
Theor Appl Genet (1985) 69:503-513 

�9 Springer-Verlag 1985 

Reliability of statistical analyses for estimating relative specificity 
in quantitative resistance in a model host-pathogen system 

A. E. Jenns 1 and K. J. Leonard 2 
1 Department of Plant Pathology, 2 U.S. Department of Agriculture, Agricultural Research Service, 
Department of Plant Pathology; North Carolina State University, Raleigh, NC 27695, USA 

Received June 27, 1984; Accepted July 20, 1984 
Communicated by G. S. Khush 

Summary. The reliability of analyses of variance for 
evaluating host cultivar x pathogen isolate specificity in 
resistance controlled by polygenes with additive effects 
was tested with combinations of hypothetical host and 
pathogen genotypes in a model system. In each test, 
varying numbers of host and pathogen genotypes were 
combined in all combinations, the resulting disease 
severities were calculated according to the model, and 
those data were subjected to analysis of  variance. The 
percentage of total variance accounted for by host 
x pathogen interaction decreased with increasing num- 
bers of  host and pathogen genotypes per test. Simulated 
selection for virulence among randomly generated 
pathogen genotypes increased the percentage of vari- 
ance attributable to host x pathogen genotype in- 
teraction, but simulated selection for resistance among 
host genotypes decreased it. The percentage of variance 
accounted for by interaction was greatest when selection 
of resistant host genotypes was followed by selection of 
the most virulent pathogen genotype on each selected 
host genotype. When gene frequencies were varied in 
the model, the interaction variance was greatest at low 
frequencies of  resistance genes and high frequencies of 
virulence genes, but the number of matches between 
genes for specific virulence and specific resistance was 
greatest for high frequencies of  both resistance and viru- 
lence genes. A simplified method of analysis was devel- 
oped to estimate the amount of  specific resistance in a 
set of host genotypes inoculated in all combinations 
with a set of pathogen genotypes. This method, based 
on the variance of disease severity adjusted to remove 
general virulence, proved consistently accurate with 
varying numbers of  genotypes in the set, varying num- 
bers of  loci for resistance and virulence, and varying 
frequencies of genes for resistance and virulence. The 
variance method is of  comparable accuracy and is much 

simpler than the previously proposed methods based on 
regression analysis. Simulated selection for resistance in 
the host and for virulence in the pathogen population 
increased the accuracy of both the variance method and 
the regression method. 
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Introduction 

Non-specific disease resistance, which is effective 
against all pathogen genotypes, should be more durable 
than specific resistance that is effective against certain 
pathogen genotypes and not others. Polygenic resis- 
tance has been assumed to be non-specific and thus du- 
rable (Vanderplank 1963; Robinson 1976), but before 
recommending it over monogenic resistance, it is impor- 
tant to demonstrate the non-specificity and greater 
durability of polygenic resistance, because this in- 
corporation of polygenic resistance to several diseases 
into a cultivar would be a slow and difficult process 
(Crill et al. 1974). 

According to Vanderplank (1968), horizontal (non-specific) 
resistance can be identified by inoculating a number of host 
genotypes in all combinations with a number of pathogen 
genotypes. Vanderplank regarded the resistance as horizontal 
if analysis of variance shows no statistically significant contri- 
bution of host genotype x pathogen genotype to the variation 
in disease severity among host-pathogen combinations. Par- 
levliet and Zadoks, however, (1977) showed that in a model 
system of polygenic resistance and virulence in which all of the 
host and pathogen genes interacted on a gene-for-gene basis, 
the analysis of variance attributed only 2.6% of the total vari- 
ance to cultivar x isolate interaction. 

Vanderplank's proposal and Parlevliet and Zadoks' model 
illustrate two fundamentally different approaches to the inter- 
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pretation of variation in the degree of specificity in host-patho- 
gen interactions. The analysis of variance provides information 
about the uniqueness of levels of disease severity among spe- 
cific combinations of  host and pathogen genotypes. The analy- 
sis of  variance does not, however, provide easily interpretable 
information about the number or proportion of  resistance 
genes in a cultivar that interact specifically with genes for spe- 
cific virulence in the pathogen. 

To predict the durability of  resistance in cultivars, we must 
go beyond information about uniqueness of disease severity 
levels among cultivar • isolate combinations. Jenns etal. 
(1982) developed methods to estimate proportions of specific 
and non-specific resistance genes in a model system. They 
generated disease severity data from sets of  hypothetical geno- 
types which had genes for both specific and general (non-spe- 
cific) resistance or virulence. In that study and in the present 
study, we use the term general resistance to designate resis- 
tance genes equally effective against all genotypes of the single 
pathogen species in question. Similarly, we use the term gen- 
eral virulence to designate virulence genes equally effective 
against all genotypes of  the single host species in question. 
Genes for specific resistance by our terminology are those that 
are more effective against some pathogen genotypes than 
others. We are concerned with quantitative inheritance in 
which the differences among pathogen genotypes may not be 
of sufficient magnitude to define very distinct pathogenic races. 
Therefore, we have not referred to this resistance as race-spe- 
cific resistance, a term usually reserved for combinations in 
which obvious qualitative differences exist. 

When numbers of loci and numbers of host and pathogen 
genotypes in sets of combinations in the model of Jenns et al. 
(1982) were varied (from 4 to 12 loci for general and specific 
resistance or virulence and from 5 to 25 host genotypes and 
5-15 pathogen genotypes per set) and analysis of variance was 
performed on the data generated, no more than 3% of the total 
variance was ever attributable to host x pathogen genotype in- 
teraction. Using this model, Jenns et al. (1982) developed a 
method based on a regression analysis for ranking cultivars ac- 
cording to the number of genes for specific resistance they pos- 
sess. This method, however, was not totally accurate, even with 
hypothetical data. Jenns et al. (1982) suggested that the re- 
liability of  their ranking method would be increased if selec- 
tion for specific virulence on individual cultivars had occurred 
in the pathogen population. Such selection should decrease the 
randomness of the distribution of specific virulence genes 
among pathogen isolates and increase the uniqueness of spe- 
cific combinations of virulence genes among isolates. There- 
fore, selection should make it easier to distinguish between re- 
sistance due to genes with specific effects and that due to genes 
with general effects. 

