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Summary. Changes in resistance to scald disease which 
occurred in barley composite Cross II over 45 genera- 
tions were analyzed genetically. This population, which 
was synthesized in 1929 by pooling equal numbers of 
F1 seeds from 378 pair wise crosses among 28 barley 
varieties, has subsequently been grown at Davis, Cali- 
fornia under standard agricultural conditions without 
conscious selection. Progenies derived from self-polli- 
nated seeds from random plants taken from four 
generations (F8, Fx3, F23, and F+s) were tested against 
four different races of  scald (40, 61, 72, and 74), and 
rated as resistant, susceptible or segregating. Striking 
increases in the frequency of families resistant to races 
40, 61, and 74 occurred in CC II. A test for randomness 
showed that quadruply susceptible and triply resistant 
families were more common than expected under the 
assumption that resistance to different races is indepen- 
dent. Positive correlations were found between resis- 
tance to races 40, 61, and 74, but resistance to race 72 
was independent of resistance to all other races. Possi- 
ble reasons for these correlations are discussed. 
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Introduction 

In a study of barley scald disease, caused by Rhynchos- 
porium secalis (Oud.) Davis, Jackson et al. (1978) found 
that the frequency of resistant individuals increased 
significantly in later generations of Composite Cross II 
(CC II), whereas tittle change occurred in the frequency 
of resistant plants in CC V and CC XXI. The increases 
in frequency of resistant plants in CC II were to three 
of  the four races studied. Studies of the pathogen have 
shown that its racial composition is complex. At least 
75 different physiological races occur in the Sacra- 
mento and San Joaquin Valleys of  California (Jackson 
and Webster 1976 a) and it is known that large changes 

take place in the racial composition of the pathogen 
over time (Jackson 1979). It has also been shown that 
the racial composition of populations of scald can 
change rapidly in controlled greenhouse experiments 
(Jackson and Webster 1976b). The four races used in 
the study by Jackson etal. (1978), and also in this 
study, therefore represent only a part of the pathogen 
population in nature. These four races are, however, 
diagnostic and they identify the major types of  viru- 
lence that are known in the pathogen. 

There is substantial experimental evidence that 
correlations can develop between different genetic loci 
in highly self-pollinating populations such as CC II 
(Allard et al. 1968; Clegg et al. 1972; Weir et al. 1972; 
Weir et al. 1974). The purpose of the present study was 
to determine whether the observed changes in resis- 
tance to different races are correlated. The results are 
discussed with respect to known genes for resistance to 
scald. 

Materials and Methods 

Composite Cross II was synthesized in 1929 by mixing equal 
numbers of F1 seeds from 378 hybrids obtained by making 
pair wise crosses among 28 varieties of barley (Harlan and 
Martini 1929). The population has subsequently been grown 
annually at Davis, California in large plots under standard 
agricultural conditions without conscious selection. Families 
for the present study were obtained by space planting random 
samples of seeds from generations Fs, FI~, F23, and F4s and 
harvesting seeds from single plants. One hundred thirty-two 
families from each generation were scored for resistance in 
greenhouse tests. Methods of inoculation and scoring have 
been described by Jackson and Webster (1976a). Four lots 
of 10 seeds each were planted per family in metal flats. Two 
weeks after planting the fiats were inoculated with either race 
40, 61, 72, or 74 (ATCC34256, ATCC34277, ATCC34288, 
and ATCC34290, respectively). The inoculum concentration 
was 2• s spores/ml. Disease ratings were made after two 
weeks of incubation. Seedlings were classified in five cate- 
gories on the basis of level of infection. Ratings 0, 1, and 
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2 were considered to indicate resistance and ratings 3 or 4 
to indicate susceptibility. Families which contained only indi- 
viduals with scores of 0, 1, or 2 were classified as resistant, 
those in which only types 3 or 4 individuals were ob- 
served were designated as susceptible (S) and those in which 
both types 0-2 and 3-4 were found were classified as segregat- 
ing (SEG). It should be noted that the proportion of segregat- 
ing families will be underestimated due to the small family 
size. There are three possible family types for each of the four 
races and thus 34 = 81 possible family types in total. 

