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Abstract A set of advanced backcross barley lines de-
rived from crosses between cv Clipper and different
Iranian and Turkish wild barleys, which are
homozygous for particular isozyme-marked donor in-
tervals, was screened for resistance to barley scald.
Eight lines that consistently exhibited scald resistance
were identified, and genetic analysis indicated that
single dominant genes encoded resistance in five of the
lines, single recessive genes were present in two lines,
and a pair of unlinked, dominant genes encoded the
resistance in the last line. Linkage between the scald-
resistance gene and the isozyme marking the introg-
ressed donor chromosome interval was detected in four
lines, allowing the chromosome locations of these res-
istance genes to be determined. One such resistance
gene resides on barley chromosome 5, to which no
other scald-resistance genes have been mapped; this
gene has been designated Rrs14. A survey of the effec-
tiveness of the eight resistance genes against a set of
virulent pathotypes of the scald pathogen revealed that
four of the lines were completely resistant to all of them.
In two instances, the recovery of more than one scald-
resistance gene from a single original donor parent
could be demonstrated. These scald-resistance genes
should provide additional opportunities for breeding
programs that aim to develop scald-resistant barley
cultivars.
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Introduction

Scald, or leaf blotch, is a serious foliar disease that
affects barley (Hordeum vulgare L.) in many of the
major production regions of the crop around the world,
including Canada, the USA, Europe, and Australia
(Shipton et al. 1974). The primary loss from scald is
reduced yield, which can reach or exceed 25% (Schaller
1951; James et al. 1968; Khan 1986; Vivar et al. 1987;
Abbott et al. 1991). In addition, scald damage is mani-
fested as a lowering of quality characteristics such as
1000-kernel weight and kernel plumpness (Schaller
1951; James et al. 1968; Khan and Crosbie 1988). This
reduction in quality characteristics is particularly detri-
mental for malting barleys, since the grain is size-
selected to eliminate the unsuitably small fraction prior
to malting.

The causal agent of scald is the fungus Rhyncho-
sporium secalis (Oud.) J. J. Davis. The pathogen is
spread from plant to plant primarily by water-splash
dispersion of spores, and can persist from season to
season in crop residue (Shipton et al. 1974). Perhaps the
most significant feature of R. secalis is the high level of
pathogenic variability encountered in natural popula-
tions, which has repeatedly been demonstrated in
different regions of the world where the disease is a
problem (Jackson and Webster 1976; Brown 1990;
Tekauz 1991; Jørgensen and Smedegaard-Petersen
1995). Somatic recombination (Burdon et al. 1994) and
high mutation rates (Goodwin et al. 1994) may contrib-
ute to this variation, and alternative wild host plants of
the pathogen may exert sustained selection pressure for
greater pathogen virulence (Ali and Boyd 1974; Brown
1990).



One approach to reducing the severity of scald in the
field is through the use of fungicides. This enables
a measure of control in some situations, but the effec-
tiveness of fungicides in controlling scald can vary from
location to location (Kendall et al. 1993). Furthermore,
pathotypes of R. secalis that are resistant to commonly
used fungicides now have been identified in field popu-
lations, reducing fungicide effectiveness in some instan-
ces (Kendall et al. 1993; Locke and Phillips 1995).
These detrimental aspects of fungicide use, coupled
with their cost and environmental concerns regarding
pesticide use, may lead to a gradual curtailment of their
use for scald control.

