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Nonrandom Association of Avirulence Loci in Four
Disease Resistance Gene System
I. Principles of Determination of Nonrandom Association Type
and Pattern and Its Confirmation within Host Groups
Having the Same Number of Susceptibility Genes

Shigehisa KIYOSAWA**** Donna PURBA**' Md. Shamsher ALI**'
Yasushi OKINAKA®' Tsutomu SHIMIZU** and Akihiko SAITO**

Abstract

Using the simulation model for a four gene system on host-pathogen relationship, we studied the
principles included in determination of types (cross- and noncross-types) of nonrandom associations
between avirulence loci in a pathogen population. Analyses were carried out by giving some changes in
host genotype frequencies which bring equilibrium conditions in frequencies of pathogen genotypes.
Determination of types [cross-type (C) and noncross-type (N)] of nonrandom association was conducted
by complicated but definite principles. When four avirulence genes (a, b, ¢ and d) and four corresponding
virulence ones (+%2, +?, +¢and +9) and 16 genotypes consisting of four avirulence loci were considered,
definite characteristics on determination of types of nonrandom associations appeared depending on the
number of susceptibility genes [S,, S, S;, S; and S, (subscript is the number of susceptibility genes)].
When, for example, a part of a host genotype S, (ABCD) was replaced by another host genotype S, (for
example, AB++), that is, (S, — S,), nonrandom association patterns, NCCCCC, CNCCCC, CCCNCC,
CCNCCC, CCCCNC and CCCCCN, were observed for host genotypes AB++, A+C+, +BC+, A++D,
+B+D and ++CD belonging to S,, respectively. NCCCCC is a nonrandom association type for
interactions between avirulence loci, a-b, a-c, a-d, b-¢, b-d, and c¢-d, respectively. For determination of
the patterns, there were two cases; in some cases a new host genotype (genotype after the replacement;
called receptor, for convenience, in the simulations) gave influence, and in other cases, it was the old host
genotype (genotype before replacement; donor in the simulations). In the former cases, combinations of
a resistance gene and a susceptibility gene induced a cross-type nonrandom association, and combina-
tions between a resistance gene and another resistance gene and between a susceptibility gene and
another susceptibility gene induced noncross-type nonrandom association. In contrast, when a host
genotype (S,) was changed to S,, the pattern became to be reversed, that is, CNNNNN, NCNNNN,
NNNCNN, NNCNNN, NNNNCN and NNNNNC, respectively, in the above example.
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ed when mutations occur independently in two avirulen-
INTRODUCTION ce loci in a pathogen population, was found in fungal

In the previous paper, Kiyosawa ef al.? reported the
following, on plant diseases showing gene-for-gene rela-
tionships. Nonrandom association, which means a devia-
tion from random association of virulence genes expect-
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population collected from resistant varieties having
various resistance genes. There were two types of
nonrandom association: cross-type and noncross-type.
The former means that observed frequencies in geno-
types (a+ and +b) having one avirulence gene and one
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virulence gene in two avirulence loci (a and b) are larger
than the expected ones. The latter means that observed
frequencies of genotypes (ab and ++) with two avirulen-
ce genes and two virulence genes are larger than the
expected ones. In the collections from resistant vari-
eties, different types of nonrandom associations between
different avirulence loci are always found in fields where
two or more nonrandom associations were found.

In another report®?, a method approximately to esti-
mate fitness values of virulence genes using the same
simulation program was discussed.

In the present paper we will attempt to search for the
~ principle determining nonrandom association types and
patterns and to search for the reason of occurrence of
two types of nonrandom associations when two or more
nonrandom associations were found in a field?. Further-
more, the significance of the occurrence of these types of
nonrandom association is examined in breeding and/or
population genetics.

MATERIALS AND METHODS

The model of the four gene system described in detail
by Kiyosawa et al.) was used for this study, except for
the following points.

The program for calculation that was previously
made in BASIC system was improved to draw clearly
the difference between observed frequencies calculated
from fitness values given for each gene and expected
frequencies which are expected from random associa-
tion of the two genes in observed frequencies.

Sixteen genotypes consisting of four genes in the host
were considered. As frequencies of these genotypes in
consideration of their field susceptibility, €, to @, were
given. These were divided into five groups based on the
number of susceptibility genes for simulation experi-
ments. These groups were named as follows:

ABCD, ABC+, AB+D, A+CD, +BCD,
Ql QZ Q3 Q4 QS
So Sl
AB++, A+C+, +BC +, A++D, +B+D, ++CD,
QG Q7 QS QQ QID Qll
Se
A+++, +B++, ++C+, ++4D, ++++.

