.34 4.92
Bmag0347 1H 70 sk 1.0 M - 70.34 4.99
HVM36 2H 17 okt 18.6 sk 0.9 M+ + 61.08 ~11.31
Bmag0378 2H 44 skt 24.7 M + 60.95 —12.59
GMS3 2H 48 s 273 ok 0.8 M+ + 60.48 ~12.53
HvBKASI 2H 50 okt 20.1 sk 0.8 M+ + 60.76 —12.40
HVM54 2H 103 sk 0.8 M - 68.68 2.57
EBmac0415 2H 105 s 0.4 M - 68.23 1.81
EBmac0705 3H 25 sk 1.7 M - 68.70 3.34
Bmag0209 3H 55 s 47 M + 62.25 -8.84
HVvESIA 3H 66 ekt 4.4 M + 63.05 —7.58
HVM33 3H 69 sk 53 M + 62.35 -8.48
HVM60 3H 73 s 7.2 M + 63.88 -6.10
Bmag0225 3H 74 skt 0.5 M + 65.96 271
Bmag0013 3H 141 s 2.8 M + 61.00 -10.06
HVM40 4H 14 okt 1.5 M - 69.83 4.55
HvOLE 4H 21 s 1.0 M - 69.86 453
HvB23D4 4H 26 kot 1.4 M - 69.83 4.55
GMS89 4H 50 sk 0.4 M - 69.05 3.00
EBmac0679 4H 83 ok 2.0 M - 69.80 448
HVM67 4H 118 okt 34 M - 69.76 4.95
Bmag0337 5H 35 sk 4.8 M - 70.68 6.38
Bmac0113 5H 41 okt 3.9 M - 70.35 5.52
Bmag0113 5H 61 okt 1.0 M + 65.27 -3.26
HvUDPGPP 5H 91 sk 0.7 M + 65.72 261
HvLOXC 5H 114 okt 2.1 M + 64.04 -4.84
GMS27 5H 148 skt 16.8 M + 62.45 -9.22
HVM6 5H 200 sk 1.0 M + 64.25 —4.65
HvWI 6H 17 ok 0.3 M - 68.17 1.73
GMS6 6H 96 ok 1.5 M + 58.62 ~13.41
HvSS1 7H 45 okt 0.4 M - 69.17 3.07
HvCMA 7H 85 okt 0.5 M - 69.17 3.13
HvACL3 7H 125 sk 0.7 M - 69.15 3.18
EBmac0755 7H 145 okt 34 M - 70.39 6.07
HvPRPIB 7H 167 sk 0.6 M - 68.62 2.08
HvCHI26A 7H 181 s 0.3 M - 67.98 1.49
HvGLB?2 7H 205 ok 0.2 M + 67.96 -1.09
HEI Bmag0378 2H 44 sk 95 M + 7481 ~12.63
GMS3 2H 48 o 13.1 ok 0.8 M+ + 73.91 ~13.00
HvBKASI 2H 50 sk 14.2 # M + 73.96 —13.15
EBmac0705 3H 25 sk 0.9 M - 84.40 3.25
HvOLE 4H 21 o 0.8 M - 86.90 5.82
HvBAMY 4H 88 sk 25 M + 77.99 -5.92
GMS27 5H 148 ok 7.2 M + 77.85 -9.46
GMS6 6H 96 sk 1.6 M + 66.83 -19.78
HI HVM36 2H 17 ok 2.4 I + 0.42 5.00
GMS3 2H 48 wEE 36 I + 0.42 5.00
HvBKASI 2H 50 sk 30 I + 0.42 5.00
Bmag0209 3H 55 ok 2.0 1 + 0.40 0.00
HVvESIA 3H 66 sk 1.8 I + 0.41 2.50
HVM60 3H 73 ok 1.9 I + 0.42 5.00
HvLOXC 5H 114 ok 4.6 M - 0.38 -7.32
KER Bmag0113 5H 61 skt 9.8 M - 17.33 ~16.04
LOF HvALAAT 1H 57 ok 1.0 I - 3.70 48.00
HVM20 1H 58 sk 0.9 I - 3.70 48.00