We w a n t e d  to test the hypotheses  that  select ion in 

the p a t h o g e n  popu l a t i on  for specific v i ru lence  wou ld  a) 
increase  the p ropo r t i on  o f  va r iance  due  to the cul- 
t ivar x isolate  in te rac t ion  and  b) increase the rel iabi l i ty  

o f  the regress ion analysis  m e t h o d  o f  r ank ing  cul t ivars  
by their  specific resistance.  Also, since the regression 
analysis m e t h o d  o f  Jenns  et al. (1982) is compl ica ted ,  we 
a t t e m p e d  to deve lop  a s impler ,  but  equa l ly  accura te  
m e t h o d  for assessing specific resis tance in cultivars.  

The model 

The model used is that of Jenns et al. (1982), and combines 
both specific and general resistance and virulence. Genes for 

general susceptibility (alleles of genes for general resistance) in 
the host and genes for general virulence in the pathogen are as- 
sumed to interact additively to determine disease severity in 
each cultivar • isolate combination. Genes for specific resis- 
tance and virulence are assumed to interact in a gene-for-gene 
relationship, matched pairs of  resistance •  genes 
contributing an additive increment to the total disease severity. 
A gene for specific resistance is only expressed in the absence 
of the corresponding gene for specific virulence in the patho- 
gen. Similarly, a gene for specific virulence only contributes to 
increased disease severity if the corresponding gene for specific 
resistance is present in the host. 

Disease severity is expressed as follows: 

Dis. sev. = (Number of rg) + (Number of Vg) + (Number of  rs) 
+ (Number of Vs-Rs matches) 

where Rg and Rs are general and specific resistance alleles, rg 
and rs are corresponding alleles for susceptibility, Vg and Vs 
are general and specific virulence alleles and vg and vs are cor- 
responding alleles for avirulence (Table 1). 

A computer program was used to generate random host 
and pathogen genotypes and to calculate the disease severities 
for each combination (Jenns et al. 1982). The program allowed 
the number of loci for general and specific resistance and viru- 
lence, the number of host and pathogen genotypes, and the fre- 
quency of alleles for resistance or virulence to be varied. All 
loci that contributed to disease severity were assumed to con- 
tribute equal increments to the total disease severity. 

In the model no dominance or epistatic interactions be- 
tween genes were assumed, and the chromosomal location of 
genes was not specified in order to simplify the analysis. Each 
gene was assumed to occur at its locus and to produce its effect 
on disease severity independently. This, of  course, would not 
be true for a diploid host with predominantly homozygous 
genotypes, in which the occurrence of  one gene for resistance 
at a given locus nearly always implies the occurrence of the 
second allele for resistance at that locus on the homologous 
chromosome. In the model this relationship for homozygous 
diploids would simply change the scale of  interactions. The 
basic pattern would remain qualitatively similar to that de- 

Table 1. Severity of  disease in combinations of hypothetical 
host and pathogen genotypes in a model with genes for both 
general and specific resistance and virulence 

Pathogen 
genotypes 

Disease severity" on host genotypes 

rg rg rg rg Rg Rg Rg Rg 
rsl Rsl rs~ Rsx rsl Rsl rst Rsx 
rsz rs2 Rsz Rs2 rsz rs2 Rs2 Rsa 

Vg Vs~ Vs2 4 4 4 4 3 3 3 3 
Vg Vsl vs2 4 4 3 3 3 3 2 2 
Vgvsl Vs2 4 3 4 3 3 2 3 2 
Vgvsl vs2 4 3 3 2 3 2 2 1 
vg Vsl Vs2 3 3 3 3 2 2 2 2 
vg Vsl vs2 3 3 2 2 2 2 1 1 
vgvs~ Vs2 3 2 3 2 2 1 2 1 
vgvsl vs2 3 2 2 1 2 1 1 0 

Disease severity is expressed as follows: Dis. Sev.=No. rg- 
+No. Vg+No. rs+No.  Vs-Rs matches where Rg and Rs are 
general and specific resistance alleles, rg and rs are correspond- 
ing alleles for susceptibility, Vg and Vs are general and specific 
virulence alleles and vg and vs are corresponding alleles for 
avirulence 
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scribed by Jenns et al. (1982). The same would be true for 
combinations of a diploid host and haploid pathogen. 

Table 3. Effect of simulated selection and number of geno- 
types per test on percentage of total variance accounted for by 
host • pathogen genotype interaction 

Effect of simulated selection and other variables 
on detection of specificity by analysis of variance 

No. of genotypes" Selection procedure Interaction as 
percentage of 

Host Pathogen total variance b 

A set of 50 pathogen genotypes and 10 host genotypes 50 
each with eight loci for general and eight loci for spe- 50 
cific resistance or virulence was generated. From the 50 
original set of 50 pathogen genotypes, a smaller popu- 30 

3O 
lation of 10 genotypes was chosen at random for some 30 
tests. In  other tests, a populat ion of 10 pathogen geno- 10 
types was selected by choosing the genotype that pro- 10 
duced the greatest disease severity on each host geno- 10 

10 
type. The disease severities produced by these randomly 10 
chosen or selected pathogen genotypes on the 10 host 10 
genotypes were subjected to analysis of variance. This 10 
procedure was repeated for a set of pathogen genotypes 10 
and host genotypes with eight loci for specific and none 

10 
for general resistance or virulence. 

The percentage of total variance attributable to the 10 
host genotype x pathogen genotype interaction was 
slightly larger for the selected set of pathogen genotypes 
consisting of the most virulent  on each host genotype 
than for the set of  randomly chosen pathogen genotypes 
(Table 2), which confirms the expected effect of  selec- 
tion. 

