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SUMMARY

A diallel cross method of recognising S allele homozygotes in turnip, Brassica
campestris L. ssp. rapftra, is described. By selfing an individual presumed to
be heterozygous at its S locus, and raising a progeny of seven plants, there is a
high probability (P = 0.99) that at least one and possibly both (P = 0.74)
S homozygotes will be included amongst them. By crossing the inbreds in a full
diallel and establishing the compatibility status of each cross, in most cases
both S homozygotes will be recognised. In the exceptional case, complete
dominance of one allele in both pollen and stigma, the recessive hosnozygote
only may be recognised (P = 0.86). It is suggested that this method, in
conjunction with U.V. fluorescence microscopy for determining compatibilitics,
may offer an improvement on previously published methods for this type of
material. Results conllrrn the sporophytic control of the incompatibility in
Brassica campestris and the multi-allelic nature of the S locus.

1. INTRODUCTiON

THE turnip, Brassica campestris ssp. rapfera, is an oubtreeder, possessing in
common with other self-incompatible crucifers, a sporophytically controlled,
multi-allelic incompatibility system (Bateman, 1955; Thompson, 1957;
Richards and Thurling, 1973). Plant breeders have successfully exploited
this system and the production of F I hybrids, as proposed by Odland and
NolI (1950), is now commonplace. The possibility of using self-incompatibi-
lity to produce novel inter-species hybrids is also being investigated (Mackay,
1973).

One of the first steps in such breeding programmes is the isolation of S
allele homozygotes in agronomically suitable material. This is complicated
by the four types of relationships that can exist between pairs of alleles
(fig. 1). Thompson and Howard (1959) suggested methods of recognising S
allele homozygotes in kale, B. oleracea var. acephala, by pollination of inbreds
with tester plants.

Our experience has shown that turnips are far less amenable 10 inbreeding
and maintenance under glasshouse conditions than are kales. They suffer
markedly from inbreeding depression, which is expressed as a severe decline
in vigour and fertility. Exposure of deleterious recessives causing gross
disturbances, such as chlorophyll deficiency and male and female sterility,
is quite common following one generation of selfing.

Under experimental conditions, kales (B. oleracea L. var. acephala),
because of the ease with which they can be vegetatively propagated, may
be treated as biennial perennials. Within the course of a single season their
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flowering period may be greatly extended by removal of senescent flowering
shoots to encourage regrowth. Turnips, on the other hand, are more strictly
true biennials. Once flowering is initiated, the food reserves in the " bulb "
are mobilised; it then degenerates and frequently rots. The flowering
period tends to be relatively short and the plants rapidly senesce, providing
little opportunity for retesting, by repeating pollinations, and vegetative
propagation of parent plants is not practicable.

Fin. 1.—Types of dominance relationships between pairs of S alleles. [II = rocompatible
cross; • — compatible cross.

Consequently, in deciding on a system of S allele homozygote identifi-
cation, it was felt imperative to use a method that ensured the highest
probability of success after one round of crossing. This would then allow
isolation of S homozygotes from a wide range of material as quickly as
possible, selecting only the more vigorous and fertile inbreds for breeding
purposes.

The U.V. fluorescence technique for examination of pollen tube growth
(Martin, 1959) is a more reliable technique than seed counting (van Hal
and Verhoeven, 1968) and requires fewer pollinations per test-cross to
ascertain compatibility relationships. More crosses can be made per com-
plete test, where time, labour and the duration of the flowering period of
the plants may be limiting factors.

A dominant to B in pollen and
stigma.

TYPE 1

C dominant to D in stigma,
codominant in pollen.

TYPE 2

F dominant to F in pollen,
codominant in stigma.

TYPE 3

Both alleles, active in pollen
and stigma.

