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Genes Conferring Specific
Plant Disease Resistance

Differences in behavior may reflect structure
differences with important general implications.

K. W. Shepherd and G. M. E. Mayo

Although it is well known that major
genes control the resistance of plants
to a wide variety of parasites and that
these genes are of value when produc-
ing resistant forms of crop plants (1),
the detailed structure and function of
these host genes remain obscure. For
example, it has frequently been re-
ported that genes conferring resistance
to an obligate parasite are grouped
together in a small segment of a host
chromosome, but in most cases it is
not known whether these genes are
closely linked or functionally allelic.

One of the best examples of such
groups of host genes comes from the
work of Flor (2) with flax (Linum
usitatissimum L.) and its rust [Mel-
ampsora lini (Ehrenb.) Lév.] where
genes dominant for conferring resist-
ance have been assigned to five “loci”
named K, L, M, N, and P, with 1, 11,
6, 3, and 4 “alleles,” respectively. Other
good examples include the Rp, locus in
maize (Zea mays L.) and the Ml locus
in barley (Hordeum vulgare L.), where
14 different genes conferring resist-
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ance to maize rust (Puccinia sorghi
Schw.) (3) and at least 7 different
genes conferring resistance to pow-
dery mildew (Erysiphe graminis D.C.
f.sp hordei E. M. Marchal) (4) have
been identified, respectively.

Initially, the genes within these
groups were considered allelic when
they failed to show recombination
among F,, F;, or a limited number of
testcross progeny (5). Recently, how-
ever, more critical data on the structure
of some of these groups have been
obtained by testing much larger test-
cross families.

For example, both Flor (6) and
Shepherd (7) detected rare recombina-
tion between genes from each of the
L, M, and N groups in flax. In the
more extensive studies of Flor, the ex-
pected reciprocal products of recombi-
nation were recovered with the M and
N genes, but only the double recessive
phenotypic class was detected with the
L genes tested. Also, Saxena and
Hooker (3) showed that several of the
genes in the Rp, group of maize could
be recombined with low frequency and
reciprocal products were recovered
whenever the testcross progeny were
tested with an appropriate combination
of rust strains.
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From these results it was concluded
that each of the M, N, and Rp, groups
are complex regions of chromosome
possessing several closely linked genes
that can be recombined reciprocally
(3, 6). Because the reciprocal products
of recombination were not detected
with L genes, Flor was unable to decide
whether these genes are “mutually ex-
clusive alleles” or closely linked genes.
However, we shall show that when his
results are compared with the expecta-
tions from a modified cis-trans test for
allelism, the L genes appeared to be-
have as functional alleles.

In our work we have set out to test
critically the possibility that some
groups of genes conferring disease re-
sistance consist of closely linked genes,
whereas others consist of a series of
functional alleles. -The practical im-
portance of deciding between allelism
and close linkage has been stated by
other workers (3, 6), but such a de-
cision could contribute to an under-
standing of the origin and mode of
action of genes conferring disease resist-
ance. Consequently we have chosen flax
and its rust to make a detailed study
of recombination between two gene
groups, L and M, that seem to have
different structures. Our results are re-
viewed in this paper and more detailed
treatments are forthcoming (8, 9).

Concept of Allelism and a
Modified Cis-Trans Test

Before referring to our experiments,
it is necessary to choose an operational
definition of the gene, and hence al-
lelism, appropriate for genes controlling
disease resistance. The modern defini-
tion of the gene is as a unit of func-
tion, the cistron, which has been shown
to be composed of numerous mutant
sites separable by recombination [see,
for example, Fincham (/0)]. Thus to
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demonstrate that genes controlling sim-
ilar phenotypes are closely linked,
rather than allelic, it is not sufficient to
show that they can be recombined. In-
stead it is necessary to show that they
control different, but possibly related,
primary functions. On the other hand,
if these genes control the same func-
tion, they are considered to be func-
tionally allelic.