A similar procedure was carried out for a set of 50 
host genotypes and 10 pathogen genotypes having eight 
loci for specific resistance or virulence and either eight 
or no loci for general resistance or virulence. The per- 
centage of total variance attr ibutable to pathogen geno- 
type x host genotype interaction was slightly smaller for 

Table 2. Effect of selection for virulence or resistance on the 
proportion of total variance accounted for by host x pathogen 
genotype interaction in an analysis of variance in disease 
severities produced by 10 model pathogen genotypes on 10 
model host genotypes chosen at random or selected for viru- 
lence or resistance from an original set of 50 genotypes 

Treatment No. of loci for resis- 
tance and virulence 

Interaction 
as percentage 
of total 
variance General Specific 

Random 8 8 0.65 
Random 0 8 5.30 
Pathogen selected" 8 8 0.80 
Pathogen selected 0 8 11.40 
Host selected b 8 8 0.40 
Host selected 0 8 2.70 

a Most virulent pathogen genotype on each randomly chosen 
host genotype 
b Most resistant host genotype to each randomly chosen 
pathogen genotype 

50 none 0.25 
30 none 0.28 
10 none 0.39 
50 none 0.34 
30 none 0.42 
10 none 0.65 
50 none 0.76 
30 none 0.96 
10 none 1.42 
10 specific virulence c 2.71 
10 mean virulence d 2.61 
10 specific resistance ~ 1.29 
10 mean resistance f 1.17 
10 mean virulence and 1.00 

specific resistance 
10 mean resistance and 3.85 

specific virulence h 
10 mean virulence" and 3.02 

mean resistance r 

" Host and pathogen genotypes have eight loci for general and 
eight loci for specific resistance or virulence. The frequency of 
genes for resistance and virulence is 0.5 
b Figures are the means of analyses from two original sets of 
host and pathogen genotypes 
c Most virulent pathogen genotypes on each of 10 random host 
genotypes. Frequency of Vg = 0.8, frequency of Vs = 0.7 
d 10 most virulent pathogen genotypes over all 50 host geno- 
types. Frequency of Vg = 0.7, frequency of Vs = 0.6 

Most resistant host genotypes to each of 10 random pathogen 
genotypes. Frequency ofRg--0.7; frequency ofRs= 0.6 
f 10 most resistant host genotypes over all 50 pathogen geno- 
types. Frequency of Rg-- 0.7, frequency of Rs = 0.7 
g Most resistant host genotypes to each of 10 most virulent 
pathogen genotypes. Frequency of Vg = 0.7; Vs = 0.6; Rg = 0.6; 
Rs= 0.7 
h Most virulent pathogen genotypes on each of 10 most resis- 
tant host genotypes. Frequency of Vg=0.8; Vs=0.7; Rg=0.7; 
Rs = 0.7 

a selected set of host genotypes consisting of the most 
resistant one to each pathogen genotype than for the 
same number  of randomly chosen host genotypes 
(Table 2). Thus selection for resistance reduced the de- 
tectable levels of host genotype x pathogen genotype 
specificity. 

With sets of genotypes that contained no loci for 
general resistance and virulence, the percentage of vari- 
ance accounted for by host • pathogen genotype in- 
teraction was about  10-fold greater than for sets of 
genotypes with equal numbers  of loci for general and 
specific resistance and virulence (Table 2). 

From an original set of 50 host genotypes and 50 
pathogen genotypes, smaller populations of 30, or 10 
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Table 4. Effect of number of loci for resistance and virulence 
on the percentage of variance accounted for by host geno- 
type• genotype interactions where the disease 
severities caused by eight pathogen genotypes on 15 host geno- 
types in all combinations are subjected to analysis of variance 

No. ofloci for resistance 
and virulence" 

General Specific 

Interaction as 
percentage of total 
variance b 

4 4 0.99 
8 8 0.82 

12 12 0.94 
4 12 1.64 

12 4 0.46 

" The frequency of genes for host resistance and pathogen viru- 
lence is 0.5 
b Mean for three sets ofgenotypes 

/ 

,, / §  / e  ," 

.1 .3 .5 .7 .9 

FREQUENCY OF RESISTANCE GENES 

Fig. 1. Effects of frequency of specific resistance and specific 
virulence genes on the percentage of total variance accounted 
for by host • pathogen genotype interaction in analysis of vari- 
ance of disease severities produced by eight model pathogen 
genotypes with eight loci for specific virulence on eight model 
host genotypes with eight loci for specific resistance 

host and pa thogen genotypes were chosen at random. 
As the number  of  r andomly  chosen genotypes of  either 
the pathogen or the host was reduced,  the percentage of  
total variance a t t r ibutable  to host genotype • pathogen 
genotype interact ion increased (Table 3). Thus, cul- 
t ivar x isolate interact ion would appear  to be more eas- 
ily detected by analysis of  variance for tests with low 
numbers  of  cultivars and isolates than with high num- 
bers. 

Ten host and ten pa thogen genotypes were selected 
in various ways from the original  50 host and 50 patho-  
gen genotypes, and the percentage of  variance account- 
ed for by host x pathogen genotype interaction was cal- 
culated for each selected set of  genotypes. In general,  
when host genotypes were selected for resistance the 
percentage of  variance a t t r ibutable  to interaction de- 
creased and when pa thogen  genotypes were selected for 
virulence the percentage increased compared  to 
the percentage for the same number  of  randomly  
chosen genotypes (Table 3). The largest percentage was 
obta ined when the most resistant host genotypes overall  
and the most virulent  pathogen genotype on each were 
included in the set (Table 3). 

Varying the number  o f  loci for resistance and viru- 
lence in host and pa thogen genotypes had little effect on 
the percentage of  total var iance at t r ibuted to host geno- 
type x pa thogen genotype interact ion (Table4) .  In- 
creasing the ratio of  specific to general  loci for resis- 
tance and virulence increased this percentage,  but  even 
when the ratio was three to one the percentage was only 
1.6 (Table 4) compared  with a percentage of  5.3 when 
only specific genes were included (Table 2). 