An alternative approach to scald control is through
the use of naturally occurring scald-resistance genes, of
which 13 have so far been named (Jørgensen 1992;
Wettstein-Knowles 1993). The incorporation of these
genes into barley cultivars has been useful in combating
scald in many instances. However, the different resist-
ance genes work with varying degrees of effectiveness
against pathotypes of R. secalis from different conti-
nents as well as from different geographic areas within
the same country (Ali and Boyd 1974; Tekauz 1991).
Furthermore, even if resistance genes are initially found
to be effective under field conditions, the highly vari-
able nature of R. secalis may result in the selection of
new pathotypes that can overcome them over time.
This is best illustrated by the failure of the cultivar
Atlas 46 to exhibit long-term scald resistance in Cali-
fornia (Houston and Ashworth 1957). New scald-resist-
ance genes would therefore be beneficial for controlling
scald since they can provide breeding alternatives in
situations where known resistance genes have failed to
confer adequate protection to the disease, or where
they may lose effectiveness over time. Also, with greater
numbers of scald-resistance genes, more options be-
come available for pyramiding the genes within cul-
tivars to improve their overall effectiveness, a breeding
strategy that is likely to gain momentum as molecular
markers for different scald-resistance genes continue to
become available (Barua et al. 1993; Abbott et al. 1995;
Schweizer et al. 1995).

The present study reports the genetic basis of scald
resistance derived from different wild barley (Hordeum
vulgare ssp. spontaneum) accessions collected in Iran
and Turkey. Linkage between the scald-resistance
genes and segregating isozyme markers is estimated,
and the effectiveness of these genes against Australian
pathotypes of R. secalis that can overcome some pre-
viously available resistance genes is examined.

Materials and methods

Plant materials

Backcrossing between different Iranian and Turkish wild barleys
and the scald-susceptible Australian cultivar Clipper was conducted,

with Clipper serving as the recurrent parent. Individual backcross
lines were established in which the wild barley allele for one of 19
different isozyme loci was selectively maintained in the heterozygous
state until the BC

3
F

1
, resulting in an average reversion of the

genome to approximately 90% of the recurrent parent. Of the
remaining portion of the genome derived from the donor, approxim-
ately 50% is expected to be located on the segment harboring the
maintained donor isozyme gene (Brown et al. 1989). Individual
BC

3
F

1
plants were selfed to generate segregating BC

3
F
2

popula-
tions (denoted by specific numbers). From each such population,
a single individual homozygous for the introgressed donor isozyme
allele was isolated and selfed to produce a BC

3
F
3

line homozygous
for the isozyme-marked donor segment (referred to by the same
numerical designation as the BC

3
F
2

population from which it was
derived). For more details on the general method of line develop-
ment, see Brown et al. (1988).

Disease inoculation procedures

The procedures used for plant culture and subsequent inoculation
with R. secalis are described elsewhere (Abbott et al. 1991). Clipper
plants were included (one plant per each ten experimental plants) as
a positive control in inoculations.

Survey of BC
3
F
3

lines for evidence of scald resistance

Twentythree BC
3
F
3

lines, either deriving from different wild barley
parents or from the same parent but selected to maintain different
donor isozyme loci, were initially surveyed for evidence of scald
resistance with an equimolar mix of spores from four different
Australian pathotypes of R. secalis (R109, R112, R126, and R144).
Eight plants from each line were simultaneously inoculated, grown
in a shadehouse for approximately 3 weeks, and subsequently com-
pared to Clipper for evidence of reduced necrotic lesions indicative
of the presence of scald-resistance genes. The survey was repeated
twice, during different times of the year, to confirm the consistency
of the results. Lines uniformly exhibiting less scald damage than
Clipper were chosen for further in-depth evaluation, as described
below.

Genetic analysis of scald resistance

The inheritance of scald resistance in BC
3
F
3

lines that were true-
breeding for scald resistance was examined by scoring the BC

3
F

2population from which the BC
3
F
3

line was derived for scald-resist-
ance segregation, and using this information to infer the underlying
genetic control of resistance in the BC

3
F
3

line. Approximately 100
BC

3
F

2
plants were inoculated with R. secalis pathotype R109 which

was used in the initial BC
3
F
3

survey, and grown under controlled
environmental conditions described previously (Abbott et al. 1991),
except that the temperature at which the plants were maintained
during disease development was lowered to 12°C. Plants were rated
for disease damage after approximately 18 days. Resistance ratings
were based upon the numerical systems of Ali and Boyd (1974) and
Jackson and Webster (1976), in which a score of 0 represents an
absence of disease symptoms, 1"the presence of small lesions
confined to the leaf margins, 2"small lesions mostly confined to the
leaf margins, 3"obvious lesions on all parts of the leaf surface, and
4"large coalescing lesions leading to leaf collapse. Ratings between
0 and 2 were considered to represent resistant responses. The ratio of
resistant to susceptible plants in each segregating population was
tested for goodness-of-fit to different genetic models using the s2
statistic.
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Linkage between scald-resistance genes and isozyme loci