Bmag0347 1H 70 ok 0.9 I - 3.70 48.59
HVM36 2H 17 wEE 40 1 + 1.70 -39.72
Bmag0378 2H 44 #EE 55 I + 1.56 —45.83
GMS3 2H 48 R 6.6 I + 1.70 -39.07
HvBKASI 2H 50 wEE 78 I + 1.63 —42.61
Bmag0337 5H 35 wiE 35 I - 3.29 33.74
Bmac0113 5H 41 sk 34 I - 3.29 33.20
GMS27 5H 148 #EE 29 I + 2.10 -27.08
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Trait? Marker Chromo- Posi- Swm € R% 4 Si ¢ R? 4 QTL © P/N f LSMé# RP[Hsp] h
some tion ° (%) (%) [Hsp] (%)
LOH HVM36 2H 17 HkE 3.0 1 + 3.27 -36.38
Bmag0378 2H 44 Hokk 4.7 1 + 3.98 -25.05
GMS3 2H 48 Rk 2.6 1 + 3.29 -36.61
HvBKASI 2H 50 HkE 3.3 1 + 3.42 -34.23
GMS27 SH 148 Hokk 5.7 1 + 4.27 -23.20
MAS EBmac0679 4H 83 *k 0.4 M + 45.03 3.80
MT HvESIA 3H 66 w3k 1.3 M - 58.94 -7.11
TGW HvALAAT 1H 57 wE 1.4 M - 48.69 —4.36
HVM20 1H 58 Hk 1.3 M - 48.69 —4.30
Bmag0347 1H 70 Hk 14 M - 48.69 —4.34
HVM36 2H 17 HkE 6.2 1 + 51.15 1.15
Bmag0378 2H 44 HkE 8.4 I + 52.82 5.79
GMS3 2H 48 ok 8.3 1 + 52.34 4.06
HvBKASI 2H 50 HkE 8.9 I + 52.27 4.08
HvITR1 3H 15 w3k 1.2 M - 50.06 -2.05
Bmag0209 3H 55 HkE 2.1 1 + 52.56 3.98
HvESIA 3H 66 HkE 2.2 I + 52.16 3.18
HVM33 3H 69 w 1.6 1 + 51.61 2.02
HVM60 3H 73 HkE 3.5 1 + 51.76 2.43
HvBAMY 4H 88 w3k 04 M - 50.47 -1.19
Bmac0113 SH 41 * wE 1.3 1 - 49.09 —4.01
GMS27 5H 148 HkE 7.8 I + 52.54 4.20
WA HVM36 2H 17 Hok 1.5 1 + 45.99 0.35
YLD HVM36 2H 17 *k 0.8 1 - 50.27 -1.66
Bmag0378 2H 44 Hkok 9.7 M - 39.59 -22.60
GMS3 2H 48 * Hokeok 1.6 1 - 47.33 -8.66
HvBKASI 2H 50 * HkE 1.5 1 - 46.98 -9.67
HvESIA 3H 66 Hok 0.7 1 - 48.47 -6.03
HVM60 3H 73 ok 0.7 1 - 50.88 -1.38
HVM40 4H 14 w3k 1.1 M - 47.18 -9.44
HvB23D4 4H 26 Hk 1.1 M - 47.18 -9.58
EBmac0775 4H 42 *k 14 M - 47.25 -10.17
Bmag0353 4H 45 w3k 2.7 M - 44.49 -15.34
HVM68 4H 45 wE 2.0 * M - 47.41 -10.09
EBmac0679 4H 83 *k 0.6 M + 53.91 5.85
HvBAMY 4H 88 Hkok 4.0 M - 45.64 -12.28
Bmag0113 5H 61 HkE 3.0 M - 45.41 -13.34
HvUDPGPP SH 91 Hkok 5.5 M - 43.02 -17.60
HvLOXC SH 114 Hkok 7.8 M - 40.78 -22.37
GMS27 5H 148 Hkk 12.0 M - 40.94 -20.46
GMSI1 SH 187 Hkok 1.6 M - 47.03 -9.99