In hypothet ical  genotypes in which all eight loci 
were for specific resistance or virulence, the highest per- 
centage o f  total variance a t t r ibutable  to host geno- 
type • pathogen genotype interaction was obta ined 
with low frequencies of  genes for resistance and high 

r  

.5  
.a. O 

/ I  / l  /Ill / I  / 7- 
~ .79 ~ . 8 7 / 1 . 1 3 / /  114 / ' , 4 3  / I 1.34 

.1 .3 .5 .7 .9 
FREQUENCY OF RESISTANCE GENES 

Fig. 2. Effects of frequency of specific and general resistance 
and specific and general virulence genes on the percentage of 
total variance accounted for by host • pathogen genotype in- 
teraction in analysis of variance of disease severities produced 
by eight model pathogen genotypes with eight loci each for 
specific and general virulence on eight model host genotypes 
with eight loci each for specific and general resistance 

L / . / , / [  
.~ / 4 8  / 104 7 z ~ 2 5 2 1 1 3 1 4 1 1 3 9 7 /  

..r / 2 8  / " i / 1~o / 265 ~ 1 3 4 8  / 

o, ~  

, . / , / , . / . / . / , o /  
.1 .3 .5 .7 .9  

FREQUENCY OF RESISTANCE GENES 

Fig. 3. Effects of frequency of specific resistance and specific 
virulence genes on the number of matched pairs of specific 
virulence and specific resistance genes in sets of eight model 
pathogen genotypes with eight loci for specific virulence and 
eight model host genotypes with eight loci for specific resis- 
tance 
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frequencies of  genes for virulence (Fig. 1). When eight 
loci for general resistance and virulence were added to 
the genotypes, the relationship of  gene frequency to the 
percentage of  variance attributable to host • pathogen 
genotype interaction was less obvious (Fig. 2). 

The variance attributable to host genotype • patho- 
gen genotype interaction is a measure of  the uniqueness 
of  levels o f  disease severity resulting from specific 
combinations of  host and pathogen genotypes. This 
interaction variance does not, however, provide a 
good indication of  the amount  of  specific resistance 
gene • virulence gene interactions that occur. For 
example, in the model  the number  of  Vs-Rs matches is 
highest at high frequencies of  both resistance and viru- 
lence genes (Fig. 3). Thus, there was little correlation 
between the interaction variance and the number  of  Vs- 
Rs matches. In breeding for durable resistance, it would 
be most important  to detect cultivar • isolate specificity 
in situations in which the frequencies of  specific viru- 
lence genes were relatively low (before adaptation had 
occurred) and the frequencies of  resistance genes were 
low to moderate (selection is still needed to increase the 
resistance). In these situations both the number  o f  Vs- 
Rs matches and the host genotype • pathogen isolate 
interaction variance will be low (Figs. 1 and 3). I f  half  of  
the host resistance loci are for general resistance, the in- 
teraction variance will be low regardless of  the fre- 
quencies of  genes for specific virulence (Fig. 2). 

Simplified analysis to detect specific resistance 

The specific resistance ratings of Jenns et al. (1982) computed 
with statistics obtained from regression analysis proved to be 
fairly accurate estimates of the numbers of genes for specific 
resistance in model host genotypes, but were less accurate es- 
timates of the proportions of their resistance genes that were 
specific. Computation of these ratings, however, is quite labori- 
ous and depends upon accurate recognition of the host geno- 
type in each test with the least specific resistance. Thus, a sim- 
pler method of estimating the number and proportion of genes 
for specific resistance would be very useful. 

Variation among pathogen isolates in the severity of dis- 
ease that they cause on a host cultivar can be attributed to ex- 
perimental error, variation in the levels of general virulence 
among pathogen isolates, and variation in the amount of 
matching of specific virulence of pathogen isolates with the 
specific resistance of the host. Therefore, the variation due to 
interactions with the host's specific resistance can be estimated 
if the variation due to experimental error and the variation in 
levels of general virulence can be accounted for. 

In the theoretical host genotype/pathogen genotype 
combinations in Table 1, the disease severity due to 
general virulence can be subtracted from the total d i s -  
ease severity to calculate adjusted disease severities that 
reflect the effects of  specific virulence in each combi- 
nation. The variance o f  these adjusted disease severities 
over all pathogen genotypes on each host genotype is 
correlated with the number  of  genes for specific resis- 

Table 5. Variance analysis of disease severity in all combi- 
nations of hypothetical host and pathogen genotypes in Table 1 

Host Variance of (disease Variance of (disease 
genotype severity - no. genes severity - disease 

for general virulence severity on rgrslrs2) 
in pathogen) 

rgrsxrs2 0.000 0.000 
rgRslrs2 0.286 0.286 
rgrslRs2 0.286 0.286 
rgRslRs2 0.572 0.572 
Rgrslrs2 0.000 0.000 
RgRslrs2 0.286 0.286 
RgrslRs2 0.286 0.286 
RgRsiRs2 0.572 0.572 

tance in the host genotype (Table 5). Variation in dis- 
ease severity on a susceptible check cultivar with no 
specific resistance, such as the host genotype rgrslrs2 in 
Table 1 can be used to estimate the combined effects o f  
experimental error and variation among pathogen 
isolates in general virulence. Thus, the adjusted disease 
severity for each isolate on a test cultivar can be cal- 
culated by subtracting the severity caused by each iso- 
late on the check cultivar, and the variance o f  the ad- 
justed disease severities can be used to estimate the 
amount  o f  specific resistance in the test cultivar. This 
method ranked the host genotypes in Table 1 correctly 
by number  of  genes for specific resistance (Table 5). 

When a susceptible check is not available, the host 
genotype with the fewest genes for specific resistance 
may be substituted. The genotype with fewest genes for 
specific resistance can be identified by the low variation 
among pathogen genotypes in the severity o f  disease 
that they cause on it. 

