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SUMMARY

An analysis of the data from six families of full-sibs shows that one of the incom-
patibility genes in perennial ryegrass is linked in its inheritance to the gene,
FGI-2, which codes for the enzyme phosphoglucoisomerase. In the light of
this evidence, we define S as the gene that is linked to PGI-2. The best estimate
of the frequency of recombination between PGI-2 and S is f = 01538 00252.

1. INTRODUCTION

PREVIOUS papers in this series have shown that self-incompatibility in Lolium
perenne is determined by a pair of multi-allelic genes, S and Z which are
inherited independently and whose effect in the pollen is gametophytic
(Cornish, Hayward and Lawrence, 1979a, b). A number of genes coding
for isozymes of different electrophoretic mobility within several enzyme
systems have been identified recently in L. perenne (Hayward and McAdam,
1977a, b; Hayward and Balls, 1978), which raises the question of whether
one or more of these genes are linked to S or Z.

There are two reasons why the possibility of such linkages is of interest.

Firstly, since the incompatibility genes are functionally identical, linkage of
one to a convenient marker gene would enable S to be distinguished from Z
without ambiguity. Secondly, were such a linkage to remain undetected,
the inheritance of the marker gene could be open to serious misinterpretation,
because of the special properties of incompatibility genes. Three of the
genes which code for enzymes in ryegrass are regularly used to monitor both
the segregation of the chromosomes in families of hybrid origin (Breese and

Thomas, 1977) and the stability of populations during seed multiplication
(Hayward and McAdam, bc. cit.), which underlines the practical implica-
tions of this point.

In the present paper, we consider the joint segregation of a gene, PGI-2,
which codes for the enzyme phosphoglucoisomerase, with S and ..

2. MATERIALS AND METHODS

Clonal duplicates of the plants of the first six families, D and E; F and G;
and H and I, whose incompatibility phenotypes were reported by Cornish
et al. (1 979a), were, following the procedure of Hayward and McAdam
(1 977a), scored for their PGI-2 phenotype. One duplicate from family H
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and another from family G died before either could be scored. The parents
of each of these families were also scored for their PGI-2 phenotype.

Hayward and McAdam (1977b) have shown that the PGI-2 poly-
morphism is controlled by a single gene, that the enzyme is dimeric and
have found four allelic variants of the gene.

3. PROCEDURE

We have shown in a previous paper (Cornish et al., 1979a) that families
D and E, and H and I arose from a cross of the type S1.2Z1.2 x S3.4Z3.4and
that the cross which gave rise to families F and G was of the type S.2Z1.2x
S1.3Z3.4. The results obtained by scoring the parents and their progeny for
their PGI-2 phenotype showed that families D and E, and F and G were of
the backcross type,

[Family D be x bb

[Family E bb x bc

[Family F bb

Family G ac x bb

and that the third cross was of the F2 type

rFamily H
I . abxab
[Family I

Taking these results together, therefore, families D, E, F and G are of the
backcross type for the joint segregation of PGI-2 and S or Zand families H
and I are incompletely classified intercrosses (Lawrence, Cornish and

Hayward, 1979).
Now while the detection and estimation of linkage may be undertaken

in the usual way in the backcross families, we are faced with the same
problem here as that encountered in the previous paper (Cornish et al.,
I 979b), namely that we have no direct knowledge of the incompatibility
genotypes of the parents. Thus the cross that gave rise to family F, for
example, could have been either bS1/bS2 x a51/cS3 or bS1/bS3 x aS1/cS2 and

similarly for the Z locus. For this reason, we have to make two independent

tests for linkage for each incompatibility gene. If linkage is present, only
one of each pair of x2's is expected to be significant, because the other con-
cerns the joint segregation of PGI-2 and S (or Z)alleles that have come from
different sides of the cross and cannot, therefore, be linked in their in-
heritance. However, as in the previous paper (Cornish, bc. cit.), because
we shall be carrying out two tests for linkage (for either incompatibility gene),
the probability of an error of the first kind is approximately twice the corre-
ponding probability for a single test (the exact probability is 1.9 times the
latter). Hence in testing the null hypothesis of no linkage between PGI-2
and S (or Z) it is appropriate to choose P = 0025 and P = 0005 (strictly,
P = OO263 and P = 0.0053) as the levels of significance rather than the
conventional 5 per cent and I per cent levels.