Since the primary products of most
genes have not been identified, empir-

ical methods are necessary to determine

whether genes are functionally identical.
The cis-trans test has been widely used
for this purpose with mutant strains
possessing a defective and usually re-
cessive phenotype compared to the
normal or wild type (10). In this test,
if the trans arrangement of two mutant
genes produces a mutant phenotype,

Closely linked genes

Gene arrangement

Repulsion Coupling
A+ AB
+B ' -

DNA segments

P—--— b=

Gene product conformation
Phenotype
AB AB

and the cis arrangement a normal, or
nearly normal phenotype, it is con-
cluded that these genes are defective
in the same function and therefore are
functional alleles. Alternatively, if both
trans and cis arrangements produce a
normal phenotype, it is concluded that
functionally different genes are in-
volved, though, in this case, it has been
shown that interallelic complementation
in trans could occasionally lead to an
incorrect conclusion (/7). In practice,
because of the difficulty of producing
and recognizing the cis arrangement,
the test for functional allelism is usually
restricted to producing the trans ar-
rangement and observing whether it has
a mutant phenotype or exhibits com-
plementation.

However, as shown below, the cis-
trans test devised for defective mutants

Allelic genes
Trans Cis
A 1+ A IA2
+A 2 + +

o
—

A'A2 A AIA2

a b
@ oo
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Fig. 1. Modified cis-trans test for allelism with codominant genes. The closely linked
(4 and B) and allelic (4* and 4°) codominant genes each differ from their standard
gene (1) by a single DNA base change (X) and produce primary products with
single amino acid substitutions., These substitutions, through effects on conformation,
convert the inactive standard gene products (@) into the different active forms shown
(&, ®®). With the closely linked genes involving separate DNA segments, the
repulsion and coupling arrangements produce the same array of gene products and
thus they have the same phenotype (AB when the standard gene produces a null
phenotype). With the allelic genes involving the same DNA segment, the frans phenotype
is predictably additive (A'A?), but because the cis arrangement produces a product
with two amino acid alterations it is not possible to predict its phenotype. If an
interaction product is produced (a), the cis phenotype (4*) will be unrelated to that
of the parent genes; and the cis-trans test will give positive evidence for allelism. If

no interaction occurs (b), its phenotype could be additive, and then the test would
be equivocal.
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is not directly applicable to certain
groups of genes associated with poly-
morphic populations in nature. Some
examples are genes controlling blood
groups and histocompatibility in ani-
mals (2, 13), reproductive incompati-
bility in plants (/4), and, of immediate
relevance, disease resistance in plants.
These groups are characterized by the
absence of a dominant wild type; and,
if a standard form is available for com-
parison, it is equivalent to Fisher’s
(15) “universal recessive.” This form
has a null phenotype, whereas the other
variants within a group produce dis-
tinctive phenotypes dominant to the
“universal recessive,” but showing no
dominance among themselves.

The phenotype of the trans arrange-
ment of any two of these codominant
genes, in contrast to that of defective
mutants, is, with few exceptions (/3),
observed to be qualitatively the sum
of the individual phenotypes of the two
genes involved. Since this trans pheno-
type could represent the expression of
the primary products of two function-
ally different genes or, equally likely,
two different forms of a single gene
product, it does not indicate whether
the codominant genes are allelic or
closely linked. Instead, Shepherd (7)
has described a modified cis-trans test,
based on a proposal of Pontecorvo
(16), where the cis phenotype could
provide the required diagnostic infor-
mation with genes of this type.

This test is illustrated by the examples
in Fig. 1, alternatively involving closely
linked (4 and B) and allelic (A4* and
A?) codominant genes. It is assumed,
for simplicity, that each of these genes
differs from its standard gene (+) by
a single DNA base change such that
they each produce a gene product
(polypeptide chain) which differs from
the standard gene product by a single
amino acid substitution. To account for
the distinctive phenotypes of genes A,
B, A, and A? compared to the null
phenotype of the standard gene, it is
assumed that these single amino acid
changes, through their effect on protein
conformation, confer qualitatively dif-
ferent functional properties on the
standard gene products.

On this model, it is expected that the
repulsion and coupling arrangements
of closely linked genes will both exhibit
the same additive phenotype (AB, Fig.
1). The trans arrangement of allelic
genes is also expected to produce an
additive phenotype, but it is proposed
that the phenotype of the cis arrange-
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ment will be nonadditive, in some cases
at least, because it has been shown that
the properties of a protein with two
amino acid alterations cannot necessarily
be predicted from the properties of the
singly altered parent proteins (I7).
Moreover, if the specificities of genes
A* and A2 depend on different surface
configurations in the same or partly
overlapping regions of the three-dimen-
sional structure of the standard gene
product, even though it might be pos-
sible to combine these two genes in
cis, it would not be possible for the
cis gene product to express both Al
and A2 specificities  simultaneously.
On the other hand, if genes A* and A2
produce amino acid alterations in re-
gions of independent function, which
are known to exist in some single gene
products (I8), it is expected that both
Al and A2 effects could be expressed in
the cis as well as the trans arrangement.