This variance among pathogen genotypes in disease 
severity, adjusted either by subtracting the number  of  
genes for general virulence or by subtracting the disease 
severity on the line expected to have the least specific 
resistance, was calculated for each host genotype in ran- 
domly generated sets. The correlation between these 
variances for host genotypes and numbers  o f  their genes 
for specific resistance or the proportions o f  their resis- 
tance genes that were specific was calculated. 

The variance of  disease severity, either unadjusted 
or adjusted by subtraction of  general virulence, was well 
correlated with the number  and proportion o f  specific 
resistance genes and seemed independent  of  the num-  
ber of  host and pathogen genotypes in the set (Tables 6 
and 7). Ratings 1 and 2 ofJenns  et al. (1982) were about 
equally well correlated with specific resistance if  re- 
gression was on a host genotype with no specific resis- 
tance. The variance o f  disease severity adjusted by sub- 
traction of  disease severity on a susceptible host geno- 
type in the set and Ratings 1 and 2 using the host geno- 
type in the set with the least specific resistance were less 
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Table 6. Effect of number  of model host and pathogen genotypes in tests of cultivar x isolate specificity on the correlation of four 
statistical measures of specificity with the number  of genes for specific resistance per model genotype 

No. of genotypes b Correlation (R) ~ of no. of genes for specific resistance with: 

Host Pathogen Variance Variance (disease Variance (disease Rating 1 with Rating 1 
disease severity - general severity - disease host genotype with host 
severity ~ virulence) d severity on host with no specific genotype with 

genotype with least resistance e least specific 
specific resistance) ~ resistance g 

50 50 0.69 0.79 0.40 0.73 0.33 
50 30 0.63 0.74 0.31 0.62 0.34 
50 10 0.63 0.59 0.26 0.46 0.20 
30 50 0.76 0.85 0.43 0.79 0.40 
30 30 0.71 0.76 0.33 0.66 0.38 
30 10 0.68 0.67 0.27 0.52 0.26 
10 50 0.73 0.81 0.48 0.79 0.33 
10 30 0.74 0.76 0.46 0.68 0.33 
10 10 0.69 0.67 0.08 0.59 0.19 

" Correlation coefficients are means from two sets of disease data 
b Genotypes have eight loci for general and eight loci for specific resistance or virulence. The frequency of genes for resistance or 
virulence is 0.5 

Variance in disease severity for host genotypes over all pathogen genotypes in the test 
d General  v i ru lence=no,  of genes for general virulence in pathogen genotype 
~ Host genotype with least specific resistance chosen by inspection 
f Rating 1 = [(deviation mean square for regression on disease severity on host genotype with no specific resistance/mean deviation 
mean  square)+ host genotype mean/overa l l  mean)] • 2 +  slope of regression on mean disease severity over all host genotypes (see 
Jenns et al. 1982) 
g Rating 1 = [(deviation mean  square for regression on disease severity on host genotype with least specific resistance/mean devi- 
ation mean square)+ host genotype mean/overa l l  mean)] x 2 + slope of regression on mean disease severity over all host genotypes 
(see Jenns et al. 1982) 

Table 7. Effect of number  of model host x pathogen genotypes in tests of cultivar x isolate specificity on the correlation of four stat- 
istical measures of specificity with the proportion of resistance genes that are specific per model genotype 

No. of genotypes b Correlation (R) a of no. of genes for specific resistance with: 

Host Pathogen Variance Variance (disease Variance (disease Rating 2 with Rating 2 
disease severity - general severity - disease host genotype with host 
severity ~ virulence) d severity on host with no specific genotype with 

genotype with least resistance f least specific 
specific resistance) ~ resistance g 

50 50 0.56 0.56 0.30 0.58 0.33 
50 30 0.53 0.51 0.25 0.32 0.40 
50 10 0.47 0.43 0.16 0.42 0.25 
30 50 0.65 0.64 0.38 0.68 0.49 
30 30 0.61 0.58 0.30 0.58 0.46 
30 10 0.52 0.49 0.21 0.44 0.27 
10 50 0.69 0.67 0.52 0.77 0.49 
10 30 0.68 0.66 0.46 0.63 0.44 
10 10 0.73 0.63 0.15 0.70 0.38 

a See Table 6; b See Table 6; c See Table 6; d See Table 6; ~ See Table 6 
f Rating 2=(devia t ion  mean square for regression on a host genotype with no specific resistance/mean deviation mean  square) 
+ slope of  regression on mean disease severity over all host genotypes (see Jenns et al. 1982) 
g Rating 2 = (deviation mean  square for regression on the host genotype in the set with the least specific resistance/mean deviation 
mean  square) + slope of regression on mean  disease severity over all host genotypes (see Jenns et al. 1982) 
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well correlated with the n u m b e r  or proport ion of genes 
for specific resistance, especially with lower numbers  of 
host and pathogen genotypes (Tables 6 and 7). 

When the number  of loci for resistance and viru- 
lence was varied from four to 12, the variance of disease 
severity adjusted by subtraction of general virulence 
was most consistently well correlated with both the 
number  of genes for specific resistance and the pro- 
portion of resistance genes that were specific. The vari- 
ance of disease severity adjusted by subtraction of the 
disease severity on the host genotype with the least spe- 
cific resistance and Ratings 1 and 2, based on a host 
genotype with no specific resistance were less well cor- 
related. The Ratings 1 and 2 based on the host genotype 
in the set with the least specific resistance and the unad-  
justed variance of disease severity were least well cor- 
related with specific resistance (Tables 8 and 9). 

When the frequencies of genes for resistance and 
virulence were varied, the variance of the disease se- 
verity, adjusted by subtraction of either general viru- 
lence or disease severity on the host genotype with the 
least specific resistance was most consistently well cor- 
related with the n u m b e r  of specific resistance genes 
(Table 10). The variance of unadjusted disease severity 
was less consistent but  generally better than Rating 1 
(Table 10). The variance of the disease severity, adjusted 
by subtraction of either general virulence or disease 
severity on the host genotype with the least specific re- 
sistance was most consistently well correlated with 
the proportion of resistance genes that were specific 
(Table 11). Rating methods were next best correlated 
and the unadjusted variance was least well correlated 
with the proportion of resistance genes that were spe- 
cific (Table 11). 