In the case of families H and I, it is possible to test for and to obtain
estimates of both male and female linkage, because PGI-2, as well as S (or Z)
has segregated on each side of the cross. The expected composition of a
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TABLE 1

The expected composition of the progeny of a cross between an aSi/bS2 female and an ass/bSa male.
All frequencies in the table should be divided by 4

Sisa Sis4 S2S, S,S4

aa aa S1 S, aa S1 S4 aa 52 S3 aa 5354

qrqm qfpm pmqf PfPm
nil n12 n13

ab ab S1 S3 ab 5 S4 abS2 S3 abS2 S4

pfqm+qrpm PiPm+ qrqm PfPm + qrqm ptqm + qfpm
n21 n13 n23

bb bbS1 S, bbs1 54 bbS2 53 bb 5, S4

pfpm prqm qrpm qrqm
n33 n33 n34

family of this type is shown in table 1. Four tests of linkage can be made
in respect of PGI-2 and each of the incompatibility genes as follows:

Female linkage X2(i) = [2(C+D —E—F)]2/2n
Male linkage X2(i) = [2(C—D +E—F)]2/2n
Joint (+) linkage X2(i) = {4(C—F)]2/4n
Heterogeneity (— ) linkage X2(i) = [4(D—E)]2/4n

where C = n11+ n84; D = n21 + n33; E = i-v23 + n32; F = n14+ n31; and n =
number of plants in the family (Lawrence et al., 1979). In practice, the last
two items in this list of x2's are likely to be of greatest interest. Indeed, there
is little point in obtaining the female and male linkage x2's in present circum-
stances, since the parents of families H and I have been used both as female
and male. In addition to these tests of linkage, tests of the segregation of
aa: ab: bb and of S1 : 53 and S3 : S4 may be carried out on the row and
column totals of the table respectively.

Because of our ignorance about the incompatibility genotype of the
parents it is necessary to consider four different crosses, any of which could
have given rise to these families. For the S locus, these crosses are:

a51fb82 x aS3/bS4

aS1/bS2 x aS4/bS3

aS2/bSj x aS3/bS4

aS2/bS1 x aS4 JbS3

For similar reasons to those given in the previous paper (Cornish et al.,
1979b), the detection of linkage is not affected by the arrangement of the
genes in the parents, except that the distinction between the joint and
heterogeneity x2' becomes arbitrary, since these items are interchangeable
(the same is true of the female and male items). If linkage is present in the

data, either the joint or the heterogeneity x2 (or possibly both) is expected
to be significant. Once linkage has been detected, it should be possible by
inspecting the data to deduce which of the four types of cross has given rise
to the family in question and hence to decide which x2 of the pair is the joint
and which is the heterogeneity item. Once again the appropriate levels of
significance for tests of linkage on the data of an incompletely classified
intercross where the genotypes of the parents are not known completely,
are 0025 and 0005 respectively.

The methods used for testing the homogeneity of linkage when p 05
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and for combining estimates of linkage are those given by Mather (1951)
and used by Lawrence et al. (1979).

4. RESULTS

(i) Families F and G

The data and analyses of these two families are shown in table 2. Only
one of the five single factor ratios departs significantly from the expected
1 1 ratio (Z1 Z2 X2(i) 22730, P < 0.001) so that the tests for linkage
will not be disturbed by differential viability.

TABLE 2

(a) The data from families F and G arranged so as to allow tests of un/cage between the PGI-2 alleles,

a and c, with each of the four pairs of incompatibility alleles in turn. (b) Linkage x2's for each
of these four comparisons in each of the twofamilies (*, P = 0025—0005, Pc 0001)

(a) a : C
with Family

S1:S2 F
G

(b)
a:c
with

S1 S2
S S3
Zi:
3:

aS1 cSj aS, cS,

20 3 2 12

10 6 2 11

aS1 cSj aS, cS,

S,:S, F 8 11 14 4
G 5 5 7 12

a.1 cZj a, c,
F 19 14 3 1

G 6 8 6 9

aZ, C3 aZ4 C4

.3:Z4 F 14 5 8 10

G 5 10 7 7

Family

F G

19.703*** 5.828*
4567 0862
0243 0034
3270 0862

.N.B. P(X'(l) 5024) = 0025 and 0005.