QIZ QIS Q14 Q15 Q16
Ss S4

Here, Q,=q,*s,, and 21Q,=1 (n=1,2,3,...,16). The ¢g
and s are frequency and field susceptibility of each host
genotype, respectively. Corresponding to host genotypes,
genotypes of pathogen population were numbered as
follows.

Genotype abcd, abc+, ab+d, a+cd, +hbcd,
Number 1 2 3 4 5

ab++, a+c+, +bc+, a++d, +b+d, ++cd,
6 7 8 9 10 11

a+++, +b++, ++c+, +++d, ++++
12 13 14 15 16

Using the method of Kiyosawa et al.V, frequencies of
16 pathogen genotypes for pathogenicity were calcu-
lated during 100 or 200 vegetative generations. From the
obtained frequencies (=observed in the present paper)
the observed and expected values for all possible combi-
nations of two in four avirulence loci were calculated by
Wolfe’s method®®. For example, for avirulence loci, a
and b, frequencies of virulence genes, +?% (hereafter
often abbreviated as +) and +°?, were calculated from
observed frequencies of ab, a+, +b and ++ obtained
by the simulation. Expected frequencies were calculated
by 1—a) 1—b), 1—a)++>, +2+(1—b)and +?«+°. These
frequencies were compared with observed frequencies :
if the sum of observed frequencies of ab and ++ is
larger than the sum of those expected values, we call it
noncross-type (N) and the reverse is called cross-type (C)
of nonrandom association as mentioned by Kivosawa et
al?

In this and following paper®, 0.9, 0.8, 0.6, and 0.7 were
given as fitness values for vegetative reproduction dur-
ing infection cycles to four virulence genes, +9, +¢, +P?
and +?2 and the results were compared with cases where
0.75 is the given average fitness values to the four
virulence genes in order to know the influence of fitness
values given. Below, the former and the latter were
called standard (E) conditions and nonstandard (U) con-
ditions.

RESULTS

Proposal of hypotheses on decisive factors of

nonrandom association patterns

Simulations began from comparison between simple
combinations to know determinative factors for nonran-
dom associations. At first S,—S; and S,—S, were
examined. The results are shown in Tables 1 and 2. In
Table 1, some values (frequencies) were transferred \

Table 1. Influence of interaction between two aviru-
lence loci on type of nonrandom associations

(So—S1)?

Donor Receptor

(Genotype) (93 Qs (9 &
Gen.” (ABC+) (AB+D) (A+CD) (+BCD)

@ (ABCD) 10 NNCNCC®NCNCNC CNNCCN CCCNNN
100  NNCNCC NCNCNC CNNCCN CCCNNN

a) Sy—S, means transfer of a value from S, to S, or
proportion of area in which S, variety was changed to
S, variety.

b) Gen. means generations.

¢) N and C are noncross-type and cross-type nonrandom
associations. —
NNCNCC: Indicating interaction between two aviru-
lence loci in following order; a-b, a-c, a-d, b-c, b-d and
c-d.
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Influence of interaction between two aviru-
lence loci on type of nonrandom associations

(8:—S0)

Table 2.

Receptor Donor

(Genotype) @ Qs Q Qs
Gen. (ABC+) (AB+D) (A+CD) (+BCD)

@ (ABCD) 10 CCNCNN CNCNCN NCCNNC NNNCCC
100  CCNCNN CNCNCN NCCNNC NNNCCC

See Table 1 for explanation.

from S, (ABCD) to S; (ABC+, AB+D, A+CD and
+BCD). In these cases, nonrandom association patterns
were different between receptors although they came
from same donor. This suggests that receptors play an
important role in determining the type of nonrandom
associations.