TYPE 4-
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2. MATERIALS AND METHODS

Turnip plants, selected from a range of cultivars representing culinary
and forage types, were selfed by bud pollination. Samples of the inbred
progenies were then test-crossed reciprocally, as open flowers became
available, in a series of intra-family diallels. Each member of a diallel was
also selfed by bud pollination for seed. All pollinations were made by hand
in an insect-proofed glasshouse and inflorescences were covered with
"pergamine" bags for 10 days or until removal of pistils, after pollination,
as an additional precaution. Pistils of test-crosses were removed and fixed,
24-48 hours after pollination, in 3 1 alcohol acetic acid. After hydrolysis
in lN NaOH, overnight at room temperature, they were stained in aqueous
soluble aniline blue and examined as squashed preparations using a U.V.
microscope, similar to the method of du Crehu (1968). Fixation is not
essential, fresh pistils may be hydrolysed and stained for immediate exami-
nation, but it has proved convenient to fix and later to examine them in
batches. The fixative also clears the chlorophyll which can interfere with
the stain.

Once compatibility relationships are determined it is usually possible
to deduce the S genotypes on inspection (fig. 2, a-d). Progenies derived
from selfing recognised S homozygotes were then multiplied and are now
maintained by bud pollination between pairs of individuals chosen at random
within closed lines.

3. RESULTS

Since Spring 1972, 21 intra-family diallels, averaging seven plants per
diallel, have been completed. Thirty S allele homozygotes were recognised
and 16 are now represented as true breeding, closed lines (table 1).

The 16 extant lines represent the more vigorous and fertile selections,
lack of vigour and poor fertility of the rest meant that they were largely
self-eliminated from the breeding programme.

In most cases both S homozygotes were isolated from each intra-family
diallel (table I). In one instance, JlZ, where only five inbreds were used.
In only two cases, F1Z and 5688Z, were all the crosses incompatible.

In diallels E5Z, J3Z and K5Z the results were uninterpretable on any
sensible model.

4. Discussjor.

The method of S homozygote recognition, suggested by Thompson and
Howard (bc. cit.), initially involves two members of a family produced by
selfing a single plant, being test-crossed, one as male the other female, with
all other members of that family. Any compatible pollinations permit the
partitioning of the inbreds into groups, members of which are then back-
crossed to the parent. In turnips the difficulty of maintaining the parent
vegetatively precludes this step for routine purposes.

As Thompson and Howard (bc. cit.) pointed out, only compatible
pollinations provide the necessary information for the recognition of S homo-
zygotes. The nature of the incompatibility system is such, that in a method
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Plant 2 = BB
Plants 1, 3, 4, and 5
either AA or AB
A>B in stigma and
pollen

Plants l,6and8 CC
Plant 4 = DD
C> D in stigma
C = D in pollen

b. Diallel F5Z; Type 2

123456

c. Diallel H2Z; Type 3
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7
8

Plants 3 and 4 = EE
Plants 2 and 6 = FF
E> F in polien
E F in stigma

Plant 1 = GG
Plant 2 HFI
G H in stigma
and pollen

d. Diallel E4Z; Type 4

FIG. 2.—Results of four intra-family diallels, illustrating the four types of S allele relation-
ships. fl = Incompatibility; • compatible.

using randomly chosen testers, too few compatible crosses is a distinct
possibility, requiring additional crosses and/or progeny tests.

In deciding a method to adopt with turnips, it is useful to consider the
probabilities of successful isolation of either or both S homozygotes, from a

As Scored Interpretation
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TABLE 1

Summary of data from 21 diallels completed over three seasons, 1972, 1973 and 1976

Number of Type of
Diallel Number of Number of S homozygotes relationship
code plants pollinations recognised (fig. 1)

A5Z 6 170 2 4
E2Z 6 215 2 3
E4Z 8 426 2 4
E5Z 7 291 0 see text
F5Z 9 643 2 2
F1Z 6 217 0 see text
G5Z 5 90 1 1