Table 8. Effect of number of loci for resistance and virulence on the correlation of four statistical measures of specificity with the 
number of genes for specific resistance per model genotype 

No. ofloci for resis- Correlation (R) a of no. of genes for specific resistance with: 
tance and virulence b 

General Specific Variance Variance (disease Variance (disease Rating 1 with Rating 1 
disease severity - general severity - disease host genotype with host 
severity c virulence) d severity on host with no specific genotype with 

genotype with least resistance f least specific 
specific resistance)" resistance g 

4 4 0.08 0.80 0.71 0.67 0.75 
8 8 0.22 0.32 0.36 0.26 0.41 

12 12 0.13 0.78 0.59 0.54 0.39 
4 12 0.43 0.58 0.47 0.63 0.27 

12 4 0.25 0.55 0.42 0.44 0.42 

x 

a Correlation coefficients are means from three sets of disease data 
b Fifteen host and eight pathogen genotypes in each set with a mean frequency of resistance and virulence genes of 0.5 
c See Table 6; d See Table 6; ~ See Table 6; f See Table 6; g See Table6 

Table 9. Effect of number of loci for resistance and virulence on the correlation of four statistical measures of specificity with the 
proportion of resistance genes that are specific per model genotype 

No. of loci for resis- Correlation (R) a of no. of genes for specific resistance with: 
tance and virulence ~ 

General Specific Variance Variance (disease Variance (disease Rating 1 with Rating 1 
disease severity - general severity - disease host genotype with host 
severity ~ virulence) d severity on host with no specific genotype with 

genotype with least resistance f least specific 
specific resistance) ~ resistance g 

4 4 0.17 0.61 0.59 0.44 0.53 
8 8 0.03 0.03 0.08 0.26 0.10 

12 12 0.13 0.45 0.38 0.21 0.14 
4 12 0.33 0.29 0.27 0.54 0.12 

12 4 0.09 0.33 0.35 0.18 0.19 

a See Table 8; b See Table 8; c See Table 6; ~ See Table 6; e See Table 6; f See Table 7; g See Table7 
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Table 10. Effect of frequency of resistance and virulence genes on the correlation of four statistical measures of specificity with the 
number of genes for specific resistance per model genotype 

Frequency general Correlation (R) a of no. of genes for specific resistance with: 
and specific genes for 

Resis- Virulence b Variance Variance (disease Variance (disease Rating 1 with Rating 1 
tance disease severity - general severity - disease host genotype with host 

severity c virulence) a severity on host with no specific genotype with 
genotype with least resistance f least specific 
specific resistance) e resistance 

0.9 0.1 0.60 0.52 0.45 -0.35 0.05 
0.5 0.5 0.37 0.61 0.60 0.26 0.21 
0.3 0.5 0.08 0.67 0.72 0.68 0.51 
0.3 0.7 0.77 0.66 0.75 0.67 0.39 

a See Table 8; b Eight host and eight pathogen genotypes with eight loci each for general and specific resistance and virulence in 
each set; c See Table 6; ~ See Table 6; ~ See Table 6; f See Table 6; g See Table6 

Table 11. Effect of frequency of resistance and virulence genes on the correlation of four statistical measures of specificity with the 
proportion of resistance genes that are specific per model genotype 

Frequency general Correlation (R)aof proportion of resistance genes that are specific with: 
and specific genes for 

Resis- Virulence b Variance Variance (disease Variance (disease Rating 2 with Rating 2 
tance disease severity - general severity - disease host genotype with host 

severity c virulence) d severity on host with no specific genotype with 
genotype with least resistance f least specific 
specific resistance) ~ resistance g 

0.9 0.1 0.14 0.15 0.30 0.19 0.55 
0.5 0.5 0.11 0.51 0.42 0.06 0.16 
0.3 0.5 -0.05 0.64 0.74 0.54 0.46 
0.3 0.7 0.50 0.38 0.36 0.31 0.41 

a See Table 8; b See Table 10; c See Table 6; d See Table 6; e See Table 6; f See Table 7; g See Table 7 

Effect of selection on identification of  specific resistance 

J enns et al. (1982) suggested that their method for iden- 
tifying specific resistance would provide more accurate 
estimates if selection for specific virulence on individual  
cultivars had occurred in the pathogen population. We 
tested the effect of various ways of selecting 10 host and 
10 pathogen genotypes from a populat ion of 50 host 
and 50 pathogen genotypes on the ability of both Rat- 
ing 1 and Rating 2, based on regression analyses, and 
the variance methods to estimate the level of specific re- 
sistance in host genotypes. 

The accuracy of both the variance statistics and Rat- 
ings 1 and 2 for prediction of number  or proportion of 
specific resistance genes was generally improved by any 
selection method that involved selection of both host 
and pathogen genotypes (Tables 12 and 13). Selection 
for specific resistance reduced whereas selection for 

general resistance increased the accuracy of most sta- 
tistics. Selection for virulence usually increased the ac- 
curacy of variance statistics but decreased that of Rat- 
ings 1 and 2. 