R e s u l t s  

The basic data o f  the experiment are given in Tables 1 
and 2. Table 1 lists the family types observed in four 
generations of  CC II; it also gives the family types of  
the parents reported by Jackson et al. (1978). Table 2 
gives the frequencies o f  resistant, segregating, and 
susceptible families observed in the present study and 
the frequencies of  resistant and susceptible individuals 
reported by Jackson et al. (1978) in four generations 
(FT, F15, F25, F47) of  CC II. Because resistance is 
usually dominant  to susceptibility (see Habgood and 
Hayes 1971) most segregating families are expected to 
have arisen from resistant plants. The two data sets can 
therefore be made approximately comparable by adding 
the frequencies of  resistant and segregating families of  
the present study and comparing the sum with the 
frequency of  resistant individuals in the earlier study. 
Alternatively the frequencies of  susceptible families in 
the present study can be compared directly with the 
frequency of  susceptible individuals in the study of  
Jackson et al. (1978). The data in Table 2 show that the 
main difference between the two studies is that resistant 
plants were less frequent in generation F45 of  the 
present study than in generation F,7 of  the earlier 
study. Scoring for disease resistance, which is subjec- 
tive, was by different observers in the two studies and it 
is therefore possible that the difference between genera- 
tions F45 and F47 reflect systematic differences among 
observers in scoring disease levels. It is also possible 
that inoculation and incubation conditions differed in 
the two studies. Neither of  these explanations seems 
likely, however, in view of  the very similar results 
observed in the earlier generations of  the two studies. 
Thus the higher frequency of  resistant plants in genera- 
tion 47 may possibly represent a real increase over the 
frequency observed in generation 45. This possibility is 
consistent with the striking increase in the frequency of  
resistant plants which occurred in the later generations 
o f  CC II. 

It can be seen from Table 1 that 30 among the 81 
possible family types were observed. Only six different 
family types occurred in the parents, and also in 
generation 13. However, in generations Fs, F23, and 

Table l. Observed numbers of family types in the parents and 
four generations of CC II 

Race Number Generation 
of parent 

40 61 72 74 varieties b F8 FI~ F2~ F45 
Family type" N umber of families 

R R S R 2 l 13 47 
SEG R S R 1 6 
S R S R 1 1 8 
R SEG S R 7 
SEG SEG S R 1 2 
S SEG S R 3 
R S S R 10 
SEG S S R 2 
S S S R 1 19 
R R S SEG 6 1 
S R S SEG 1 
R SEG S SEG 1 
SEG SEG S SEG 1 
R S S SEG 2 1 
SEG S S SEG 1 
S S S SEG 1 2 5 
S R R S 1 2 1 
R SEG R S 1 
R S R S 1 
S S R S 7 1 6 
R R SEG S 1 
S S SEG S 1 4 3 1 
R R S S 2 3 
SEG R S S 1 
R SEG S S 1 1 1 
SEG SEG S S 1 
S SEG S S 1 
R S S S 2 7 4 10 2 
SEG S S S 6 3 4 
S S S S 20 98 118 78 16 

Numberoffamilies 28 132 132 132 132 

Number of different 6 16 6 17 17 
family types 

Number of segregating 15 9 20 30 
families 

Number of different 9 3 10 12 
segregating family types 

R, SEG, and S refer to resistant, segregating and suscep- 
tible families, respectively 
b Data of Jackson et al. (1978) 

F4s of  CC II, the number  of  different family types was 
much larger (16, 17, and 17, respectively). 

Family type SSSS (susceptible to all four races) was 
the most common type observed (20 out of  28, or 71%) 
in the parents o f  CC II. This family type was also the 
most common in generations Fs, F13, and F23 (74, 89, 
and 59%, respectively). However, by generation F,s it 
had become infrequent (16 out of  132 families or 12%). 
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Table 2. Frequencies of resistant (R), segregating (SEG), and susceptible (S) families (FAM) a and the frequencies of resistant and 
susceptible plants (p)b in the parents and four generations ofCC II 

Race Disease Parental Generation 
reaction varieties 

F7 Fs F15 F13 Fas F=3 F4~ F45 

P FAM P FAM P FAM P FAM 

40 R 0.18 0.05 0.11 0.08 0.03 0.18 0.26 0.85 0.52 
SEG - - 0.05 - 0.02 - 0.07 - 0.08 
S 0.82 0.95 0.84 0.92 0.95 0.82 0.67 0.15 0.40 

61 R 0.25 0.11 0.04 0.12 0.00 0.23 0.20 0.78 0.47 
SEG - - 0.02 - 0.00 - 0.04 - 0.11 
S 0.75 0.89 0.94 0.88 1.00 0.77 0.76 0.22 0.42 

72 R 0.04 0.02 0.08 0.01 0.01 0.01 0.05 0.04 0.00 
SEG - - 0.02 - 0.03 - 0.02 - 0.01 
S 0.96 0.98 0.90 0.99 0.96 0.99 0.93 0.96 0.99 