In contrast to them, in Table 2, different donors
showed different nonrandom association patterns for the
same receptor. This suggests that the donor plays an
important role in determination of nonrandom associa-
tion patterns. Tables 1 and 2 show that types of nonran-
dom associations of individual pairs are quite the

Table 3. Influence of fitness values® given in each virulence gene on type of nonrandom associations. (S;—Sq,1,2,5) and
(So,152,52S4)
Donor Receptor
(Genotype) Qs (F+++) Qe (H+++)
Observed® Expected Observed Expected
Ss @ (ABCD) NNNNNN® R NNNNNN CCCCCC R NNNNNN
DCCCCCC DCCcCccce
S, @ (ABCH) NNCNCC R NNCNCC CCNCNN R NNNNNN
D CCCCCC NNNNNN® D CCNCNN
Q (AB+D) NCNCNC R NCNCNC CNCNCN R NNNNNN
D CCCCCC NNNNNN D CNCNCN
Q (A+CD) CNNCCN R CNNCCN NCCNNC R NNNNNN
D CCCCCC NNNNNN D NCCNNC
@ (+BCD) CCCNNN R CCCNNN NNNCCC R NNNNNN
D CCCCCC NNNNNN D NNNCCC
S, Q (AB+4) NCCCCC R NCCCCN CNNNNN R NNNNNN
NCCCCN D CCCCCC D CNNNNC
Q (A+CH+) CNCCCC R CNCCNC NCNNNN R NNNNNN
CNCCNC DCcccce D NCNNCN
Q (+BCH) CCCNCC R CCNNCC NNNCNN R NNNNNN
CCNNCC D CCCCCC D NNCCNN
Q (A++D) CCNCCC R CCNNCC NNCNNN R NNNNNN
CCNNCC D CCCCCC D NNCCNN
Qo (+B+D) CCCCNC R CNCCNC NNNNCN R NNNNNN
CNCCNC DCCCCCC D NCNNCN
Q. (++CD) CCCCCN R NCCCCN NNNNNC R NNNNNN
NCCCCN DCCCCCC D CNNNNC
S Qu(A+++) CCCLCCC R CCCNNN NNNNNN R NNNNNN
CCCNNN D CCCCCC D NNNCCC
Qs (+B++) CCLCCC R CNNCCN NNNNNN R NNNNNN
CNNCCN DCCCCCC D NCCNNC
Qu (++CH+) CCCCCCe R NCNCNC NNNNNN R NNNNNN
NCNCNC D CCCCCC D CNCNNC
Qs (+++D) CCCCCC R NNCNCC NNNNNN R NNNNNN
NNCNCC DCCCCCC D CCNCNN

Fitness values for all genes are 0.75.
and ____ mean that the pattern is same as that expected from receptor (R) and donor (D), respectively.
a) When two patterns are written in one place, it indicates that a change of pattern occurred during 100 generations.

b) “Observed” means the results of the simulations and “expected” means results expected according to the hyp?)?heses, R

and D in the table indicate results expected from receptors and donors, respectively.
(See Table 1 for explanation, also.)
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reverse.

Similar simulations were performed on S,—S,, S,—
So, So—S;:, S;:—S,, So—Si, and S,—S,. Nonrandom
association patterns obtained were as follows. In the
cases of S;—S, and S,—S,, the patterns for genotypes,
AB++, A+C+, +BC+, A++D, +B+D and ++CD,
were NCCCCC, CNCCCC, CCCNCC, CCNCCC, cccce-
NC, and CCCCCN, in the former and CNNNNN, NCN-
NNN, NNNCNN, NNCNNN, NNNNCN, and NNNN-
NC, in the latter. In the cases of S,—S; and S;—S,, the
patterns for genotypes, A+++, +B++, +4+C+
and + ++D, are as follows : CCCCCC, CCCCCC, CCCC-
CC and CCCCCC, in the former case, and NNNNNN,
NNNNNN, NNNNNN and NNNNNN, in the latter
case.

From these results, at least the following can be

considered.

Hypothesis A : In some cases, receptors play an impor-
tant role, while in others, donors play an important
role in determining the type of nonrandom associa-
tion.

Hypothesis B: When the direction of the transfer of
values is different, it creates a large influence on the
type of nonrandom association.

The phenomena mentioned above can be explained by

the following hypotheses.

Hypothesis C : When receptors play an important role,
combinations of a resistance gene and a susceptibil-
ity gene induce cross-type nonrandom association of
two avirulence loci corresponding to the resistance
genes. For example, in receptors, A+8 C+P or +2
D induces cross-type nonrandom association of
two avirulence loci, a-b, ¢c-d, or a-d. In contrast,
combinations between resistance genes and between
susceptibility genes induce noncross-type nonran-
dom association.

Hypothesis D: When donors play an important role,
combinations of a resistance and a susceptibility
gene induce noncross-type nonrandom association
between two avirulence loci corresponding to the
resistance genes. Combinations between resistance
genes and between susceptibility genes induce cross-
type nonrandom associations.

