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I. INTRODUCTION.

The numerous methods by which outbreeding is maintained
in the plant kingdom suggest that the resultant vigour and stored
viability produced by heterozygosity is of great value to the species.
There are many methods by which inbreeding is prevented and the conse-
quent heterogygosity is ensured, both in a precise and an imprecise
manner., One example is dichogamy, the plant showing either protandry
or protogyny. This phenomenon applies to each flower on a plant and
does not prevent self-pollination, for one flower may easily be
pollinated by another on the same plant. Outbreeding ie also main-
tained by elaboration of the floral mechanism, thus reducing the chance
of self-pollination, e.g. Orchidaceae and Apocynaceae. More precise
methods of maintaining heterczygoesity ars by the phenomena of diocecism
and incompatibility.

Extremely specialised methods are found in some members of
the Cnagraceae, where heterozygosity is enforced even in the absence of
outbreeding. The bdreeding systems of the Onagraceae have been studied
in great detail, for its aspecies show considerable diversity in this
respect. The most common breeding system is that typified by
Oenothera lamarckianae, in which survival of the homozygous form is
prevented by disjunction of interohange complexes containing balanced
lethals. Both complexes are ocarried through the pollen and ovule, and
the lethals act at the zygotic stage.

In O.muricata selection of the complex takes place at an
earlier stage, in the megaspore and miocrospore. O.muricata is an '
interchange heterozygote between the rigens and curvans complexes.

Almost all the fumotional eggs ocarry the‘rigens complex, while only
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curvans pollen sucoeeds in reaching the ovary. In Oenothera it is
the megaspore at the mioropyle end which usually develops into the
embryo-sac, and if the megaspore in O.muricata carries the rigens
complex, it develops normally. If, however, the mioropylar megaspore
is ourvans, the chalazal megaspore (which must then be gggggg) out-
grows the other épore and comes into position to form the embryo-sac.
Only very occasionally does the curvans complex succesd in forming
the embryo-sac.

Renner (1917) found that pollen tubes carrying one complex
may tend to grow faster than those containing the competing complex.
Thus in de Vries' O.biennis, the velans oomplex is carried faster to
the ovules than ocurvans. This competition between pollen tube growth
is more marked when tﬁe prollen is used for hybridisation on O.muricata
atigmas. Here the velans complex fertilises four times as many ovules
as ocurvans. The extreme case is reached when O.biennis 1s used on
O.ilamarckiana; no ourvans pollen succeeds hers, all the ovules being

fertilised by the velans carrying pollen.

Nine of the subgenera of Oenothera exhibit self-incompatib-
ility. The incompatibility is controlled by one gene, or gene
complex, which usually has a large number of alleles, e.g. O.organensis
has 45 known alleles of the 8 gene. Pollen behaviour is determined
gametophytically, and the incompatibility may, or may not, be associated
with small chromosome rings, depending on the species.

Thus the genus Oenothera shows a wide range of systems by
whioh heterozygosity is maintained. In some instances, e.g.
O.muricata, a species with a well developed struotural heterozygosity,

there are phenomena which strongly suggest a relationship with an




incompatibility system. For this reason Crosby (1954) suggested that
the evolution of the interch;nge system, with large chromosome rings
hqld together by balanced lethale, may have depended initially on
the presence of an incompatibility syetem, and eventually replaced it
in many species. An incompatible species which is determined by an
8 oppositional system is permanently heterozygous for this gene, due
to_fertilisation taking place only when the s allele present in the
pollen grain differs from the two alleles in the pistil. I+ follows
that if this gene becomes incorporated into an interchange on a
chromosome, it will enforce the heterozygosity of the chromosomse.
With the chromosome being linked in this manner, it is possible that
lethal alleles could arise on it by mutation, but as the chromosome is
always heterozygous due to the s allele, their presence would not be
felt. However, if through the loss of the 8 incompatibility allele,
the chromosome was present as a homozygote, tho lothals would sct and
bring about post-fertilisation elimination of the homozygote. Thus
the heterozygosity of the genes on the interchange would then be
snforced not by gametic elimination, dbut by zygotic elimination of
homozygotes. Once zygotic lethals have been established on the inter-
change chromosome, the importance of the s allele is lost, and the gene
may be eliminated by mutation. Heterozygosity of the system becomes
enforced by balanced lethals on a permanent interchange chromosome.
The experimental approach in Oenothera is difficult, for
in no one species is there known to be a transitional stage in which
self-incompatibility is known, associated with chromosome rings in

some plants, but not in others.