74 R 0.11 0.17 0.02 0.14 0.00 0.28 0.12 0.92 0.79 
SEG - - 0.04 - 0.01 - 0.06 - 0.05 
S 0.89 0.83 0.94 0.86 0.99 0.72 0.82 0.08 0.16 

a Families derived by self fertilization of single plants. The number of families scored was 132 in each generation 
b Individual plants from population samples. Data on individual plants and parents are from Jackson et al. (1978) 

The parents included three singly resistant and two 
doubly resistant family types. Several new singly and 
doubly resistant family types, which were not repre- 
sented in the parents, appeared in various generations 
o f  CC II, including two family types resistant to race 72 
(SSRS and RSRS). The singly and doubly resistant 
types tended to increase modestly in frequency over 
generations. The parents also included two triply resis- 
tant parents (RRSR) family types. One RRSR family 
was found in F8 and none in F13 and 13 in F23. 
However, by F4s RRSR had become the most common 
family type, represented by 47 of  the 132 families 
(36%). No  new triply resistant types, all of  which would 
have involved the resistance to race 72 (SRRR, RSRR, 
RRRS), appeared in the population. 

Family data of  the type above permit us to test 
whether the changes in frequency of  multiply resistant 
family types were significant and whether resistance to 
any one race is independent of  resistance to other races. 
The number  of  possible family types is large, however, 
and to reduce the number  of  classes to a manageable 
level, we proceeded as follows. First, resistant and 
segregating families were combined into one class 
(called resistant), which reduces the number  of  classes 
to 16. Second the families were classified according to 
the number  of  races to which they were resistant (0, 1, 
2, 3, and 4). These five classes include, respectively, 1, 8, 
24, 32, and 16 of  the original 81 family types. 

Table 3 gives the observed and expected numbers of  
families resistant to zero to four races o f  scald in the 

parents and four generations of  CC II. Comparisons of  
expected numbers (calculated from marginal totals) 
with observed numbers reveal that statistically signifi- 
cant changes occurred over generations in the frequen- 
cies of  multiply resistant families. The main feature of  
the changes was a reversal of  an excess of  quadruply 
suceptible families in the earlier generations to an 
excess o f  resistant families, especially triply resistant 
families, in generation 45. 

In testing whether resistance to the four races is 
random (independentj or nonrandom (correlated), ob- 
served numbers of  families within each generation were 
compared with expected numbers calculated under the 
assumption that resistance to the four races is indepen- 
dent (Table 4). In calculating ~ ,  classes were combined 
so that the expected number in any class was five or larger. 
There were only 28 parents; the expected number  o f  
multiply resistant family types was consequently small 
and the resulting reduction o f  number  of  classes pre- 
cluded a meaningful test of  significance. In generation 
13, in which the general level of  resistance was low, no 
multiply resistant families were expected and none 
were observed. However in generations F8, F23 and 
F4s departures from independence were highly signifi- 
cant. This was due primarily to excess of  triply resistant 
families and quadruply susceptible families. Single 
resistance was less frequent than expected in early 
generations, but this deficiency disappeared by F4s. 
Doubly resistant types were in small excess in F8 but 
they had become less frequent than expected in genera- 
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Table 3. Observed (O), expected (E) and the difference between observed and expected numbers ( O - E )  of families resistant to 0, 1, 
2, 3, or 4 races of scald. Expected numbers were calculated from marginal totals in testing for homogeneity over generations 

N" Parents F8 F13 F23 F4s 

O E O E O E O E O E 

0 20 17 98 78 118 78 78 78 16 78 
(O-E)  3 20 40 0 - 62 

1 3 4 22 21 14 21 23 21 28 21 
( O - E )  - 1 1 - 7  2 7 

2 3 2 9 10 0 10 8 10 25 10 
(O-E)  1 - 1 - 10 - 2  15 

3 2 5 3 22 0 22 23 22 63 22 
(O-E)  3 - 19 - 2 2  1 41 

4 0 0 0 0 0 0 0 0 0 0 
(O-E)  0 0 0 0 0 

a N is the number of races to which the family or parental variety is resistant 
)~ for homogeneity= 230.0, P <  0.001. In calculating ~ classes were combined so that the expected number per class _>- 5 

t ions F23 a n d  F4s. It is therefore  c lear  f rom these 

family  data  that  react ion to cer ta in  races is associated 

with reac t ion  to the o the r  races. 