To test whether the scald-resistance genes resided on the selectively
introgressed donor chromosomal segments in any of the lines, link-
age between the isozymes marking the introgressed segments and
the scald-resistance genes was examined. Prior to inoculation with
R. secalis and subsequent collection of disease-resistance segregation
data, the BC

3
F
2

plants were scored for isozyme segregation, using
methods previously described (Brown 1983). Linkage between
isozyme loci and scald-resistance genes was first assessed by contin-
gency s2 analysis. Where significant deviations from independent
segregation were detected, maximum-likelihood estimates of recom-
bination rates and map distances were calculated using the Linkage-
1 computer program (Suiter et al. 1983).

Performance of resistance genes against virulent pathotypes
of R. secalis

To test the broad potential effectiveness of the resistance genes
identified in this study, resistant BC

3
F
3

lines were inoculated with
a set of four different R. secalis pathotypes (H1.1, H2.1, WA3076, K8)
collected from different regions in Australia that are known to be
virulent on different barley cultivars. For each pathotype, eight
plants of each line were simultaneously inoculated, grown under the
same environmental conditions used for the genetic analysis, and
subsequently numerically rated for disease damage.

Results

Scald resistance in backcross lines

Of the 23 BC
3
F
3

lines twice screened for resistance to
the mixture of four different R. secalis pathotypes, nine
uniformly exhibited lower levels of scald damage than
Clipper in both evaluations. Four of these lines ap-
peared to be disease-free (lines 208, 240, 245, 249), while
the other five (lines 219, 234, 239, 242, 246) exhibited
varying reductions in scald damage relative to Clipper.
These lines were therefore presumed to possess one or
more scald-resistance genes. Information on the pedi-
grees of resistant BC

3
F
3

lines can be found in Table 1.

Genetic control of scald resistance in backcross lines

The nine BC
3
F
2

populations from which the resistant
BC

3
F
3

lines were derived were screened for scald-
resistance segregation under controlled conditions that
have been shown to permit rapid development of scald
lesions on the plants (Abbott et al. 1992). The success of
the inoculations conducted for these genetic studies is
reflected by the consistently high disease ratings on the
Clipper control plants; across all inoculations, 98%
were rated as 3 or greater. This also indicates that the
pathogen inoculum was applied consistently in the
experiments.

Eight of the BC
3
F
2

populations segregated for scald
resistance (Table 2) while the ninth (population 239)
exhibited no apparent resistance to the pathogen, and

Table 1 List of scald-resistant BC
3
F
3

lines identified in this study,
the wild barley donor parents used in their construction, and the
introgressed donor isozyme gene in each line

Line Donor Geographic Introgressed
number parent origin of donor! donor

isozyme
gene

208 CPI 109829" Mehran, Iran Gpi1
219 CPI 109832 Dezful, Iran Acp2
234 CPI 109846 Gaziantep, Turkey Est2

(3 km east)
239# CPI 109851 Bitlis, Turkey Enp1

(60 km south)
240 CPI 109853 Diyarbakir, Turkey Adh2

(43 km north)
242 CPI 109860 Siverek, Turkey Acp2

(20 km east)
245 CPI 109861 Siverek, Turkey Enp1

(9 km east)
246$ CPI 109853 Diyarbakir, Turkey Est5
249% CPI 109846 Gaziantep, Turkey Idh1

!For further information on original collection sites, see Nevo et al.
(1986 a, b)
"Australian Commonwealth Plant Introduction number
#Resistance not confirmed during genetic analysis
$Derived from same donor plant as line 240
%Derived from same donor plant as line 234

was not studied further. The scald-resistance segrega-
tion ratios in five of the BC

3
F
2

populations (208, 219,
240, 242, and 245) conformed with a dominant mono-
genic model, whereas segregation for scald resistance in
populations 234 and 246 suggested that the resistance
was encoded by a single, recessive gene (Table 2). Resis-
tant plants in BC

3
F
2

populations 208, 240, and 245
were free of disease symptoms (rating of 0), while the
resistant plants in populations 219, 234, 242, and 246
expressed some symptoms of the disease, with most
being rated between 1 and 2.