2 Trait abbreviations, see Table 1
® Chromosomal position of markers (in centiMorgans) are deduced from Ramsay et al. (2000) and Pillen et al. (2003)
¢Sy and Sy, Level of significance of the marker main effect and the MxE interaction, respectively, at *P<0.05, **P<0.01, ***P<0.001
4R?\; (%) and R?; (%), The portion of the phenotypic variance explained by the marker main effect and the MxE interaction, respectively,

were calculated as in Pillen et al. (2003)

¢QTL, A QTL was assumed within the vicinity of a marker locus if the marker main effect (M) or the MxE interaction (I) was significant

in the two-factorial ANOVA at P<0.01

TP/N, Positive (+) or negative (-) effect of the Hsp allele at the QTL
€ LSM[Hsp], The least square mean of the trait across all tested environments for homozygous Hsp genotypes at the given marker locus

" RP[Hsp], The relative performance of homozygous Hsp genotypes compared to homozygous Hv genotypes at a given marker locus

Days until heading (HEA)

Thirty-eight putative QTLs were located for HEA on all
seven chromosomes. In all cases, the marker main effect
was significant at P<0.01. In addition, three loci exhibited
significant MxE interactions. For 17 QTLs, a favorable
effect of the Hsp allele on HEA was observed. At these
loci, which were located on chromosomes 2H, 3H, 5H,
6H and 7H, the presence of the Hsp allele was associated
with a reduced heading time of up to 13.4% (GMS6cm)).
At the remaining QTLs, the Hsp allele was associated

with an increased heading time of up to 6.4%
(Bmag03375y)). The maximum explained phenotypic
variance was found at HvBKASIy—29.1 %. The large
number of QTLs detected for HEA might be partially
explained by the occurrence of shared QTL effects of
linked SSR loci, indicating that the associated effect could
be caused by a single gene. This is, for instance, possible
at the center of chromosome 3H where similar favor-
able QTL effects on HEA were located at markers
Bmag0209[3H], HVES]A[3H], HVM33[3H], HVM60[3H] and
Bmag02253y;. These markers are spread across positions
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55-74 cM, and the Hsp allele is associated with a
decrease of HEA between 2.7% and 8.8%. In contrast,
seven HEA QTLs were evenly distributed across the
complete chromosome 7H, indicating that these partially
unlinked SSRs are associated with independent or, at
locus HYGLB2 7y, reciprocal QTL effects.

Height (HEI)

Eight putative QTLs for HEI were located on five
chromosomes. All loci exhibited significant marker main
effects. GMS3pi; was, in addition, associated with a
significant MxE interaction. For six QTLs, a favorable
effect of the Hsp allele on HEI was observed. At these
loci, the presence of the Hsp allele lead to a reduction in
plant height of up to 19.8% (GMS6ep)). In contrast to
Ax101, only two loci were associated with an increased
plant height of up to 5.8% (HvOLEy)). The phenotypic
variance explained by a QTL reached its maximum with
14.2% at HVBKASI[QH].

Lodging at flowering (LOF)

Compared with Ax101, substantially more QTLs were
located for LOF in Hx101. Altogether ten QTLs for LOF
were located on chromosomes 1H, 2H and 5H. All SSRs
exhibited significant MxE interactions. At five QTLs, the
Hsp allele was associated with a reduction of lodging of
up to 45.8% (Bmag0378,p)). In contrast, at the remaining
five QTLs the tendency to lodge increased up to 48.6%
(Bmag0347;y;). The maximum explained phenotypic
variance was reached at HvBKASIu—7.8%.

Lodging at harvest (LOH)

For LOH, five putative QTLs were located in close
proximity on chromosome 2H or on chromosome 5H. All
QTLs exhibited significant MxE interactions with favor-
able Hsp alleles. These five SSRs were already associated
with the positive MxE interactions on LOF. The maxi-
mum effect on LOH was measured at locus GMS3,y.
Here, the Hsp allele resulted in a reduced lodging
tendency of 36.6% relative to the Hv allele. The maxi-
mum explained phenotypic variance of the MxE interac-
tion was measured at GMS27sy—>5.7%.