A n o t h e r  way  to test the family  da ta  for n o n r a n d o m -  

ness is to calcula te  pair  wise corre la t ions  be tween  

resistance to the di f ferent  races. The  famil ies  were  

g iven  values  0, 1, or  2 on the ord ina l  scale co r re spond-  

ing to S, S E G ,  R, and the p r o d u c t - m o m e n t  cor re la t ion  

be tween  resis tance to pairs o f  races was calcula ted.  This  

var iab le  is ana logous  to the " n u m b e r  o f  pr inc ipal  

al leles in the g e n o t y p e "  (Smouse  and  N e e l  1977) but  its 

m e a n i n g  is less precise here  because  the present  da ta  

represen t  phenotypic ,  not  genotypic ,  classes. N r  2 is 

d is t r ibuted a p p r o x i m a t e l y  as )~ w h e n  N is large and it 

consequen t ly  gives a test o f  significance,  even  though  

the p r ima ry  var iables  are  not  no rma l ly  dis t r ibuted.  It  

can be seen f rom Tab le  5 that  s ignif icant  posi t ive 

associat ions occur  be tween  resistance to races 40, 61, 

Table 4. Observed (O), expected (E) and the difference between observed and expected numbers (O-E)  of families resistant to 0, 1, 
2, 3, or 4 races of scald. Expected numbers were calculated assuming that resistance to single races is independent 

N a Parental varieties F8 Fls F23 F4s 

O E O E O E O E O E 

0 20 16 98 88 118 118 78 51 16 3 
(O-E)  4 10 0 27 13 

I 3 10 22 38 14 14 23 57 28 29 
(O-E)  - 7  - 10 0 - 3 4  - 1 

2 3 2 9 6 0 0 8 21 25 61 
( O -  E) 1 3. 0 13 - 36 

3 2 0 3 0 0 0 23 3 63 39 
(O-E)  2 3 0 20 24 

4 0 0 0 0 0 0 0 0 0 0 
(O-E)  0 0 0 0 0 

0.70 14.1 0.0 36.6 40.5 

Probability N.S. < 0.001 N.S. < 0.001 < 0.001 

N is the number of races to which the parental variety or family is resistant 
In calculating )d classes were combined so that the expected number per class ~ 5 
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Table 5. Pair wise correlations for resistance to races 40, 61, 72, 
and 74 in the parents and four generations of CC II 

Generation Race 

61 72 74 

P 0.663 - 0.105 0.378 
Fs 0.257 0.009 0.257 
F13 40 -~ - 0.024 - 0.026 
F23 0.665 - 0.206 0.561 
F45 0.564 - 0.135 0.414 

P 0.411 0.438 
F8 0.084 0.796 
F13 61 -~ -~ 
F23 - 0.054 0.793 
F4s - 0.125 0.467 

P - 0.069 
Fs - 0.074 
F13 72 - 0.024 
F23 -0.136 
F45 - 0.242 

" Race 61 was invariant in F13; consequently it was not pos- 
sible to compute correlations with the other races 
Correlations larger than 0.17 are significant at probability level 
0.05 

and 74 in the parental  and in all generations except 
generation 13. Table 5 also shows that correlations 
between race 72 and the other races, al though generally 
negative in sign, are usually nonsignificant. There was a 
positive and significant correlation between resistance 
to race 72 and race 61 in the parents but this correla- 
tion had become negative and was no longer significant 
in the later generations. 

Discussion 

In most studies of  the inheritance of  reaction to scald 
disease, resistance has been found to be governed by 
alleles at single loci. Alleles for resistance have usually 
been found to be dominant  to those for susceptibility 
but  in a few cases resistance alleles have been either 
partly dominant  or recessive. One case of  recessive 
epistasis has been reported (Baker and Larter  1963). 
Several of  the parents o f  CC II are known to carry 
specific genes for resistance to scald. 'Atlas'  carries the 
gene Rh2 (Dyck and Schaller 1961 a). 'Trebi '  carries a 
dominant  resistance allele of  the gene Rh 4, which is 
located on chromosome 3 (Dyck and Schaller 1961b; 
Riddle and Briggs 1950), as well as a recessive resis- 
tance allele of  an unnamed  gene (Riddle and Briggs 
1950). 'Trebi '  possibly also carries a resistance allele of  
gene Rh3. Rh3 has been identified in the cross 
'Wisconsin W i n t e r ' x ' G l a b r o n ' ,  both of  which are par- 
ents o f C C  II. Habgood  and Hayes  (1971) reported that 

resistance is partially dominant  to susceptibility for 
Rh3. 