There is no evidence of linkage between PGI-2 and the incompatibility

gene labelled Z in these families, since none of the four x2' in question are
significant. Both of the f's testing for linkage between PGI-2 and the
S1,S2 pair of alleles are significant. Furthermore, the intensity of linkage
appears to be the same in each parent (heterogeneity of reciprocals X°(i) =
l289, P = 0.30—0.20). We conclude, therefore, that PGI-2 is linked to
the gene labelled S and that the cross that gave rise to family F was
bS1/bS3 x aS1/cS2. The joint estimate of linkage obtained by pooling the data
over reciprocal families is = 0•1970 0'0490.
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(ii) Families D and E

The occurrence of self-pollinated offspring in family D enabled us to
deduce that the S1,S2 pair of incompatibility alleles must have descended
from the female side of this family and hence from the male side of family E
(Cornish et al., 1979a). Since this parent is also heterozygous for the PGI-2
alleles, b and c, there is no need to test for linkage between these and the
alternative allelic pair, S3,S4, in these families.

The data and analyses of these families are shown in table 3. Tests of
the single factor ratios show that while both S S2 and b c are disturbed in

TABLE 3

(a) The data from families D and E arranged so as to allow tests of linkage between the PGI-2 alleles,

b and c, with each of three pairs of incompatibility alleles in turn. (b) Linkage x"sfor each of
these three comparisons in each of the two families. (The test for linkage between PGI-2 and S1,

5, in family D is a corrected 2 x 2 contingency x')

bS,

5
14

cSj

3
6

bS,

1

2

cS,

20

12

bZj cZ, bZ, cZ2

3
8

7
13

3
8

16
5

bZ, cZa bZ4 cZ4

2
8

8
7

4
8

15

11

Family

D E

(8.514**) 9.529**
2793 1882
0862 0471

**, P = O005—0001.

family D(X2(l) 5828, P = OO2—OOl and X2(i = 9966, P = O01—OOO1

respectively), neither of these ratios departs significantly from I I in the
reciprocal family E. Because we are not able to account for this inconsistency,
the data from family E must be regarded as the more trustworthy. We note

that the only significant x2 in this family concerns the joint segregation of
PGI-2 with the S1,S2 pair of alleles, so that in this family also, PGI-2 appears
to be linked to the gene labelled S. The cross that gave rise to family E was
thus bS3/bS4 x bS1/cS2 and the estimate of linkage is = O2353 OO727.

Lastly, though we may have doubts about the reliability of the data from
D, the evidence from this family is at least consistent with that from family E
in indicating linkage between the same pairs of alleles.

(iii) Families H and I

The results obtained from these families, arranged in a similar way to
table 1, are shown in tables 4 and 5. None of the single factor ratios depart

(a) b : c
with Family

S1:S, D
E

D
E

Z,:Z D
E

(b)
b :c
with

S1 : S,

Za: Z4
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significantly from the expected 1: 1 in the case of the S and Zalleles or from
the expected 1: 2 1 in the case of the PGI-2 genotypes, aa : ab : bb.

TABLE 4

The data offamily H arranged in a similar way to table 1. Entries for S are shown in the upper half
of each cell in the table and those for Z in the lower half The heterogeneity x2for PGI-2 and S has

been calculated about the joint estimate of linkage, ft = O1238

S1S4 S5S, S,S4 S,S, Row

Zi Zs Zi Z4 Z2 Z3 Z Z4 Totals

aa 6 1 0 0
4 2 1 0

ab 2 5 6 2
5 5 3 2

15

bb 0 2 0 6
4 0 2 2

8

Column 8 8 6 8
30Totals 13 7 6 4

(a) PGI-2 and S

Joint X5(i> = 19200, P<0001
Heterogeneity X'(i) = 0307, P = 07—05

(b) PGI-2 and Z

Joint X2(i) = 0533, P = 05—03
Heterogeneity X'(') = 1200, P = 03—02

TABLE 5

The data offamily I arranged in a similar way to table 1. Other details as for table 4