Table 2 Segregation for scald resistance in BC
3
F
2

populations, and
goodness-of-fit of data to specific genetic models

BC
3
F

2
Scald-resistance segregation s2 P-value

population
Resistant Susceptible

208 78 26 0.00! 1.00
219 71 33 2.51! '0.10
234 27 77 0.05" '0.75
240 73 27 0.21! '0.50
242 80 24 0.15! '0.50
245 76 28 0.15! '0.50
246 21 83 1.28" '0.25
249 95 9 1.03# '0.25

!Calculated for monogenic, dominant resistance
"Calculated for monogenic, recessive resistance
#Calculated for digenic, dominant resistance
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Table 3 Goodness-of-fit of isozyme segregation in BC
3
F
2

populations to a co-dominant monogenic model, and linkage estimates between
isozyme loci and scald-resistance genes

BC
3
F

2
Segregating Isozyme segregation! s2 P-value Linkage between isozyme and scald-resistance genes

Family isozyme
CC CW WW Contingency Map distance Barley

s2 (P-value) $ error (cM) chromosome
location

208 Gpi1 33 49 22 2.67 '0.25 45.3 ((0.000) 14.7$3.7 5
219 Acp2 23 53 28 0.52 '0.75 0.6 n.s.
234 Est2 27 50 27 0.15 '0.90 0.3 n.s.
240 Adh2 29 46 28 1.19 '0.50 2.4 n.s.
242 Acp2 23 46 35 4.15 '0.10 44.2 ((0.000) 15.6$3.8 4
245 Enp1 20 56 28 1.85 '0.25 3.1 n.s.
246 Est5 28 54 22 0.85 '0.50 20.8 ((0.000) 25.5$4.7 1
249 Idh1 28 52 24 0.31 '0.75 84.8 ((0.000) 3.8$1.9 Unknown

!CC, homozygous for the Clipper allele; CW, heterozygous; WW, homozygous for the wild barley donor allele

In contrast to the other seven BC
3
F
2

populations,
scald-resistance segregation in population 249 corre-
sponded closely with the 15 :1 ratio expected from the
segregation for two unlinked, dominant resistance
genes (Table 2). Further analysis of these data after
decomposition into the three obvious classes of indi-
viduals in the segregating population — those with no
disease symptoms, those with moderate resistance, and
those that were fully susceptible — produced numbers
(76, 19, and 9 respectively) that corresponded very
closely to the 12 :3 : 1 ratio expected for segregation at
two unlinked genes, one of which confers a high level of
scald resistance, and the other a moderate level of
resistance (s2"1.03, P'0.50). The individuals scored
as moderately resistant were unlikely to be inoculation
escapes, since the Clipper control plants were uniform-
ly susceptible. Since BC

3
F
3

line 249 is true breeding for
complete resistance to the R. secalis pathotypes used in
the original BC

3
F
3

screening (including R109 used in
the genetic analysis), it is homozygous for the stronger
of the two resistance genes detected in the BC

3
F
2population. However, the presence or absence of the

more moderate resistance gene cannot be established
since the stronger gene effectively masks its phenotype.