Jackson and Webster  (1976a) tested 'Atlas',  'Trebi '  
and 'Wisconsin Win te r ' •  'G labron '  against races 40, 61, 
72, and 74. These materials were found to be susceptible 
to all four races except that 'Trebi '  is resistant to race 40 
and 'Atlas'  to races 61 and 72. The data of  Jackson 
et al. (1978) show that races 40, 61, 72, and 74 possess 
virulence alleles that are able to overcome all of  the 
known resistance genes in the parents of  CC II. 
However  it is obvious that the parents of  CC II must 
carry genes for resistance in addition to those that have 
been reported in the literature because at least one 
parental variety was resistant to each of  the races. 

In the present study classification of  families was 
into resistant, segregating and susceptible categories. 
Family sizes were too small to justify formal Mendelian 
analyses of  observed ratios in segregating families. 
However  the data reveal an interesting feature of  
inheritance at the populat ion level: the frequency of  
segregating families, even though underest imated in 
this experiment,  was high in all generations and their 
frequency increased in the later generations (the ob- 
served proportions of  segregating families in genera- 
tions Fs, FI~, F23, and F4n were 11, 9, 15, and 23%, 
respectively). Similar high frequencies of  segregating 
families have been found in barley Composi te  Cross V 
by Jackson et al. (in preparation).  In a populat ion such 
as CC II, in which the mating system is one of  more 
than 99% of  self fertilization, it is expected that inbreed- 
ing equilibrium will have been closely approached 
within 8 generations after synthesis of  the population,  
and that the frequency of  heterozygotes at any locus 
will thereafter fluctuate only narrowly about  the equi- 
l ibrium point. It is also expected that, at inbreeding 
equilibrium, the proport ion of  heterozygotes will be 
low, even when mechanisms that promote  heterozy- 
gosity (e.g. heterozygote advantage) are taken into 
account (Allard etal .  1968). Kahler  and Allard (in 
preparat ion) have established that equil ibrium hetero- 
zygosity levels for electrophoretic markers  in CC II fall 
in the range of  one to two percent. The high frequency 
of  families segregating for disease reaction observed in 
CC II is therefore not consistent with single-locus 
inheritance of  resistance. This conclusion is supported 
by the observation that many  families segregated 
simultaneously for resistance to two races and one 
family in F23 segregated simultaneously for resistance 
to three races. Whatever  the genetic basis of  resistance 
in the parental  varieties, it is clear that the segregation 
and recombinat ion which have occurred in CC II have 
given rise to numerous  novel multiresistant genotypes. 

In total, 30 different family types were found among 
the parents and the four generations studied. The 
pattern of  multiple resistance was nonrandom:  in most 
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generations triply resistant and completely susceptible 
families were more frequent than expected on the basis 
of  resistance to individual races. Another  finding was 
that resistance to races 40, 61, and 74 was positively 
correlated in pair wise comparisons. Resistance to race 
72, on the other hand, was independent  o f  resistance to 
the other races. Jackson et al. (in preparat ion) have 
found similar patterns of  correlation in barley Compos-  
ite Cross V. 

Several hypotheses can be formulated to account 
for the observed correlations. The simplest and most 
obvious hypothesis is that resistance to races 40, 61, and 
74 is governed by the same locus. The existence of  
parents and families that are singly, doubly, or triply 
resistant, as well as families that are segregating for 
resistance to 1, 2 or all 3 races simultaneously is, 
however, inconsistent with this hypothesis. Another  
possible hypothesis is that the two R R S R  parents carry 
a tightly linked cluster of  three or more genes for 
resistance. With tight linkage little or no recombinat ion 
is expected following the initial crossing cycle, nor  as a 
result of  the low level of  intercrossing which occurs in 
each of  the later generations. It is therefore expected 
that the initial correlation between resistance to the 
three races would decline very slowly over generations. 
However  the corelations between resistance to races 40, 
61, and 74 did not follow this pattern for any of  the 
pairs o f  races. The correlation between resistance to 
races 40 and 61, which was high in the parents, fell off  
in F8 but increased again to high levels in the later 
generations. For  pairs 40 and 74 the correlations 
decreased from parents to F8 to Fls but then increased 
again, whereas for pair 61 and 74 it was higher in the 
middle generations than in the parents or generation 
45. The hypothesis of  tight linkage is thus also not 
consistent with the observations. Still another  hypothe-  
sis is that the correlations are due to epistotic selection, 
which can be a powerful force in generating and 
developing gametic disequilibrium between favored 
combinations at different genetic loci in inbreed ing  
populations (Clegg et al. 1972; Weir et al. 1972, 1974). 
The present data do not allow decisive tests of  this 
hypothesis. Formal  genetic studies of  the scald reaction 
of  families derived from appropriate  hybrids have been 
initiated to determine the basis of  the observed correla- 
tions. 
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