Thus the modified cis-trans test for
functional allelism with codominant
genes may be stated as follows. If the
cis arrangement of these genes produces
an interaction such that the cis pheno-
type differs from that of the trans
arrangement, it is inferred that the
genes are functionally allelic. In prac-
tice, at least with disease resistance
genes, we would not necessarily expect
to identify this cis arrangement because
its precise phenotype is not predictable.
Rather the occurrence of an interaction
in cis would be suggested if only one
(the homozygous recessive) of the two
reciprocal recombinant products was
detected among testcross progeny.
However, the test is equivocal when
the genes exhibit an additive phenotype
when present in different strands and
also when introduced into the same
strand. In this case the genes may be
either closely linked or functionally al-
lelic with alterations in regions of in-
dependent function within the single
gene product.

Experimental Program

Analysis of testcross progeny. Test-
cross progeny were produced in order

to detect recombination between genes

within the L and M groups and, hence,
to obtain possible cis gene arrange-
ments for comparison with the trans
forms. The procedure is illustrated by
the model, in Table 1, involving rust
strains 1 and 2 and two members of
the same group of host genes, A1 and
A2, Rust strains 1 and 2 are used as
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specific testers for the presence of host
genes Al and A2, respectively. For
example, host plants possessing gene A1
are resistant (R;) to strain 1 whereas
all other plants, including those with
A? alone, are susceptible (S;) to this
strain. By determining the -reaction of
each plant to rust strains 1 and 2, the
genotypes of all testcross progeny may
be identified, including both recom-
binant classes, namely plants pheno-
typically susceptible (S; S,) or resistant
(R4Ry) to both strains of rust, pro-
vided that 4! and 42 do not interact
in cis arrangement.

Our results, together with those of
Flor (6) for the same L and M gene
combinations, are included in Table 1.
Rare recombinants were observed with
each gene pair tested; but, whereas both
of the expected recombinant classes oc-
curred with approximately equal fre-
quency among genes of the M group,
only the S;S, class was observed
among those of the L group. Although
absence of phenotypically R; R, plants
among progeny of L2+ /4 L® and
L6 4 / 4 L10 heterozygotes is not indi-
vidually significant, such an absence
among progeny of L2/ 4 L0 in
either Flor’s or our own observations,
cannot be ascribed to chance. Flor

attempted to explain his results by sug-
gesting that the rare S; S, plants ob-
served were derived from chromosomal
aberrations or deletions rather than
from reciprocal crossing over. How-
ever, adopting the modified cis-trans
test for functional allelism, we postu-
lated that the different behavior of
genes in the L and M groups may re-
flect a fundamental difference in their
structure. Consequently, we have stud-
ied these genes in more detail.

F, analysis of M genes. Since genes
M and M3 behaved as independent
functional units in the test crosses, it
is assumed tentatively that they are
closely linked genes rather than allelic
genes. On this basis, the R; R, recom-
binants (Table 1) are coupling double
heterozygotes with genotype MM3/
+ -+ and such a gene arrangement sug-
gests a new procedure for determining
the structure of the M group.

The expectation of detectable recom-
binants in the F, from coupling double
heterozygotes is equal to p — (p2/2),
where p is the recombination fraction,
so that, for values of p close to 0.002
observed in the testcross analysis, this
F, expectation closely approximates to
p, the equivalent expectation for test-
cross progeny. Since flax is naturally

Table 1. Origin of recombinants among testcross progeny from within Flor’s M and L groups.
R, resistant (R, means resistant to strain 1); S, susceptible.