It 18 of considerable relevance to the hypothesis of
Crosby (1954), that interchange rings have been found (Darlington &
Gairdner, 1938) in some natural populations in Campanula persicifolia,
a species whioh has also been reported to be self-incompatible
(Gairdner, 1926). It was decided to look for both an incompatibility
system, and interchange heterozygotes in C.persicifolia to see if
there 18 a correlation between the two, indicating a stage in the
change from an oppositional faotor system, to an interchange heter-
ozygotic states If a correlation was found, it was hoped to looate
the mechanism by which it is maintained.

It was found necessary to modify the original project for
two reasons. The first was the length of time that the majority of
Campanula species take to reach maturity, flowering beginning only in
the second year. The second was the diffioulty encountered in
elucidating the type of inocompatibility system, Thus thc project
was modified to a study of the incompatibility system in ths gsnus,
and was approached by two means. The first was by a detailed examin-
ation of the breeding system of C.persicifolia, to determine the
nature of the incompatibility system present, and if possible to
deduce the controlling mechanism. The seocond was by examination of
all other'available species of Campanula to find the extent of self-
incompatibility within the genus, and if possible to see if the

incompatibility system was uniform throughout the genus.



II. THE BACKGROUND.
A. Incompatibility.

1) First record.

The first record of incompatibdility was made by Kélreuter
in 1764 on Verbasoum phoeniceum. The term self-incompatibility was
firet used by Stout (1917). Although other terms have been applied
to thie phenomenon, such as 'self-impotence' (Darwin, 1876);
‘adynamandry' (Loew, 1895), self-sterility is the only other alter-
native now in ourrent use.

2) Definition.

Self-incompatibility may be defined as "the physiologiocal
inabllity of an organism possessing both male and female gametes to be
self-fertilised. It refers only t¢ instances in which a plants own
pollen and pistil come in contact with each other in the normal course
of events; and excludes those cases in whioch self-fertility is preventoed
solely by some mochanical device% (Hughes & Babcock, 1950).

3) Occurrence.

Self-inocompatibility is & widespread phenomenon, being
found in 78 Angiosperm families in every major phylogenic line
(Pandey, 1960 a). It has aleo been observed in Pinus sylvestris
(Gustafsson unpub., cited by Bateman, 1952); Pteridium aquilinum,
(Wilkie, 1956); Larix laricina,(Piatnitsky, 1934) and Pseudotsuga

taxifolia (Allen, 1942).

Self-inoompatibility is not confined to species with
hermaphrodite flowers, as Nicotiana species, but is also found in
monoecious species, e.g. Buphorbia oyparissias (Muenscher, 1936) and

Castanea orinita (Clapper, 1954). Self-incompatibility has been




reported with greater frequency from more specialised herbaceous plant
groups, than from predominantly woody ones, even allowing for the fact
that a larger proportion of herbaceous species have been investigated
experimentally. Since the herbaceous form is considered to be derived
from the more woody form, East (1940) has argued that self-incompati-
bility is a relatively recent innovation in sexual reproduotion.
However, Whitehouse (1950), while agreeing with the premise that the
herbaceous form is more advanced than the woody form, postulates that
the multi-alleleomorphic incompatibility system was originally held by
all early anglosperms. He argues that those species which subsequent-
ly lost it evolved more slowly, retaining a greater range of ancestral
characters, e.g. woody habit and multiple flower parts, than those
wvhich retained it. Thus the herbaceous families may be of recent
origin due to the retention of incompatibility. However, neither of
the above authors makes reference to the reported incompatibility in
gymnosperms or Pteridium aquilinum, which, if it 1s-of comparable form
with that found in the angiosperms today, seems to fit with neither of
these hypotheses. The success of aelf-incompatibility must be due at
least partly, to the promotion and maintenance of heterozygosity, and
must have played an important part in the evolutionary development of
the flowering plants.

4) Types of incompatibility.

Incompatible species may be classified into two main groups,
those with floral polymorphism, e.g. Primula vulgaris, Lythrum sali-
caria, and those without, e.g. species of Nicotiana, Trifolium and
Prunus. Thé number of breeding groups present in the family or

population of species exhibiting polymorphism in the stigma and style,



may be determined by direct observation of their form without the need
to examine pollen tube growth or seed set. Species of Campanula,
however, are homomorphic and determination of the number of breeding
groups has to be made by breeding experiments.