Linkage between scald-resistance genes
and isozyme markers

In each BC
3
F
2

population, segregation ratios for the
isozyme gene maintained in a heterozygous state during
backcrossing fit a co-dominant, monogenic model
(Table 3). Unbiased segregation for both the scald-resist-
ance and isozyme genes in all populations allowed max-
imum-likelihood estimation of recombination rates in
those instances where non-independent segregation be-
tween the loci was revealed by contingency s2 analysis. In
three of the seven populations possessing monogenic
scald resistance (208, 242, 246), linkage between the scald-
resistance gene and the isozyme gene marking the introg-

ressed donor interval was detected. This proportion con-
forms to theoretical expectations (Brown et al. 1989). The
resistance gene in BC

3
F
2

population 208 was linked to
Gpi1, which places it on barley chromosome 5. Similarly,
the resistance genes present in lines 242 and 246 can be
positioned to barley chromosomes 4 and 1, by virtue of
their respective linkages with Acp2 and Est5 (Table 3).

Despite the fact that the scald resistance in BC
3
F
2population 249 was apparently controlled by two

genes, linkage between Idh1 and the resistance gene
conferring a high level of resistance was still examined
by classifying BC

3
F
2

individuals strictly upon the pres-
ence or absence of any disease symptoms. This allowed
linkage analysis between Idh1 and the gene conferring
complete scald resistance to be examined independent-
ly of the effects of the other resistance gene. This analy-
sis revealed that the two genes are tightly linked
(Table 3). The chromosomal location of Idh1 in barley
is currently undetermined, and so the chromosome
location of this resistance gene was not established.

Effectiveness of resistance genes against virulent
pathotypes of R. secalis

A range of effectiveness against the virulent R. secalis
pathotypes was consistently observed among the differ-
ent resistance genes. Complete resistance (rating of 0) to
all four pathotypes was conferred by the resistance
genes in four of the lines (lines 208, 240, 245, 249) and
three other lines (219, 234, and 246) were effective to
varying degrees against one or more of the pathotypes.
In contrast, the resistance gene in line 242 did not
condition resistance to any of the virulent pathotypes
(Table 4). These results closely parallel those of the
initial BC

3
F
3

line evaluations; the four lines exhibiting
an absence of disease symptoms when co-inoculated
with the mixture of R. secalis pathotypes in the original
BC

3
F
3
survey were the same lines that were found to be

completely resistant to all the virulent pathotypes.
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Table 4 Response of scald-resistant BC
3
F
3

lines to a set of virulent
pathotypes of R. secalis

Line Response to pathotype
number

H1.1 H2.1 K8 WA3076

208 R! R R R
219 M" S# S S
234 R M M S
240 R R R R
242 S S S S
245 R R R R
246 M S S S
249 R R R R
Clipper S S S S

!Complete resistance (rating"0)
"Moderately resistant (rating"1—2)
#Susceptible (rating"3—4)

Discussion

Progress toward characterizing new resistance genes to
barley scald has not proceeded as rapidly as might be
expected, particularly given the seriousness of the
disease in many parts of the world (Shipton et al. 1974).
This may be due to the fact that some currently avail-
able resistance genes are sufficiently effective for con-
trolling the disease, and it may also reflect the general
difficulty of conducting accurate genetic studies for
scald resistance, particularly under field conditions.
Nonetheless, it is clear that existing scald-resistance
genes are under constant threat of being overcome by
new virulent pathotypes of the scald pathogen (Brown
1990). Thus, novel scald-resistance genes may serve two
useful purposes. First, they may be of value in situ-
ations where existing scald-resistance genes do not con-
fer adequate protection against the disease. Second,
they can provide a measure of security to breeding
programs should resistance genes that are currently in
use fail over time.

Genetic interpretations of scald-resistance can vary,
depending on the pathotypes of the pathogen being
used, the genetic background in which a resistance gene
resides, and the conditions under which the screening is
conducted. The plant material and experimental tech-
niques used in this study are ideal for circumventing
some of these problems. First, Clipper is uniformly
susceptible to all tested R. secalis pathotypes (Ali et al.
1976; Brown 1990); it therefore serves as an ideal gen-
etic background for studies of scald resistance. Further-
more, the use of BC

3
generation material for genetic

studies means that little of the donor genome remains,
thus eliminating most unlinked modifiers of disease-
resistance gene expression that might be present in the
donor genome and which could confound genetic anal-
ysis. Lastly, the use of seedling-resistance screening and
single plant scoring, which has previously been shown
to yield accurate genetic data (Abbott et al. 1992), has

permitted the genetic characterization of these new
scald-resistance genes far more efficiently than if the
study had been attempted under field conditions.