These hypotheses were ascertained with the simula-
tions during 200 vegetative generations on Sy« —S, (S,
—S, and S;—S,), S;< —S,, S;« —S, and S;« —S,.
The results are shown in Table 3. Often, reaction pat-
terns changed during 200 vegetative generations. In such
a case, two patterns are shown in the table. When there
is a change in reaction pattern during these generations,
the first pattern is that of donor and the second pattern
is that of the receptor. Thus, this is thought to indicate
that the above hypotheses were the case.

Nonrandom association patterns occurring with a

transfer of a value within S group

In the case of S;«< —S; (Table 4), all nonrandom
association patterns were determined by the receptor
under standard conditions. Under nonstandard condi-
tions, the patterns show donor patterns in early genera-
tions and change to receptor patterns in later genera-
tions.

In Table 5, the case of S;«< —S, is shown. In this
table, U patterns are omitted, when U patterns (pattern
under nonstandard conditions) were completely the
same as E patterns (patterns under standard conditions).
In this case, a slight difference from S; <« —S; was found
in the point that nonrandom association patterns could
not be explained by one of donor or receptor in some
cases, for example, Nos. 9, 18, 22 and 26 in Table 5. In
these cases, the part that could not be explajned by
donor or receptor could be explained by its partner. In
the case of Nos. 9, 18, 22 and 26, three are explained by

Table 4. Influence of interaction between two avirulence loci on type of nonrandom associations (S« —S;)
Receptor
Donor
(Genotype) Q. (ABC+) Qs (AB+D) Q. (A+CD) Qs (+BCD)
[NNCNCC) [(NCNCNC] [CNNCCN] [CCCNNN]
Q. (ABCH+) E? 1. NCNCNC 2. CNNCCN 3. CCCNNN
(CCNCNN]
Q, (AB+D) E 4. NNCNCC 5. CNNCCN 6. CCCNNN
[CNCNCN] u» CNCNCN
NNCNCC
@ (A+CD) E 7. NNCNCC 8. NCNCNC 9. CCCNNN
[NCCNNC) U NCCNNC NCCNNC NCCNNC
NNCNCC NCNCNC CCCNNN
Qs (+BCD) E 10. NNCNCC 11. NCNCNC 12. CNNCCN
[(NNNCCC] U NNNCCC NNNCCC
NNCNCC NCNCNC

a) E: Standard conditions. Pattern when equal fitness value 0.75 was given to all virulence genes. Only the cases in which
the different patterns from the nonstandard conditions were obtained were described.
U: Nonstandard conditions. Unequal fitness values, 0.9, 0.8, 0.6 and 0.7, were given to +9, +¢, +° and +?, respectively.
_and ... indicate that the pattern is same as that expected from the donor and receptor, respectively.

(See Table 1 for explanation, also.)
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Table 5. Influence of fitness values given to each virulence gene on type of nonrandom associations (S;« —S;)
Receptor
Donor
(Genotype) @ (AB++) @ (A+C+)  Q (+BCH)  Q (A++D) Qo (+B+D) Q. (++CD)

[NCCCCN] [CNCCNC]) [CCNNCC) [CCNNCC] [CNCCNC]) (NCCCCN]
Q; (AB++) E 1.CNCCNC 2. CCNNCC 3. CCNNCC 4. CNCCNC 5 CCCCCN
[CNNNNC]
& (A+C+) E 6. NCCCCN 7.CCNNCC 8 CCNNCC 9.CCCCNC 10. NCCCCN
[NCNNCN] U  NCCNCN NCNNCC NCCNNC

NCCCCN CCNNCC CCCCNC
@ (+BC+) E 11. NCCCCN 12. CNCCNC 13. CCNCCC 14. CNCCNC 15. NCCCCN
[NNCCNN] U CNNCCC

CCNCCC

@ (A++D) E 16. NCCCCN 17. CNCCNC 18. CCCNCC 19. CNCCNC 20. NCCCCN
[NNCCNN] U NNCCNN  CNGCNN NCCNNN NNCCNN

NCCCCN CNCCNC CCCNNN CNCCNC
Qo (+B+D) E 21. NCCCCN 22. CNCCCC 23. CCNNCC 24 CCNNCC 25. NCCCCN
(NCNNCN] U CNNCCN

CNCCCC

@ (++CD) E 26. NCCCCC 27. CNCCNC 28. CCNNCC 29. CCNNCC 30. CNCCNC
[CNNNNC] U  NNNNNC ~ CNNNNC ~ CNNNNC ~ CNNNCC  CNNNNC

NCNCNC CNCCNC CCNNCC CCNNCC CNCCNC

E: Standard conditions. Equal fitness value 0.75 was given to all virulence genes.
U: Nonstandard conditions. Unequal fitness values, 0.9, 0.8, 0.6 and 0.7 were given to +9, +¢ +P and +2, respectively.