There are several distinct systems of incompatibility
found in homomorphic species. The breeding patterns determined from
crossing experiments in Campanula species will be compared below with
those of other homomorphic species; and because of this, these are
now reviewed.

The classical mechanism is that shown by Nicotiana spp. as
found by East and Mangelsdorf (1925). The system is controlled by the
action of one gene with a series of multiple allelomorphs, and inhibi-
tion of pollen occurs as & result of a reaction between diploid pistil
tigsue and haploid pollen grains. Each allele has individual action
in the style, and the action of the pollen 1s dsterminsd gametophyti~
cally. Only pollen which contains an allele differing from the two
within the style is able to grow down the style, and bring about fert-
ilisation. Thus pollen with an allele 8y is able to grow in a style

containing 8,8 alleles and bring about fertilisation of the ovules.

3
Pollen containing an 8, allele, however, is unable to grow down this
style. The incompatibility system may be upset in artifioclally
produced tetraploids due to competition and dominance between alleles
within the style. This gametic homomorphic incompatibility, elsec
known as the oppositional factor system, is typical of species of
Antirrhinum, Oenothera, Papaver, Solanum and Trifolium.

Another type of incompatibility system also controlled by

one gene with a series of multiple alleles, is that in which pollen



action is controlled by the incompatibility alleles present in the
pollen mother cells, and not necessarily by those in the pollen itself;
thus control of the behaviour of the pollen is sporophytic. Unlike
the oppositional factor system, gene action in both pollen and style
is not always individual, but it may be s0, or it may exhibit domin-
ance, Thus both pollen types 8, and 8, produced by a plant 5152 may
behave as Y ir 8, is dominant to 8,5 88 8, if 8, is dominant to 8,3
and as 8,8, if there is no dominance present. Plants showing this
type of incompatibility system include Brassica spp.; Crepis spp.,
Iberis amara and Parthenium argentatum.

A third type of system seems to be confined at present to
the Gramineae. This system is controlled by two genes each with
multiple alleles. There is individual action of the two genes and
their alleles in both style and pollen. The nature of the pollen is
determined gamotophytically. For incompatiblility, botk alleles of

the two gones in the pollen must be matohed in the style. Examples

of the system are Phalaris coerulescens and Secale cereale.

The fourth type of incompatibility system known to date,
is at present confined to Physalis ixocarpa. This system, like the
third, is determined by two genes each with multiple alleles. Gene
aot?on in the style is individual, though modified by epistasis.

The nature of the pollen is determined gametophytically and there is
individual action of the genes. Pollen is incompatible if one or
both of the alleles present are common with those in the style.

Until recently it was generally held that there was a one-
family-one-incompatibility-system relationship. The discovery of

this last system by Pandey (1957) in Physalis ixocarpa shows that this



idea 1s no longer tenable, for both Physalis and Nicotiana spp. are
members of the Solanaceae. This could, however, be a reflection of
the taxonomic grouping of the species.

5) Time of action of incompatibility.

The time of action of incompatibility varies greatly,
though as Brewbaker (1957) indicated for homomorphic species, it is
olosely correlated with pollen oytology. Thus in species with bi-
nuclear pollen grains there is little or no inhibition of germination,
inhibition occurs at the pollen tube stage. In species with tri-
nuclear grains inhibition ocours at the time of germination.
Exceptions to this are relatively few, but include Helianthus annuus,
which is trinucleate with stylar inhibition (Habura, 1957), Beta
vulgaris, which is also trinucleate but with ovular inhibition of
the pollen tubes (Savitsky, 1959), and Theobroma cacag, which is an
example of a plant with an incompatibility system uncomnected with
inhibition of germination, or growith of pollen tubes. Brewbaker
(1957) also indicated a correlation between the two types of pollen
( gametophytic and sporophytic) and incompatibility. Binucleate
grains, he clalimed, are associated with gametophytically determined
incompatibility systems, and trinuclear ones with sporophytically
determined incompatibility systems. The Gramineae, however, do not
fit this hypothesis, being trinucleate and gametophytioc.

6) Occurrence of self-compatibility in self-incompatible

species.