Si S 5, S3 S S4 S, S, Row

Zi Z Z5 Zs Z2 Zo Z Z Totals

aa 7 0 1 1

6 1 2 0
ab 1 10 9 0

4 3 7 6
20

bb 1 0 1 6
3 0 1 4

8

Column 9 10 11 7
Totals 13 4 10 10

(a) PGI-2 and S

Joint X'(i) = 1308l, P<0001
Heterogeneity X'(l) 0

(b) PGI-2 and Z

Joint = 5297, P = 0O25—0020
Heterogeneity X'(') = 0

In both families H and I there is unambiguous evidence of linkage be-
tween PGI-2 and the incompatibility gene labelled S. Furthermore, the
intensity of linkage is consistent over sexes and reciprocal families (X2(i)
0150, P = 07—05, calculated about the joint estimate of linkage, for the
latter). The cross giving rise to family H was aSj/bS2 x aS4! bS3 and the joint
estimate of linkage obtained by pooling the data over sexes and families is

= Oll14±0O289.
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The evidence concerning the joint segregation of PGI-2 and Z is equi-
vocal. On the one hand, while there is no evidence of linkage in family H,
the joint X2(i) in I is just significant. At first sight we might wish to attribute
this outcome to chance alone, particularly since we have not found evidence
of linkage between these genes in any other family. On the other hand, the
joint test of linkage calculated on the data obtained by pooling over families

is also just significant (x2() = 4836, P = 0.05—O02, the conventional levels
of significance applying in this case) and linkage appears to be consistent
over both sexes and families (X2(i) = 0973, P = 05—0.3). Furthermore,
it may not be a coincidence that we have detected linkage in these families
both because they are incompletely classified intercrosses, which are more
efficient than backcrosses for the detection and estimation of linkage (Law-
rence et al., 1979) and because on the evidence of the joint segregation of
PGI-2 and S, linkage may be tighter in this cross than in other families. On
this argument, the cross that gave rise to family H was aZj/bZax aZ3/bZ4
and the joint estimate of linkage obtained by pooling the data over sexes
and families is = 03645 00552. Though, on the present evidence, this
conclusion must be regarded as very tentative, it does suggest that S and Z

may be carried on the same chromosome, albeit at a distance apart which is
great enough to ensure that they assort independently.

(iv) The homogeneity of linkage over crosses

We have shown that linkage between PGI-2 and S is homogeneous over
reciprocals in families F and G and in families H and I and, in the case of
the latter pair, over sexes also. To complete this analysis, we need to com-
bine the three estimates

PFG = 0•1970±00490
= 02353±00727

and
PHI = 0lll4±0•0289

to obtain an overall joint estimate of linkage between PGI-2 and S, and to
find out whether linkage is homogeneous over crosses about this joint
estimate. The overall estimate of linkage obtained by pooling the data over
families is = 0.1583 and the heterogeneity x2 is not significant
(X2(2 = 4'076, p = 02—0l).

5. Discussior

Since the incompatibility genes S and Z are functionally indistinguish-
able it is not possible to recognise either without ambiguity, on incompati-
bility evidence alone. We have, however, obtained unambiguous evidence
from each of the three crosses examined that PGI-2 is linked to the gene
which we had previously called S and we can now, therefore, define S as
the incompatibility gene that is linked in its inheritance to PGI-2.

This is, of course, not the first time that linkage has been found between
an incompatibility gene and another; de Nettancourt (1977) gives seven
such cases in homomorphic systems of self-incompatibility. It is, however,
the first case of linkage involving a gene of a two-locus system of self-incom-
patibility and, indeed, the first case also of linkage to an isozyme locus.
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Furthermore, since PGI-2 is now known to be carried on chromosome 6 in
L. perenne (E. J. Lewis, personal communication), it follows that S must be
carried on this chromosome also. The evidence of families H and I indicates
that z may also be located on this chromosome.

Lastly, the ease with which it has been possible to detect linkage between
S and PGI-2 removes once and for all any doubts that might remain about
the accuracy of the classification of the incompatibility phenotypes of the
plants in these families and hence confirms the conclusion that L. perenne
has a two-locus system of self-incompatibility.
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