H2Z 6 200 2 3
IlZ 9 615 2 3
14Z 8 514 2 3

J1Z 5 167 2 2
J3Z 5 137 0 see text
J5Z 8 369 2 3
K5Z 7 254 0 see text
LiZ 10 657 2 3
L3Z 6 210 2 3
M4Z 7 281 1 2
N4Z 7 209 2 3
S685Z 9 190 2 3
S688Z 8 343 0 see text
S689Z 7 276 2 2

Average 7 308

family derived by selfing a plant presumed to be heterozygous. The
expectation that a family of size k contains r1 of one genotype, r2 of a second,

r ofajth is

(piYl(p2)rs. ..(p)ni

where p1 is the probability of the first genotype, p2 of the second, p5 of
thejth (Mather, 1951).

For example, on selfing a heterozygote S1S2 one would expect its progeny
to segregate in the usual S1S1 S1S2 S2S2 Mendelian manner. This
being so, given a family of size seven, derived by selfing such a heterozygote,
the probability of that family comprising two homozygotes S1S1, three
heterozygotes S1S2 and two homozygotes S2S2 is

2!3!2!
(1)2(1)3(1)2 = 01025 (P = 010)

Should one wish to calculate the probability of obtaining both homo-
zygotes in a selfed family of size seven, one can find this as one minus (twice
the sum of the probabilities of r1 = 1, 2, 3,...7 when r3 = 0 plus the
probability of obtaining a family in which r1 = r3 = 0 and r2 = 7). In
calculating these probabilities it is necessary to take account of the four
types of relationships that can exist between each pair of alleles (fig. I).

For the purpose of discussion a seven plant diallel, the average of those
described, is compared with a test-cross method where two inbreds are
crossed, one as male, the other female, with 11 others. The latter is the
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first stage in the method suggcsted for kales (Thompson and Howard,
bc. cit.).

It is immediately obvious that choice of testers is critical, since there are
six possible combinations of genotypes (table 2). Which " sex" is allocated
to which tester also dramatically affects the results of a test involving a type 2
or 3 relationship (fig. 1) and consequently the probability of success.

In a type 1 situation neither a diallel nor crosses to testers will identify
both homozygotes, but the latter will be more likely to permit recognition
of the recessive homozygote (P = 092) than the former (P = 086). Since

Txme 2

Possibte combinations of genotypes of tester plants, each member of a pair
having an equal chance of being used as male or female

Frequency: 0-25 050 025
Genotype: AA Aa aa Probability

r 2 0 0 0-0625
I 1 1 0 0-25

Possible combinations on sasnpling J 1 0 1 0125
2 individuals at random 0 2 0 025

[ 0 1 1 0-25
0 0 2 0-0625

the easiest way of identifying the dominant homozygote will be by test-
crossing the progeny by selfing the (now) identified recessive homozygote(s)
with those of the other inbreds, the test-cross may be slightly more efficient,
within the limits of family sizes imposed for this theoretical comparison,
providing the type 1 relationship is immcdiately recognised.

In the case of types 2 and 3 allele relationships, tise diallel may identify
both (P = 0.74) or the recessive homozygote only (P = 086), but in both
instances will distinguish between types 1 and 2 or 3, because of the reciprocal
differences that will be noted (fig. 1). The results of crosses to testers are
far less predictable. Given a fortuitous choice of plants, of the correct
genotype and" sex ", both S homozygotes and their dominance relationship
may be recognised (P = 023). Failing this, either both (P = 0.17), or at
least one homozygote (P = 0.53), may be recognised but the results will
be indistinguishable from those which might be obtained in a type 1
situation (fig. 3).