Ocoasionally self-compatibility may be observed in an
otherwise normally self-incompatible species. This may be due to

compatibility allelomorphs of the incompatibility genes, or to non-
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allelic modification of the incompatibility genes. Compatibility
allelomorphs have been described by East (1929), and Anderson &
de Winton (1931) for Nicotiana Langsdorffii and other genera.
Non-allelic modification leading to pseudo-compatibility, or pseudo-
fertility as Mather (1943) prefers fo call it, may be due to end-of-
gseason effeots, or to special pollination techbniques. Occasionally
peseudo-compatibility may be characteristic of any incompatibility
system, but it may also be brought about by the action of non-allelo-
morphic genes, which have the effect of weakening or over-riding the
incompatibility reaction (East, 1929). Strong pseudo-compatibility
in an incompatible group is often associated with a hybrid origin of
the plants or their ancestors (East, 1929).

7) Measurement of incompatibility.

Self-incompatibility may be measured by two methods.
One methed is by secd production in a controlled orosss and the
other method is by the degres of germination or penetration of pollen
tubes in a style by known pollen. The relative value and use of

these methods will be discussed belowe.

B. The genus Campanula.
1) Taxzonomioc poﬁition.

The genus Campanula, along with those of Phyteuma, Wahlen-
bergia, Platycodon and Jasione, is a member of Campanulaceae. The
genus is oomposed of about 300 species, which are mainly found in north
temperate regions. The latest complete taxonomic work is that of
de Candolle (1830) and because of this, and the great interest horti-

culturally, the taxonomic position within the genus is much confused.
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2) The floral form.

The floral form is simple and relatively consistent, and
because of this a detailed desoription of C.persicifolia can be used
as a typiocal example.

The flowers open at the end of June and are markedly
protandrous; the pollen is occasionally, thougﬁ not usually, shed
before the flower opens, (See Fig.l). (N.B. All Figures are placed
in numerical order at the end of the text in this thesis). The
pollen is shed from the five stamens on to the central pistil which
they enclose (Fig.1,3). The stigmas are not mature at this stage
and the three are held closely together as a continuation of the style,
with their respective surfaces inward and adjacent to each other. The
external surfaces of the stigmas and the top of the style are covered
by large hairs which retain the pollen as it is shed by the anthers.
After dehiscence both anthers and filaﬁents wither, except tho fila-
ment base, which covers and encloses the ovary and holds the secreted
nectar (Fig.1l,4). The stigmas mature one or two days after the flower
opens, diverge and expose their receptive surfaces. Eventually the
stigmas curl back on themselves to form a complete circle (Fig.l,7).
Knuth (1909) olaimed that self-pollination can be brought about by
this means, but this has been observed only in one plant of
C.rotundifolia in the present study.

Pollination and fertilisation do not seem to effect the
length of 1life of the flower, and fertilisation may be brought about
by cross-pollination, even four days after previous self-pollination.
The mature ovary contains numerous ovules. The maximum number of

seeds recorded in a mature capsule of C.persicifolia in the present
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study is 797. The capsule is ovoid, three-celled, and dehisces by
apical pores. The seeds ripen between August and October in the
north of England.

3) Source and treatment of material.

Most of the species of Campanula were obtained as seeds
from botanic gardens in Britain and Europe, although a few plants
were colleoted from the wild. (See Appendix I for full details of
seed sources).

All seeds were germinated in the greenhousa. The seeds
woere sown between February and April, as it was found that those sowmn
later in the year became insufficlently established to be able to
overwinter successfully. Germination time is dependent on the
weather, but in favourable conditions the seediings were ready to
prick out into boxes four weeks after sowing. They remained in
boxes until large enough to be transplanted. Transplanting took
place from June onwards. Twelve plants from each source of
C.persicifolia were kept in boxes in an inseoci-proofed greenhouse.
Delicate or half hardy species woere also kept in boxes in a green~
house, 4ll other species were planted in flower-beds in the garden.
Ten plants from each speclies were kept when available in the garden
and planted in rows one foot apart, with nine inches between each
plant in the row.

| .4) Pollination.

Pollination of C.persicifolia was carried out in an
inseot-proofed greenhouse. Ip 1961 and 1962 all flowers were
emasculated as the buds opened, and the ripe pollen was collected

and stored in cellophane seed packets. It was suspected that this
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method of storing pollen could give rise to contamination, and so in
1963, pollen was taken directly from flowers whioh were kept solely as
& pollen source. In this way only a few plants were pollinated from
each pollen source. It also ensured that only fresh pollen was used.
411 other flowers were emasculated just before the buds opened.