Generation

Testcross progeny

Types Parents Fy X susceptible
- (testcross) ____Parentals Recombinants*
[11 [2] [1] [2]
v Model
A+ +A42 A+ ++ A+ +A42 ++ ArA?
Genotypes - —_ —
A4 +4* +42 ++ ++ ++ ++ ++
Phenotypes
Reaction to
rust strain 1. Ry S1 Ry S1 Ry S S1 Ry
2. Ss Rz Ro Sa So R, Sz Rz
Experimental
Gene group
M4 +M3 M4 ++ 1169 1129 0o 2
M _ -_—
M+ +M?® +M3 ++ 80491 8112 11 16
L2} +Lw0 L4 ++ 1593 1533 6 0
L —
L2 +Lw 4L ++ 1903+ 1943 12
LG Ll’J LG +
+ T + —+— 1182 1259 1 0
Lo +L* +L* ++
24 T L L2 ++ 4350 4260 4 0
L  +L*  +L°  ++  1643f 1663

* In our work identification of recombinants has been verified by either progeny tests or, when

available, by the use of marker genes.
parental progenies [1] and [2].

t Observations of Flor (6). He does not distinguish between
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Table 2. Recombination between M and M?® in F, progeny of heterozygotes.

Fy progeny
. i i &
Coupling Number observed of indicated phenotype Total
heterozygote Parentals Recombinants
MM? ++ M+ +M?
MM?3
—_— 5498 1875 10 10 7393
++
MM?3
9074 3292 15 18 12399
M&

* Phenotypes determined by their reaction to rust strains 1 and 2, namely

Rust strain

2

where R is resistant; and S is susceptible.

self-fertilizing it is an advantage to be
able to use F, progeny rather than
progeny from laborious testcrosses. Con-
sequently, additional plants with the ex-
pected genotype MM3/ 4+ + were pro-
duced from the original R;R, recom-
binants, and their F, progeny were tested
with appropriate strains of rust to detect
recombinant phenotypes. The results
(Table 2), not only confirm the geno-
type of the original R,R, plants, but
also the reciprocal nature of recombina-
tion between the genes and its fre-
quency of occurrence (19).

In subsequent studies, a third mem-
ber of the M group, for example MXx,
representing any one of the other mem-
bers of the same group, was introduced
to form a triple heterozygote of the con-
stitution, MM?3 +/++M= on the as-
sumption that M* is distal to M and
M3, Provided that the F, progeny of
this heterozygote are tested with rust
strains to which M* is susceptible so
that M* remains “silent,” it is possible
to detect recombination between M and
M3 as before. The advantage of includ-
ing a third gene in repulsion is that the
event leading to recombination between
M and M3 is expected simultaneously
to produce new combinations of M
genes in coupling, and hence to pro-
vide additional information on the re-
lationship of the M genes. For example,
a single reciprocal crossover between
M and M3 would produce M+M=* and
+M3+ recombinant strands if Mx is
distal, and M*+M3 and +M+ recom-
binant strands if M* is proximal. How-
ever, if M* is located between M and
M3, all four of these recombinant
strands could be produced by single ex-
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Host gene

M M3 M*

R S S
S R S

changes between M and Ms3. Thus the
relative positions of the three genes can
be determined.

Since in practice recombination be-
tween genes M and M3 is detected in
F, progeny of the triple heterozygote,
all the selected recombinants are ex-
pected to possess the common parental
strand carrying M* alone (that is,
++Mx, if M* is distal) in combination
with the recombinant strand. Thus, to
determine whether M* is present in the
selected recombinant strand, it is suf-
ficient to progeny test the selected re-
combinant to ascertain whether it is
homozygous rather than heterozygous
for M=x. '

We are using M!, M+%, and M5, in
turn, as the third gene M, in combina-
tion with the strand carrying M and M3
in coupling, but only the analysis with
M¢* has been completed. Thirty-three

“recombinants with respect to M and M?

were detected in the progeny of the
MM?3 / M* triple heterozygote with M+
segregating but “silent” (Table 2).
Twenty-six of these recombinants (13 M
+ and 13 4 M3) survived to maturity,
and, when their progeny were tested
with a rust strain specific for detecting
gene M4, it was found that all 13 of the
+ M3 and one of the M 4 recombinants
were heterozygous for M+ and that the
remaining 12 M 4 recombinants were
homozygous. The occurrence of 12 re-
combinants with M and M* in coupling
and which express separate M and M+
specificities provides another example
of M genes that are functionally inde-
pendent. Furthermore, the new coup-
ling arrangement provides a starting
point for additional F, analyses and

more precise mapping of the M genes.
For example, we have already analyzed
progeny from MM?*/ M3 triple heter-
ozygotes, and the results, in conjunction
with those given above, suggest a gene
order M M* M3 (8).