Ears per square meter (EAR)

Whereas no QTLs were detected for EAR in Ax101, three
putative QTLs for EAR were located in Hx101 on
chromosomes 1H and 4H. All loci exhibited significant
marker main effects. At locus HvBAMY |4y, the Hsp allele
was associated with a 6.7% increase in EAR. At the
remaining two loci, EAR was maximally reduced by 8.9%

(HVM20; 7). The maximum explained phenotypic vari-
ance was reached at HYBAMY 4u—6.7%.

Kernels per ear (KER)

As in Ax101, only one QTL was detected for KER.
Marker Bmag0113sy; exhibited a significant main effect.
The negative effect of the Hsp allele resulted in a 16.0%
reduction in the number of kernels per ear. The explained
phenotypic variance for Bmag(0113sy; amounted to 9.8%.

Thousand grain weight (TGW)

Fifteen putative QTLs were located for TGW on five
chromosomes. While five loci exhibited significant mark-
er main effects, the other ten loci showed significant MXE
interactions. The Hsp alleles had favorable effects on
TGW for nine QTLs on chromosomes 2H, 3H and 5H. At
these loci, the presence of the Hsp allele resulted in a
TGW increase of up to 5.8% (Bmag0378|p;). Contrasting
negative effects of the Hsp allele were detected on
chromosomes 1H, 3H, 4H and 5H which resulted in
reduced TGW of up to 4.4% (HvALAAT|x). The highest
portion of the phenotypic variance was explained by
HVBKASI[ZH]—gg%.

Yield (YLD)

Altogether 18 putative QTLs for YLD were located on
four barley chromosomes. Whereas 13 loci exhibited
significant marker main effects, five loci showed signif-
icant MxE interactions. As in Ax101, most QTL alleles
from Hsp resulted in yield reductions, up to a maximum
of 22.6% (EBmac0378,y;). However, a favorable wild
species effect on yield could be detected at locus
EBmac06794y;, where the Hsp allele was associated
with an average yield increase of 5.9%. The yield-
increasing main effect of the Hsp allele was detected in all
six environments and ranged from 1.8% to 10.5%. A
maximum explained phenotypic variance was found at
GMS275u1—12.0%.

Above-ground biomass (MAS)

As in Ax101, only one QTL was detected for MAS.
Locus EBmac0679 4y exhibited a significant main effect.
The favorable effect of the Hsp allele resulted in a 3.8%
increase in the above-ground biomass. The explained
phenotypic variance for EBmac0679y; amounted to
0.4%.



Harvest index (HI)

Seven putative QTLs were located for HI on chromo-
somes 2H, 3H and 5H. Significant MxE interactions with
favorable effects of the Hsp allele on HI were measured at
six loci. A maximum favorable Hsp effect of 5.0% was
reached at the three linked loci—HVM36,1;, GMS3 oy
and HvBKASIpyp. In contrast, HvLOXCisy; showed a
significant marker main effect where the Hsp allele was
associated with a 7.3% reduction in HI. The highest
portion of the phenotypic variance was explained by
HVLOXC[SH]—4.6%.

Protein content (PRO)

No QTLs regulating the expression of protein content
were localized in Hx101.

Water absorption (WA)

One putative QTL was located for the malting quality-
related trait WA. HVM36,,y; exhibited a significant MxE
interaction. The favorable effect of the Hsp allele was
associated with an increase in WA by 0.4%. The
phenotypic variance explained by HVM36,1; was equal
to 1.5%.

Malt tenderness (MT)

One putative QTL was located for the malting quality-
related trait MT. HvESIApzy; exhibited a significant main
effect. The negative effect of the Hsp allele was associ-
ated with a MT reduced by 7.1%. The phenotypic
variance explained by HvESIApy; was equal to 1.3%.