The eight resistance genes characterized in this study
display a high level of distinctness when compared
amongst themselves. They can be divided into seven
classes, based upon a combination of inheritance, link-
age, pathotypic effectiveness, and preliminary field per-
formance data. This result tends to support the belief
that wild barley is a particularly rich source of genetic
variation that may be useful for barley improvement
(Brown 1983).

Among the scald-resistance genes identified here, the
gene carried by line 208 is of particular note. This gene
is approximately 15 cM from Gpi1 on barley chromo-
some 5. No other scald-resistance genes have been
mapped to this chromosome, and thus we have desig-
nated it Rrs14. Barley chromosomes 1 and 4, which the
resistances genes in lines 242 and 246 reside on, are
known to harbor either major scald-resistance genes or
QTLs for resistance to the disease (Wettstein-Knowles
1993; Backes et al. 1995). The determination of allelic
relationships among these new wild barley-derived
scald-resistance genes and those that have been pre-
viously described awaits the identification of R. secalis
pathotypes that discriminate between the various
genes, the development of intercross populations from
the different gene sources, and the extensive disease
resistance screening of such populations using the dis-
criminating pathotypes.

Previous studies have demonstrated that seedling
scald-resistance correlates well with scald-resistance in
the field (Abbott et al. 1991; Xue et al. 1995). Indeed,
a series of scald-resistance genes derived from Israeli
wild barleys that were characterized in this fashion
(Abbott et al. 1991, 1992) are effective in the field, and at
least one of these genes provides a foundation for scald
resistance in the new barley cultivar ‘‘Tantangara’’.
Similarly, results of preliminary field trials of several of
the scald-resistant BC

3
F
3

lines characterized here indi-
cate that the resistance genes they possess are at least as
effective in the field as the genes derived from Israeli
wild barleys. Additionally, the new set of genes de-
scribed here exhibit a greater average effectiveness
against the virulent R. secalis pathotypes used this
study when compared with those derived from the
Israeli wild barleys. Both findings suggest that the
scald-resistance genes reported here will be useful for
developing scald-resistant barley cultivars.

If new scald-resistance genes are to be incorporated
into scald-resistance breeding programs, molecular
markers for them would be of great benefit. The tight
linkage between the scald-resistance gene in line 249
and Idh1, coupled with the low level of polymorphism
at Idh1 in barley and the rarity of the Idh1 allele tagging
the gene, will make Idh1 extremely useful for introduc-
ing the line 249 resistance gene into new germ plasm.
And, although the other mapped resistance genes in
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lines 208 (Rrs14), 242, and 246 are not as tightly linked
to their respective isozyme loci, indirect selection may
still be effective for them. Furthermore, this linkage
information will prove useful for future development of
more closely linked markers.

In two instances, more than one resistance gene was
recovered from a particular donor individual. Lines 240
and 246 both trace back to the same wild barley plant,
but were selected to maintain different segments of that
donor during backcrossing (Table 1). While line 240
possesses a single dominant gene that confers a high
level of scald resistance, line 246 possesses a single
recessive gene that imparts moderate resistance. Even
more interesting is the case of lines 234 and 249 which,
like lines 240 and 246, are derived from the same donor
plant but were selected to contain different donor chro-
mosome segments (Table 1). Line 234 possesses a single
recessive resistance gene, while BC

3
F
2

population 249
was segregating for two unlinked, dominant resistance
genes. This indicates the presence of a minimum of
three different scald-resistance genes in the original
wild barley donor plant. Such a finding is in agreement
with studies of other putative ‘‘gene-for-gene’’ systems
in which multiple resistance genes have been detected
(Burdon 1987).
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