F, analysis of L genes. In contrast
to the M genes, the results obtained
with the L genes were not consistent
with reciprocal crossing over occurring
between closely linked genes (Table 1).
With L2 and L', the failure to detect
among testcross progeny individuals re-
sistant to both rust strains (R;R,) could
have been due to the nonreciprocal
nature of the events (for example, gene
mutation or conversion) producing the
18 progeny susceptible to both rust
strains (S,S,). Alternatively, it is pos-
sible that both of the expected recom-
binant classes, namely cis heterozygotes
(L2LY/ + +) and recessive homozy-
gotes (t+/++) were produced by
reciprocal crossing over, but the former
were not recognized because of an in-
teraction between the genes in cis lead-
ing to a null phenotype as predicted in
the modified cis-trans test for functional
allelism. -

The second hypothesis can be di-
rectly tested since, if correct, the
phenotypically S,S, plants would con-
sist of genotypes L2L19/ + + and + +/
++ in equal numbérs. Therefore, L2
and L'° genes should be separately re-
coverable by rare recombination among
progeny of L2L1°/++ when self-
fertilized, but not from +-+/++,

The six S;S, recombinant plants
(Table 1) detected in testcross progeny
were allowed to self-fertilize in isola-
tion, and their progeny were tested with
a rust strain that would reveal resistant
plants’ possessing either an L2 or L1°
gene. Resistant plants did not occur
among the progeny of five of these re-
combinants, but the family size was too
small to be conclusive, except possibly
with recombinant No. 1 (Table 3).
However, with recombinant No. 6
maintained as two offsets in separate
pots, five resistant plants occurred
among more than 2700 fully susceptible
progeny.

In tests with additional rust strains
it was shown that all of the resistant
plants possessed L1 and not L2 specific-
ity, but the degree of resistance ex-
pressed was somewhat less than that
of the parental L1 gene, Since, on the
allelic interaction hypothesis, both L2
and L'° genes are expected with equal
frequency, additional progeny from re-
combinant No. 6a were produced and
tested for L2 and L1° specificity. Seven
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of the 1597 susceptible plants from this
recombinant were grown in separate
pots and allowed to self-fertilize in
isolation. The progeny from these
plants were tested with the same rust
strain used before, and the results are
included in Table 3. Rare resistant
plants occurred in five out of the seven
progeny groups, but in further tests it
was found that, once again, they all
possessed L0 specificity.

All these results, taken together,
clearly indicate that some form of sup-
pression of L0 specificity must have
occurred during the formation of the
female gamete giving rise to recom-
binant No. 6, and that this effect is re-
versible.

The allelic interaction hypothesis
predicts mutual suppression of L2 and
L% expression when combined in cis
arrangement, which is reversible by re-
combination; but the failure to recover
any L2 genes among 20 resistant prog-
eny from recombinant No. 6 makes
this hypothesis untenable, at least in its
simplest form.

In our further studies (9) of this
phenomenon it was shown that the
strand carrying suppressed L!° speci-
ficity does not affect the expression of
the parental L1° gene when combined
with it in trans arrangement, indicating
that the suppressor is recessive and lo-
cated within the L1 gene. Furthermore,
whereas plants heterozygous for sup-
pressed L° produced rare resistant prog-
eny, plants homozygous did not, thus
indicating that reversion to L' specific-
ity occurs by recombination rather than
mutation. Consequently, by combining
the chromosome carrying the sup-
pressed L1° gene in trans with another
L gene, L%, and selecting for L10 spec-
ificity in F, progeny keeping Lx
“silent,” it should be possible to carry
out an F, analysis with L genes analog-
ous to that used for M genes. Such an
F, analysis may be expected to provide
a more critical test of the allelic inter-
action hypothesis since, if this interac-
tion does not occur, it should be pos-
sible to produce some L°L* combina-
tions in cis in which both L° and L*
specificities are expressed.