Discussion 

Parlevliet und Zadoks (1977) demonstrated that low 
percentages of total variance attributable to cul- 
tivar x isolate interactions in an analysis of variance 
should not be regarded as conclusive evidence for the 
absence of specific interactions among genes for resis- 
tance and genes for virulence when the resistance is 
quantitatively inherited. Our results support that con- 
clusion and also show that the percentage of variance 
attributable to cultivar x isolate interaction tends to be 
greater for tests involving few host and pathogen geno- 



Table 12. Effect of simulated selection for resistance or virulence among model host or pathogen genotypes on the correlation of 
four statistical measures of specificity with the number of genes for specific resistance per model host genotype 

Selection Correlation (R) a of no. of genes for specific resistance with: 
procedure ~ 

Variance Variance (disease Variance (disease Rating 1 with Rating 1 with 
disease severity - general severity - disease host genotype host genotype 
severity b virulence) c severity on host with no specific with least 

genotype with least resistance" specific resis- 
specific resistance) d tance 

R P > rho R P > rho R P > rho P P > rho P P > rho 

None 0.60 0.07 0.58 0.08 0.21 0.55 0.54 0.11 0.27 0.45 
A ~ 0.41 0.24 0.69 0.03 0.76 0.01 0.48 0.16 0.59 0.09 
B h 0.08 0.84 0.73 0.02 0.38 0.28 0.42 0.23 0.25 0.52 
C ~ 0.49 0.15 0.56 0.09 -0.21 0.55 0.56 0.09 -0.05 0.90 
D J 0.68 0.03 0.71 0.02 0.31 0.38 0.70 0.02 0.08 0.84 
E k 0.31 0.38 0.77 0.01 0.60 0.07 0.71 0.02 0.37 0.32 
F 1 0.71 0.02 0.70 0.01 0.60 0.07 0.71 0.02 0.37 0.32 
G m 0.58 0.08 0.81 0.004 0.58 0.08 0.77 0.009 0.40 0.29 

All sets consist of 10 host and 10 pathogen genotypes selected from the same set of 50 host and pathogen genotypes. Genotypes 
contain eight loci each for general and specific resistance and virulence, and resistance and virulence genes occurred with a fre- 
quency of 0.5 each for general and specific resistance and virulence in the original set 
b Variance in disease severity for cultivars over all pathogen isolates in the test 
c General virulence = no. of  genes for general virulence in pathogen genotype 
d Host genotype with least specific resistance chosen by inspection 

Rating 1 = [(deviation mean square for regression on disease severity on host genotype with no specific resistance/mean devi- 
ation mean square)+ host genotype mean/overall  mean)] • 2 + slope of  regression on mean disease severity over all host genotypes 
(see Jenns et al. 1982) 
f Rating 1 = [(deviation mean square for regression on disease severity on host genotype with least specific resistance/mean devi- 
ation mean square)+ host genotype mean/overall  mean)] • 2 + slope of  regression on mean disease severity over all host genotypes 
(see Jenns et al. 1982) 
g Most virulent pathogen genotypes on each of 10 random host genotypes 
h Ten most virulent pathogen genotypes over all 50 host genotypes 
J Most resistant host genotypes to each of  10 random pathogen genotypes 
J Ten most resistant host genotypes over all 50 pathogen genotypes 
k Most resistant host genotypes to each of  10 most virulent pathogen genotypes 

Most virulent pathogen genotypes on each of 10 most resistant host genotypes 
m Ten most resistant host genotypes and 10 most virulent pathogen genotypes over all 

Table 13. Effect of simulated selection for resistance or virulence among model host or pathogen genotypes on the correlation of  
four statistical measure of  specificity with the proportion of resistance genes that are specific per model genotype 

Selection Correlation (R) a of proportion of resistance genes that are specific with: 
procedure a 

Variance Variance (disease Variance (disease Rating 2 with Rating 2 with 
disease severity - general severity - disease host genotype host genotype 
severity b virulence) c severity on host with no specific with least 

genotype with least resistance ~ specific resis- 
specific resistance) d tanee f 

R P > rho R P > rho R P > rho P P > rho P P > rho 

None 0.63 0.05 0.59 0.08 0.29 0.42 0.66 0.04 0.48 0.16 
A g 0.26 0.47 0.57 0.09 0.71 0.02 0.33 0.36 0.34 0.36 
B h -0.05 0.88 0.62 0.05 0.48 0.16 0.24 0.50 0.04 0.91 
C ~ 0.48 0.16 0.57 0.08 -0.22 0.55 0.64 0.05 0.25 0.52 
D j 0.64 0.05 0.67 0.03 0.34 0.33 0.70 0.003 0.28 0.46 
E k 0.63 0.05 0.86 0.002 0.74 0.02 0.73 0.02 0.62 0.08 
F ~ 0.70 0.02 0.68 0.03 0.72 0.02 0.57 0.08 0.74 0.02 
G "~ 0.66 0.04 0.86 0.001 0.67 0.03 0.84 0.003 0.58 0.10 

See Table 12; b See Table 12; c See Table 12; d See Table 12; 
e Rating 2 = (deviation mean square for regression on disease severity on host genotype with no specific resistance/mean deviation 
mean square)+ slope of regression on mean disease severity over all host genotypes (see Jenns et al. 1982) 
f Rating 2=(deviat ion mean square for regression on disease severity on host genotype with least specific resistance/mean devi- 
ation mean square)+ slope of regression on mean disease severity over all host genotypes (see Jenns et al. 1982) 

See Table 12; " See Table 12; ~ See Table 12; J See Table 12; k See Table 12; ~ See Table 12; ~" See Table 12 
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types than for those involving many.  Therefore, it is dif- 
ficult to compare  the results of  analysis of  variance for 
tests of  different host -pathogen combinat ions  i f  the tests 
involve different numbers  of  genotypes in each test. Al- 
so, while the percentage of  variance at t r ibutable  to in- 
teraction does not de termine  the significance o f  the in- 
teraction, detect ion of  statistically significant host 
x pa thogen genotype interactions may  depend  quite ar- 
bitrarily on exper imenta l  design as much as on the ac- 
tual propor t ion  of  genes with general  and specific ef- 
fects. 

It should be emphasized that the analysis of  vari- 
ance was not  designed to provide estimates of  the num- 
bers of  specific resistance gene-virulence gene matches 
that occur among host and pathogen combinat ions.  In 
fact, at high frequencies of  both  specific resistance genes 
and specific virulence genes, the level o f  cultivar x iso- 
late interact ion detected by an analysis of  variance was 
lower than at low frequencies of  specific resistance 
genes, even though the number  of  Rs-Vs gene matches 
was greater with high frequencies o f  both Rs and Vs 

genes. 
Inclusion o f  genes for general  resistance and viru- 

lence in the model  greatly reduced the percentage of  to- 
tal variance a t t r ibutable  to cult ivar x isolate interaction. 
The percentage was about  10 times greater when all the 
genes were specific than when ha l f  were general,  and 
was about  twice as much when three-fourths of  the genes 
were specific than when ha l f  were specific. 