Pollen was transferred on a mounted needle from one flower to another,
and the needle was sterilised between each pollination in absolute
alcohol.

Pollination of flowers not grown in an insect-proofed
greenhouse was carried out in the laboratory. The flowers were
picked in the bud stage, when the corolla was beginning to colour, and
were placed in water in the laboratory. As flowers from each plant
had to be kept distinet, the buds were placed in a marked arsa of a
polythene grid whioh covered a tank of water. It was found necessary
to pick buds, and not flowers in which the stigmas were immature, in
order {0 ensBure an adequate and unoontaminatved supply of polien.
Flowers opening in the garden soon lost pollen from the outside of the
immature stigmas;, and were also liable to contamination with foreligm
pollen deposited by visiting insects. In most species some buds
failed to open in water and in this way muoch material was lost.

The flowers were kept in the grid until the stigmas had
diverged and were receptive. No flowers were emasculated as pollen
was in short supply, and only those flowers which were self-sterile
were of further interest. Pollen waes transferred on a mounted
sterilised needle from one flower to another. No pollen was stored.

The cross was recorded and the pollinated flower was then placed in an

individual container in water for 48 hours. After this time the
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the pietil was removed from the rest of the flower and was stored
until 1t could be examined for pollen tube growth.

5) Pollen viability.

The length of pollen viability was tested by collecting a
large quantity of ripe pollen from a plant of C.persicifolia (T30), on
July 3, and keeping it in a cellophane packet at room temperature.

This pollen source was used throughout the summer to pollinate flowers
of another plant of Q,éersioifolia (736), with which it was known to be
compatible. The flowers were removed two days after pollination and
wvere acored as desoribed below. The-viability of the pollen is shown
as the number of flowers with which it showed complete pollen compati-
bility. It can be seen from Table I that full viability of the pollen
was retained until the 18th day, after which it became unpredictable.

6) Rate of growth of pollen tubes.

4ll plants 1in the garden were tested for incompatibility
by pollen tube growth, and im 1963 oross and self-pollinations of
C.pergicifolia were tested in this way too. Cut flowers of C.persici-
folia were kept in water at 2300, in {twelve hours of light and twelve
hours of darkness. The length of penetration of the pollen tubes is

forasulas
expressed as a &eaind&gof the total pistil length of 100 unita.
Absolute measurement of the pistll length, and of penetration of the
pollen tubes in i1, was not possible dus to distortion of the material
during preparation. Thus the ratio of the length of the pollen tubes
to the total pistil length was measured. Bach reading is the mean of
two repeated pollinations, in which all three stigmas were treated

separately giving a total of six readings. The results are shown in

Fig.Z.



Number of days pollen stored.

Table I.
Vigbility of stored pollen.

Number of flowers which set

i.e. number of days between seed. Number pollinated on

collection of pollen and each day was 3.

pollination.
0 3
7 3
9 3
10 3
18 3
19 2
21 2
22 3
23 2
24 1
25 1
26 2
27 2
28 1
29 3
30 1
32 0
33 1

35

15
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The incompatible pollination was made by selfing plant T30, and the
compatible pollination was made by crossing T30, as the female, with
pollen of T36. Thus the female plant was the same in each pollination.
The readings for the compatible pollinations at time 23% hours and
254 hours are subject to doubt. The stain used is not sufficiently
critioal for aocurate measurement of tubes at either the base of the
stigma or the top of the styls, and therefore these figures must be
taken as approximations. No data are available for the compatible
pollination at time 27% hours dus to insufficiently critical staining.
Similarly the reading ;t 48 hours for the compatible pollination may
also be due to the staining technique used. The lower half of the
style always stalned lightly, except for the cut end at the very base,
where a dark band formed. Hence any pollen tubes ending just at the
style base were obscured by the band, while those just shorter were
easily visible. This would account for the apparent fallure of
pollen tubes ever to reach the stigma base.