Comparison of the AB-QTL analyses between Hx101
and Ax101

In this section we compare the AB-QTL analysis of
Hx101 with our previous AB-QTL analysis of Ax101.
Both BC,F, populations were investigated in adjacent
fields and under identical field conditions during the 1999
and 2000 seasons (Pillen et al. 2003). The spring barley
cultivars Harry and Apex are not related by descent since
Harry originates from Arla M x Tellus, introduced in
1978 by Weibull, Sweden, and Apex originates from
Aramir x (Ceb.6721 x Julia x Volla x L100), introduced
in 1983 by Lochow-Petkus, Germany (Baumer and Cais
2000). Both populations share the wild barley accession
ISR101-23 as the donor of new QTL alleles. A compar-
ison of QTL effects will therefore reveal which effects of
wild species alleles are conserved between the different
elite barley recipients. The size of the two populations
differs slightly. Whereas Hx101 consists of 164 BC,F,
individuals, the number of Ax101 individuals drops to
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136. The number of informative markers was also slightly
different. The Hx101 population was genotyped with 50
informative SSRs, while 45 SSRs were used in the Ax101
population. In both populations, the same 13 quantitative
traits were phenotyped.

Whereas 108 putative QTLs (Table 2) were detected
among 650 markerxtrait combinations (17%) in Hx101,
86 putative QTLs were located among 585 markerxtrait
combinations (15%) in Ax101. Thus, no clear difference
between the two populations exists with respect to the
QTL detection rate. However, a notable difference was
measurable in regard to the percentage of favorable QTL
alleles. The QTL alleles of ISR101-23 revealed much
more positive effects in Hx101, where 52 favorable
alleles of the wild species (48%) were located, than in
Ax101, where 29 favorable alleles (34%) were detected.
This discrepancy can be primarily explained by the higher
number of significant MXE interactions in Hx101 (41 vs.
27 in Ax101), giving rise to favorable QTLs effects on
HI, LOF, LOH and TGW. While 25 favorable MxE
interactions were localized for these traits in Hx101, only
one favorable interaction was found in Ax101.

In order to compare the two backcross populations
further, the amount of potentially identical effects of the
Hsp allele in both populations was investigated. For this,
the set of markers was reduced to those markers that were
polymorphic in both populations. Table 3 presents the
QTL data for 26 SSRs that were informative in both
populations. At these SSRs, 338 markerxtrait combina-
tions were tested for significant deviations between the
Hv and the Hsp alleles. In total, 55 (16%) and 45 (13%)
putative QTLs were located in Hx101 and Ax101,
respectively. Both values are in good agreement with
the overall QTL detection rates of 17% and 15%.
Seventeen putative QTLs were simultaneously detected
in Hx101 and in Ax101. The majority of reproducible
QTLs were found for HEA (11) and the remaining for
HEI, TGW and YLD (two each). This finding indicates
that most of the heading QTL alleles from Apex and
Harry exhibit similar effects and that these effects are
significantly different in their ISR101-23 counterpart.
In four cases (HVALAAT[]H]XHEA, HVM40[4H]XYLD,
GM827[5H]XHEA and GMS27[5H]XHEI), the Hsp allele
was associated with contrary QTL effects between the
two populations. The highest number of QTLs detected in
both populations were found at GMS27 sy (three), how-
ever in two cases (HEA and HEI) the ISR101-23 allele
had opposite effects in Hx101 and Ax101. In summary,
26% of the putative QTL effects of the ISR101-23 alleles
(i.e. 13 common QTLs x 2/100 QTLs investigated in
Hx101 and Ax101) were reproducible between the two
genetic backgrounds of Harry and Apex. For 8% of the
QTLs investigated, the ISR101-23 allele was associated
with significant but opposite QTL effects in Hx101 and
Ax101. The vast majority of the putative QTL effects
(66%) were not reproducible between the two popula-
tions. Consequently, it remains difficult for breeders to
predict the performance of a favorable exotic QTL allele
in a new genomic background. The preponderance of
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Table 3 Comparison of putative QTL effects between the Ax101 and Hx101 populations*

Chromo- 1H 2H
some

3H 4H

Position 17 57 48 50 103 105
(cM)