Note: Obtained after more than 100 generations.
(See Table 1 for explanation, also.)

Table 6. Influence of interaction between two avirulence loci on type of nonrandom associations (S;< —Ss)
Receptor
Donor
(Genotype) le (A+++) le (+B++) Q14 (++C +) le (+++D)
[CCCNNN] [CNNCCN]) [NCNCNC] [NNCNCC]
G. Attt E NKNCCN NNNCNC NRNNCC
[NNNCCC] CNNCCN NCNCNC NNCNCC
U NNNCCN NCNCNC NNCNCC
NNNNCC
Q. (iB+H)  § NCCNRN NCNNNC NNCNNC
[NCCNNC] CCCNNN NCNCNC NNCNCC.
U CCCNNN NCNCNC NNCNCC
Qu(++C+) E CNCNNN CNNNCN NNCNCN
[CNCNCN] CCCNNN CNNCCN NNCNCC
U CNCNNN NNCNCC
CCCNNN
Qs (+++D) E CCNNNN CNNCNN NCNCNN
[CCNCNN] CCCNNN CNNCCN NCNCNC
U CCNNNN
CCCNNN

(See Table 1 for explanation, also.)

the donor and the other three are explained by the
receptor. This case was called 3DR pattern. For exam-
ple, in Nos. 6, 7, and 29, five types are explained by the
donor as shown by .___, and a different set of five are
explained by the receptor as shown by . This pat-
tern was called 5DR pattern. Other patterns are 6D (No.
16), 6R (No. 1), 5D (No. 26), bR (No. 5), and 4D (No. 18).

Under the standard conditions, when resistance and
susceptibility genes are complementary in three or four
loci, 6R and 5R are induced, respectively. Under nonstan-
dard conditions, different patterns are found for about
half of the combinations. In these cases, 6D or 5D
changed to 6R or 5R. In cases where four loci are
complementary (on the diagonal line from upper-right to
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lower-left in Table 5), 5R patterns under the standard
conditions and a tendency to change from donor pat-
terns to receptor under unstandard conditions are found.

Table 6 shows patterns in the case of S;«< —S;. In this
case, all combinations are complementary in two loci.
Changes in patterns with generations were found,
rather, in the standard conditions. These changes occur
from DR patterns to R patterns.

DISCUSSION

In this paper, about half of the possible combinations
of host genotypes in the four gene system were analyzed
by simulations. By transferring a value (frequency of
host genotype) from one host genotype to another host
genotype under equilibrium conditions, the following
principles controlling nonrandom associations between
avirulence loci were found.

A nonrandom association is induced between aviru-
lence loci in the pathogen population by transferring a
value (frequency) of host genotype, with some excep-
tions. In some cases, host genotype of donor (old variety)
determines nonrandom association type (C or N). In
other cases, receptor (new variety) determines the
nonrandom association type.

With the same given fitness value for all four viru-
lence genes (+2, +°, +¢and +9), nonrandom association
pattern at the 200th generation is determined by re-
ceptors with an increase in susceptibility genes and by
donors with a decrease in susceptibility genes, when
genotypes ABCD or +-+-++ are donors or complemen-
tary genes are four. In these cases, S, and S; groups
show a change in nonrandom association patterns from
intermediate patterns between donor and receptor or
from donor pattern to receptor pattern during the first
100 generations.

Receptor patterns are found when combinations of
resistance genes or combinations of susceptibility genes
induce noncross-type nonrandom association, and com-
binations of a resistance gene and a susceptibility gene
induce cross-type nonrandom associations. Donor pat-
terns are found, when reverse types are induced; that is,
the former combinations induce cross-type and the latter
induce noncross-type associations.

In the range of combinations of host genotypes
examined in this paper, the number of complementary
loci seems to play an important role in determining
nonrandom association type and pattern.

In the next paper®, the results obtained between other
S groups will follow.
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