Discussion

The aim of our study was to deter-
mine the structure of groups of genes
in plants conferring disease resistance,
and particularly, whether the genes in
a group are closely linked or whether
they are functional alleles. Genes from

28 JANUARY 1972

Table 3. Incidence of resistant (R) plants
among progeny of phenotypically S;S, mem-
bers of L2+ / 4 L testcross families.

Progeny from selfing

P t
Farn
Number
(No) tested Num-  Pheno-
ber type

Six 818, recombinants from testcrosses

1 1504 0

2 727 0

3 12 0

4 806 0

5 452 0

6a* 1597 2 L
b 1158 3 Lo

Seven plants from selfing of recombinant
No. 6a

1 948 4 Lo

2 1356 2 L

3 621 1 L

4 1368 5 Lo

5 1220 3 Lo

6 815 . 0

7 766 0

* Grown as offsets in separate pots a and b.

the L and M groups in flax were used
in the recombination tests, and, although
the L and M genes behaved differently,
it is still not clear from our criteria of
allelism whether this behavior reflects
a fundamental difference in structure.
However it is now possible to suggest
critical experiments, based on F, anal-
yses, that should resolve this question.

It is evident from the phenotype of
the coupling genotypes that genes M3
and M* are both functionally different
from gene M. The practical implication
is that two or more different M spe-
cificities can be combined in a homozy-
gote. However, it has not been pos-
sible to decide whether these M genes
are closely linked, producing different

‘primary products, or whether they are

alleles possessing alterations in regions
of independent function within a single
gene product. This question could be
decided by producing the other 13 pos-
sible arrangements of M genes in pairs
and observing their phenotypes. If the
M group consists of six different closely
linked genes, then the phenotypes of
all the coupling and repulsion arrange-
ments are expected to be the same. A
different behavior would be expected of
a group of allelic genes, because it is
unlikely that six different alterations of
a single gene product would occur in
regions of mutually independent func-
tion. Thus, if some coupling combina-
tions of M genes exhibited phenotypic
interaction, it would be concluded that
at least some of the M genes are al-

lelic. These data are being obtained
with the use of the F, method of
analysis to generate additional com-
binations of M genes in coupling.

Testcross results, particularly those
of Flor, emphasize that genes in the L
group behave differently from M genes,
as well as from those of Rp, in maize
(3). In addition to the data in Table
1, Flor (6) used 11 other combinations
of L genes in testcrosses; and three
of these, L and L%, L2 and L3, and
L? and L8, produced a total of nine
possible recombinant progeny, and
again all had the S;S, phenotype. Since
this behavior corresponds to that pre-
dicted by the allelic interaction hy-
pothesis, we proposed that these genes
are functionally allelic rather than
closely linked.

An attempt to confirm this hypothesis
by showing that at least one of the
phenotypically S;S, progeny possesses
the parental L genes in cis arrange-
ment has not yet succeeded. Never-
theless, we did obtain a strikingly posi-

" tive result in that one of the S;S, re-

combinants from the L2 + / + L1° het-
erozygote produced rare resistant plants
with L19, and not L2, specificity among
otherwise fully susceptible progeny.
Clearly, Flor’s suggestion that the
S;S, phenotype could represent a
chromosome deletion does not apply to
this particular recombinant. Instead, it
was inferred that the recombinant
possesses suppressed L10 specificity (su
L19) and further tests (9) have shown
that the suppressor must be located
within the L0 gene and that reversion
to L' occurs by recombination, rather
than by mutation.

The critical question of whether the
suppression of L10 is due to the pres-
ence of L?, as required by the allelic
interaction hypothesis, remains un-
answered. Various models based on
reciprocal and nonreciprocal recombi-
nation have been considered to explain
the failure to recover L2 specificity
from the presumed L2L19/---+ hetero-
zygote. One possibility is that the sup-
posedly homozygous recessive parent
used in the testcross possesses an L
specificity which is located distally to
L' and remains “silent” with all of the
rust strains used. On this hypothesis the
genotype of the recombinant would be
L2LY0A-/4+4(L) and if L progeny
arose from rare reciprocal recombina-
tion, the other product would be a
new cis arrangement, L24(L), which
would not be detected if allelic interac-
tion occurred once again.