25 74 14 26 45 50 62

Marker GMS21 HvALAAT HvBKASI HVM54 EBmac-

0415

EBmac-
0705

HvB23D4 GMS89 EBmac-

0658

Bmag-
0225

Bmag-
0353

Popula- A H A H A H A H A H A H

tion®

A H A H A H A H A H A H A H

EAR®

HEA - =« =1 [ [-1 [+ [+ +
HEI - - -

HI + +

KER -

LOF + - -

LOH - - -

PRO

TGW - [+ [+ [+] [+]

WA

YLD - - - - -

+
|

+

tE

x

+

+

- ) ) - - +

4Putative QTL effects of the Hsp allele are either trait-increasing (+) or trait-decreasing (—). QTLs which are common in both populations
are in bold and enclosed by square brackets. Those Hsp alleles which exhibit opposite QTLs effects in both populations are enclosed by

parenthesis

non-reproducible QTLs between the two related back-
cross populations presumably indicates a high degree of
epistatic genetic interaction between the detected QTLs
and the genomic background. A similar result was
reported for tomato by Fulton et al. (1997) when they
compared AB-QTL results from three different wild
species accessions which were backcrossed with a single
tomato cultivar—only 19% of the QTLs found in the
Lycopersicon peruvianum cross could be confirmed in at
least one of the two additional crosses. The authors
interpreted this result as an indication that further inves-
tigation of additional donor accessions would be promis-
ing in order to identify addition favorable QTL alleles
from wild species. Our finding, that roughly one-quarter
of the Hsp effects are uniform between Hx101 and
Ax101, suggests that only a portion of the QTL effects of
a donor can be transferred from one recipient to the next.
The same conclusion was drawn by Thomas et al. (1995)
and Mather et al. (1997) from classical QTL analyses in
barley. Both studies emphasized that only a few QTLs
were conserved between the barley crosses Blen-
heimxE224/3, HarringtonxTR306 and SteptoexMorex.

Comparison of the AB-QTL analyses in Ax101
and Hx101 with classical QTL analyses in barley

We compared our AB-QTL analysis with classical QTL
analyses conducted in doubled haploid (DH) and F,
generations with respect to common QTL effects. The
QTL comparison was carried out by means of a compi-
lation of mapped barley QTLs from P. Hayes (http://
barleyworld.org/NABGMP/qtlsum.htm), which is based
on the SteptoexMorex BIN classification published by A.
Kleinhofs (http://barleygenomics.wsu.edu/databases/data-
bases.html). The BIN map integrates RFLP, AFLP
and SSR markers by allocating them to 99 evenly
spaced BIN groups. Based on the BIN map, 14 SSRs

of our AB-QTL analyses could be compared with

classical barley QTL analyses. These markers are:
HVM471;,  HVM6sy,  HVM20p,  HVM333m,
HVM40uy;, HVMS54pn, HVM60i3H, HVM674u,
HVM68[4H], WMS6[4H], HVBI{ASI[QH], HVCMA[7H],

HvOLE 4y and HvPRPIB7y). A possible common QTL
was assumed if the BIN groups of two independently
detected QTLs were identical or at least overlapped.
Altogether, the 14 selected SSRs could be associated
with 33 putative QTLs in the Hx101 (Table 2) and Ax101
backcrosses (Pillen et al. 2003). By comparing BIN
groups, we were able to verify 15 QTL effects (45%) in at
least one classical barley QTL analysis (Table 4). Eleven
verified QTLs were detected in Hx101, four in Ax101
and three in both AB populations. The highest number of
matching QTLs was found for trait HEA. Here, seven
putative QTLs, two of them common to Ax101 and
Hx101, could be verified in classical barley QTL studies.
The putative QTL effect for HEA which was associated
with HVM67 4 in Ax101 and Hx101 was also detected
in the same or in overlapping BIN groups in three
classical barley QTL studies. The putative HEA QTLs at
HvCMA 7y and HvPRP1B7y; as well as the HEI QTL at
HvOLE 4y and the LOF QTL at HvBKASI >y were also
detected in two classical barley QTL studies. In the case
of the putative QTLs for HEI and TGW at HvBKASI>n,
the same SSR was found to be associated with two QTL
effects in Marquez-Cedillo et al. (2001). A maximum
of matching QTLs was found with the SteptoexMorex
population (Hayes et al. 1993, 1996) and with the
HarringtonxMorex population (Marquez-Cedillo et al.
2000, 2001). In both cases, five putative QTLs could be
verified (Table 4). The correspondence of QTLs in Ax101
and Hx101 with those in the latter two crosses might be
reflected by the relatively close genetic distance between
the barley wild form ISR101x23 and barley variety
Morex. We found a genetic similarity of GS=0.52
between ISR101-23 and Morex based on a fingerprint
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5H 6H 7H
88 118 35 41 61 91 148 187 200 17 85 145 167
HvBAMY  HVM67 Bmag- Bmac- Bmag- HvUDPGPP GMS27 GMSI HVM6 HvW1 HvCMA EBmac- HvPRPIB