As expected, selection for virulence in the pathogen 
popula t ion  did increase the percentage of  variance ac- 
counted for by host x pa thogen genotype interaction. 
Selection for resistance in the host populat ion,  unac- 
companied  by selection for virulence in the pathogen 
populat ion,  decreased this percentage.  Selection for 
general  resistance in the host populat ion,  with sub- 
sequent selection for specific virulence in the pathogen 
populat ion,  which resembles the selection of  crop plants 
in breeding programs followed by selection in the 
pa thogen popula t ion  for virulence on those part icular  
genotypes,  resulted in the highest percentage of  vari- 
ance being a t t r ibuted to host x pathogen genotype in- 
teraction. In  our s imulated selection experiments,  how- 
ever, the initial  frequencies of  resistance and virulence 
genes were set at 0.5. In agricultural  situations the 
breeding programs may usually begin with low fre- 
quencies of  both resistance and virulence genes. In such 
cases selection for both resistance and virulence should 
increase the percentage of  variance accounted for by 
cultivar x isolate interaction, but  selection for resistance 
alone may  have little effect on it. 

F rom our  results we conclude that an analysis of  
variance may  often suggest that  cultivar x isolate in- 
teractions are insignificant even when the potential  for 
pathogen adapta t ion  to the host 's resistance is great. I f  

that adapta t ion  occurs, it may  be detectable by analysis 
of  variance only at a relatively late stage in its devel- 
opment.  

Although the concept of horizontal resistance was orig- 
inally thought useful in that it associated non-specificity, and 
thus durability, with incomplete or quantitative resistance, nu- 
merous examples exist in which quantitative resistance is not 
non-specific (Caten 1974; Clifford and Clothier 1974; Johnson 
and Taylor 1976; Parlevliet 1976; Milus and Line 1980; Rufty 
et al. 1981; Hamid et al. 1982). The subsequent distinction be- 
tween horizontal and what Vanderplank (1978) called vertical 
resistance without specificity is, perhaps, only an artifact of our 
inability to detect very slight differences in disease severity. 

Since the analysis of variance is unreliable as an indicator 
of a pathogen's ability to adapt to quantitative resistance, the 
conservative approach in breeding for durable resistance 
should be to assume that some quantitative resistance may be 
specific and then to develop methods for ranking cultivars rela- 
tive to the degree of specificity of their resistance. 

The ratings described by Jenns et al. (1982) based on re- 
gression statistics were fairly reliable estimates of the number 
and proportion of genes for specific resistance in host geno- 
types. Their usefulness, however, declined with increasing 
numbers of loci controlling resistance, and had not been tested 
over varying frequencies of genes for resistance and virulence. 
The variance of unadjusted disease severity, and disease se- 
verity adjusted by subtraction of the disease severity on the 
line thought to have the least specific resistance are suitable for 
comparison with Ratings 1 and 2 when regression is on the 
host genotype in the set with the least specific resistance. These 
methods rely on the correct identification of the host genotype 
in the set with the least specific resistance. For the 27 data sets 
described by Jenns et al. (1982) the host genotype with the 
least specific resistance was correctly identified in 22 sets using 
regression methods. The host genotype with the lowest vari- 
ance also had the least specific resistance in only 11 sets. In the 
sets of 10-50 host and pathogen genotypes, the unadjusted 
variance was best correlated with the amount of specific resis- 
tance. The variance and regression methods based on the host 
genotype in the set with the least specific resistance were less 
well correlated with specific resistance. In the sets of 15 host 
and 8 pathogen genotypes with varying numbers of loci con- 
trolling resistance and virulence, the variance and ratings stat- 
istics based on the host genotype in the set with the least spe- 
cific resistance were about equally well correlated with both 
the number and proportion of specific resistance genes and 
better correlated than the unadjusted variance of disease se- 
verity. In the sets of model genotypes where frequency of genes 
controlling resistance and virulence was varied, the variance 
was the best correlated with number and proportion of specific 
resistance genes. 

If a representative susceptible check cultivar with no spe- 
cific resistance is available, the statistic best correlated with 
specific resistance in most cases is the variance of the disease 
severity adjusted by subtraction of general virulence, general 
virulence being estimated by the disease severity on the check 
cultivar. The variance is much simpler to calculate and is better 
correlated with the number of genes for specific resistance than 
Rating 1 when a susceptible check is assumed. Rating 2 is 
about as well correlated with the proportion of specific resis- 
tance as the variance of disease severity minus general viru- 
lence. Highly susceptible cultivars are often available in breed- 
ing programs and could be used routinely in tests of specificity. 

Simulated selection for both resistance and virulence in the 
model genotype populations increased the accuracy of both 
variance and regression statistics at ranking host genotypes by 
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their specific resistance. Selection for virulence in the pathogen 
population usually improved the accuracy of the variance stat- 
istics but decreased that of Ratings 1 and 2. Selection for spe- 
cific resistance reduced whereas selection for general resistance 
increased the accuracy of most statistics. 

The detection of a cultivar's specific resistance does not, of 
course, imply prediction of the durability of the cultivar's re- 
sistance. Though non-specific resistance has been assumed to 
be more durable than specific (Vanderplank 1968; Person 
1966; Simons 1972), the durability really depends on the ten- 
dency of the pathogen population to resist genetic change. 
Hence, durablility can occur in host-pathogen systems involv- 
ing differential interactions (Parlevliet 1976) and few genes 
(Eenink 1976), whereas resistance which is partial or polygenic 
cannot be assumed to be durable (Clifford 1976; Johnson 
1978). Within a given host-pathogen system, however, it should 
be possible to predict the relative durability of cultivars' resis- 
tance with a reasonable degree of reliability by ranking them 
according to the tests that we have described. 
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