A test of this hypothesis, and others

379



not requiring suppression of L10 by L2,
is expected to come from a comprehen-
sive study of reversion to L10 or L2
specificity in progeny of heterozygotes
of the general constitution su L10/Lx,
where L* represents any one of the L
genes. If suppression of L10 is due to
L2, it should be possible to recover L2
from heterozygotes of the type +L2L10/
L* + 4, where L~ is located proximally.
On the other hand, if L0 specificity is
recovered in the progeny from su L10/
L2 heterozygotes, this would indicate
that L10 suppression does not depend
on L2, Such a result would imply that
allelic interaction does not occur, and
then it should be possible to recover
from su L19/L* heterozygotes some
L0Lx combinations in coupling in
which both L0 and Lx specificities are
expressed. ‘

In considering the structure of the L
and M groups it is useful to consider
the possible origin of these, and other,
groups of genes conferring resistance to
disease. The most direct origin of such
groups would be mutation occurring at
different sites within a single gene, re-
sulting in a series of alleles with quali-
tatively different phenotypes for rust
reaction. If further tests show that L
genes are functional alleles, it follows
that they must have arisen in this way.

Alternatively, it is possible that the
genes in some of these groups arose
from unequal crossing over, similar to
the origin of the ¢ and 8 components
of the A locus controlling anthocyanin
pigmentation in maize (20). Beginning
with a single host gene controlling
disease reaction, rare unequal crossing
over could have produced serial dupli-
cations of this gene; and, if the origi-
nally identical genes diverged in func-
tion, they would appear as closely
linked genes with different but related
functions. This would mean that genes
in this type of group arose in basically
the same way as those in allelic groups,
namely, from mutational changes oc-
curring in a single ancestral gene or its
duplicate descendants, and therefore it
would be expected that several alleles
might occur at each of these duplicate
loci just as at a locus where duplica-
tion has not occurred. It has been sug-
gested that the Rp, genes in maize
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represent serial duplications but, so far,
there is no evidence indicating that any
of the 14 genes are allelic (3).

Finally, there is the possibility that,
beginning with genes controlling disease
reaction located at separate unlinked
or loosely linked loci, there has been an
evolution toward close linkage between
these loci as suggested by Mode (21).
In practice it would be difficult to dis-
tinguish between this process and that
involving duplication of loci. However,
if host genes occur as tandem repeats
produced by unequal crossing over,
these genes themselves would be ex-
pected to exhibit unequal crossing over
and this could be detected if marker
genes closely linked with the genes con-
ferring disease resistance were available.
It is interesting that lines homozygous
for Rp, genes, in crosses to susceptible
lines, produced a relatively high fre-
quency (4 out of 17,749) of suscepti-
ble progeny (3); but since marker genes
were not used, it is not known whether
they arose from unequal crossing over.

In general terms, we may speculate,
then, on the nature of the primary
products of the different host genes
within these groups. Since it is sug-
gested that allelic and closely linked
duplicate genes have the same basic
origin, it follows that in both cases the
primary products of these genes would
represent variants of a common prod-
uct, even though this product may be
very different in the separate groups.
However, it is difficult to visualize the
structure and mode of action of such
a gene product, since in the case of the
Rp, group it would have to exist in at
least 14 different active forms to pro-
duce 14 specificities.

On the other hand, if evolution of
close linkage had occurred, the genes
concerned would most likely have con-
trolled different primary products in-
itially and they would have retained

~ their original functions on becoming

closely linked. Thus the primary prod-
ucts of these closely linked genes would
be unrelated; and, in this case, there is
no a priori expectation for some of the
loci to possess several alleles controlling
different specificities.

Though it is clear that more informa-
tion is required on the “fine structure”

of the host genes conferring resistance,
that which is available raises impor-
tant implications in the theory and prac-
tice of specific host-parasite interactions.

Summary

Genes conferring host resistance to
an obligate parasite, grouped together
in complex loci provide opportunities to
study their structure. By means of an
appropriate operational definition of
these genes, a modified cis-trans test
was used to interpret the position effects
of codominant genes mutually recom-
bined within each of two complex loci
of flax, with the use of a specially de-
veloped method of analysis among F,
segregants. The different behavior of
genes in the M and L groups may re-
flect a difference in their structure suf-
ficient to raise important implications
in the theory of specific host-parasite
interactions.
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