0337 0113 0113 0755
A H A H A H A H A H A H A H A H A H A H A H A H A H

+
[+ [+] + [+ [+] - - [~ (+) -+ - + + [+ [+ =+ ]
-1 [-1 +) -) +
+ + -

b A, Ax101; H, Hx101
¢ Trait abbreviations: see Table 1

Table 4 Alignment of common QTL between Hx101, Ax101 and classical QTL analyses in barley based on 14 SSR markers*

QTL location in AB-QTL analyses with Ax101 or Hx101

QTL location in classical QTL analyses of barley

Trait®  Population®  Marker Chromosome ~ BINpj®  Marker or interval BINr®  Reference
HEA H HVM60 3H 8 ABG377-ABC307B 8-9 Hayes et al. (1993)
H HVM40 4H 2 CDO669-TubAl 2-5 Hayes et al. (1993)
A+H HVM67 4H 13 Bmyl 13 Hackett et al. (1992)
ABG397-ksuH11 11-13 Hayes et al. (1993)
ABG397-Bmyl 11-13 Hayes et al. (1996)
H HvCMA TH 6 ABG380-VAtpS7A 4-7 Tinker et al. (1996)
MWGS836-ABG476 5-7 Pena et al. (1999)
A+H HvPRPIB 7H 12 MWG539-MWG929 11-12 Backes et al. (1995)
BCD5I12A 12 Laurie et al. (1995)
HEI H HvBKASI 2H 8 HvBKASI-vrsi 8-10 Marquez-Cedillo et al. (2001)
H HvOLE 4H 3 CDO542 3 Zhu et al. (1999)
int c-Phy2 2-4 Marquez-Cedillo et al. (2001)
LOF H HvBKASI 2H 8 Adh8-ABC162 6-8 Hayes et al. (1993)
ABG716-MWGS865 7-10 Tinker et al. (1996)
A HVM6 SH 15 MWG650-MWG002 13-15 Backes et al. (1995)
TGW H HVM20 IH 7 Ical/ABG452 6-7 Marquez-Cedillo et al. (2000)
A+H HvBKASI 2H 8 HvBKASI-vrsl 8-10 Marquez-Cedillo et al. (2001)
YLD H HVM60 3H 8 PSR156A-ABG453 7-9 Marquez-Cedillo et al. (2001)

4The alignment of QTL data is based on the barley QTL database curated by Dr. P. Hayes (http://barleyworld.org/NABGMP/qtlsum.htm)

" Trait abbreviations: see Table 1

¢ The QTL effect was detected either in Ax101 (A), in Hx101 (H) or in both AB-QTL populations (A+H)
4 BINpy;, The assignment of SSR markers to BIN groups is based on mapping results of Dr. A. Kleinhofs in SteptoexMorex (http://

barleygenomics.wsu.edu/databases/databases.html)

4 BIN{g},The BIN group of a reference marker or interval which is identical or, at least, overlapping with BIN}yy

analysis with 22 SSR markers (Pillen et al. 2000 and
unpublished results). It should be noted that a corre-
sponding localization of a QTL in two independent
studies does not necessarily verify that the same gene is
responsible for the phenotypic variation of the trait. It is
also possible that two linked loci are the cause of the
phenotypic variation in both QTL studies. However, the
corresponding location of a QTL in independent studies
confirms that a chromosomal sub-region might be im-
portant for the expression of the trait under investigation.
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