With a type 4 relationship the diallel will either recognise both S homo-
zygotes (P = 074) or neither (P = 0.25). The test-cross will identify both
(P = 01l) only if each tester is homozygous for a different allele and

TYPE 1 TYPE 2 TYPE 3 TYPE 4
'Sex' 8 8 8 8

AA AA
Testers Genotype or AD or AB AB AA AA AD AA AA

Inbreds AA

Genotypes

Fin. 3.—Example of test-crosses where the types of S allele relationships are indistinguishable;
note, these are not she only instances. El = Incompatible; • = compatible.
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neither (P = 0.29) if both are heterozygous. Should one, or other, or both
testers be homozygous for one allele there will be some compatible crosses
(P 0.5), but no indication as to which members of these crosses are
homozygotes, or what type of S allele relationship exists. Additional crosses
will again be necessary to distinguish the results from a type 1 and 2 or 3
(fig. 3).

Obviously modifications of the tester cross method could increase the
probability of success. By crossing each tester reciprocally with all other
inbreds type 2 and 3 relationships will be differentiated from types 1 and 4,
if and when homozygotes are isolated. By increasing the number of testers,
the probability that both S homozygotes will be represented amongst them
and identified can be improved. However, by increasing the number of
inbreds in a diallel, where with the one exception (type 1) the probability
of recognising both S homozygotes and their dominance relationship is
equal to the probability of their being present, this is also true. A diallel
between 11 iribreds would ensure, with the one exception, a high probability
of successful recognition of both homozygotes (P = 092).

In practice we have averaged 73 pollinations per test-cross, more
recently reducing this to 49 (1976) without loss of information, since it
was very seldom necessary to examine more than three pistils to obtain a
reliable result. By reducing the number of pollinations to (say) three per
cross, an 11 plant diallel would require 330 test pollinations. This should be
perfectly feasible, the average reported here being 308 (table 1).

Assuming that the 30 5 alleles recognised constitute a representative
sample and that the four types of relationship are equally prevalent, one
may, using the probabilities computed, estimate how many of the 18
interpretable diallels should permit the recognition of 0, 1 or 2 S allele
homozygotes. The frequency of successful recognition of S homozygotes in
the work described, does not differ significantly from tha.t expected
X() = 48, P > 0.05). Although, on inspection there seems to be a
disproportionately high frequency of type 3, whether this truly reflects the
situation remains to be seen as more S alleles are isolated.

The incompatibility system is subject to modification of expression, by
background genotype, environment, age of plant, self-fertility genes and the
phenomenon described as "mutual weakening" (van Hal et al., 1968;
Nasrallah and Wallace, 1969; Thompson, 1957 and 1972; Richards and
Thurling, 1973). It would be expected that such extraneous factors might
occasionally interfere with interpretation of the results of any method.
Such factors may explain the uninterpretable results of diallels E5Z and
K5Z (table 1). In the case of E5Z some crosses were, questionably, partially
incompatible, having fewer pollen tubes than expected of fully compatible
crosses, but too many to assume that they were truly incompatible. With
diallel K5Z one of the putative" heterozygotes "was reciprocally compatible
with both " homozygotes ", a possible case of pseudo-compatibility.

Poor pollen fertility of some plants of family J3Z confused analysis,
although a putative homozygote was identified and a type 2 or 3 situation
was indicated, the plants were quite sterile and discarded on these grounds.

Test-crosses between 12 of the S allele homozygous lines has demonstrated,
with a single exception, that they are fully cross compatible; thus at least 11
unique S alleles have been isolated so far. The more recently isolated
alleles have yet to be tested. Dominance relationships between all possible
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combinations of pairs of alleles is currently being investigated. Results to
date, plus the information from the diallels, demonstrates that of 25 pairs, 6
are of type 1,4 of type 2, 13 of type 3,2 of type 4 (fig. 1).

The work described confirms the sporophytic nature of the S incompati-
bility system in Brassica cainjieslris and the extremely multi-allelic nature of
the S locus. The diallel cross method of S homozygote recognition, discussed
and illustrated, seems to offer some advantages over previously described
techniques. It offers the added bonus of establishing the dominance
relationships between pairs of alleles at the time of recognition, so permitting
selection for the dominant ones, which may be more useful for breeding
purposes (Ockendon, 1975).
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