Uermination of both compatible and incompatible tubes
takes place within two hours of pollination. Only superficial pene-
tration of the pollen tubes occurs with the incompatible pollen, though
the exact degree of penetration is variable. From other material,
penetration of inoompatible pollen was occasionally observed as far as
the atigme base or even the top of the style, though this was very
rare. This variability of the extent of growth of incompatible pollen
seems to be a fairly frequent event in incompatible plants. Emerson
(1940) observed it in Oenothera organensis and found that the growth

rate of incompatible tubes depended on the season, the actual flower

on the plant, the actual plant when considering plants of the
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same incompatible allelic constitution, and according to the incompat—
ible allelomorph present.

To check the rate of pollen tube growth and the fact that
inhibition of the tubes did not take place at the style base or in the
ovary, éompatibility was measured by both pollen tube growth, and by

seed set, on the same flowers. Flowers of C.persicifolia (12.4) were

pollinated by compatible pollen (50.5) in the normal way in the green-
house. The pistiles of the flowers were removed at known regular
intervals, but the ovaries were left on the plant to mature in the
normal way. Thus only that pollen which had germinated, penetrated
the whole length of the pistil, and had entered the ovary before
pistil removal, would be able to bring about fertilisation and seed
development. Examination of the pistil material showed pollemn tubes
near the style base 28 hours after pollination. However, there was
no seed development in this flower. Seed development did not occur
until the pellingted plstil had been left on the plant for AT hours
after pollination. As these plants were grown in a greenhouse, the
results are not strictly comparesble with those showing the rate of
pollen tube growth under controlled temperature conditions. However,
they do show that pollen has had time to penetrate the ovary suffi-
clently well 47 hours after pollination, to bring about seed develop-
ment in the capsule. Thus it was decided that leaving a pistil on a
flower for 48 hours after pollination would allow time for growth of
compatible pollen to the style base in both cut flowers, and flowers

pollinated on the plant.
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7) Storage of pollinated material.

Staining of pistils was found to be unaffected by whether
the pietils were killed or not before being stored in 70 per cent
alcohol, in a sub-zero refrigerator. Hence pistils were stored in
alcohol without being previously killed in boiling water. Over-
crowding of storage space later compelled a new storage technique to
be devised. The moethod was to store unkilled pistils, dry, in cello-
phane packets. Excessive drying-out of the material was prevented by
plaocing these packets in a polythene bag, and storing it in a sub-zZero
refrigerator. No deterioration of the material was observed even
after storage for six months.

8) Methods of measuring incompatibility in Campanula

apecles.

There are two methods of measuring incompatibility, by seed
production and pollen tube growth. Batemen (1943) has pointed out
that measuremsnt of incompatibility by meed prcduction is the more
gsensitive over low ranges of fertility, when the differential rate of
growth between compatible and incompatible pollen is too slight to be
detected by direct observation. On the other hand, measurement by
pollen tube growth does indicate the proportion of pollen which germ-
inates, and the extent of growth, and thus provides more information
than measurement by seed set. Moasurement by seed set involves
efficient insect proofing, either in an insect-proofed greenhouse, or
by bagging. This method was used only on some C.persicifolia plants
vhich were grown in an insect-proofed greenhouse. All other plants

were tested for oross and self-incompatibility by pollen tube growth.
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Hayman (1956) attempted to score pollen grain appearance
&8 a measure of incompatibility. Thus he coneidered the pale, empty
grains to be compatible, and the dark-staining, full ones, to be
inocompatible. He found that the obaerved darkipale ratio differed
from the expected ratio due to the large numbers of grains present;
both due to masking of pale grains by dark ones, and also due to
reduction in pollen germination when there is heavy pollination (Sears,
1937). He did, however, feel sufficiently confident in the method to
score the ratio of the germinated to ungerminated grains into two
olasses, i.e. 1313 3:l1. Bateman (1943) using Petunia conoentrated
not on the percentage germination of the pollen grains, but on the
length of penetration of the pollen tubes into the pistil. He meas-
ured the degree of penetration, and found that he could score the
pollen into completely compatible, or partially compatible types.

He also observed that those pollen tubes whioch were incompatible
showed o higher degree of abnormality at their tips.

In some preliminary experiments in Durham, measurement of
incompatibility was tried by counting the proportion of fullsempty
grains in C.persicifolia. This was found to be unreliable as this
system is based on the assumption that all empty grains are compatible.
However, in C.persicifolia both incompatible and compatible grains
germinate, and by ocareful study it was observed that in many cases the
tubes of empty grains could be seen to have stopped growing imn the
stigmatic region. Bateman's (1943) method of scoring the exact
length of penetration of the pollen tubes was also found to be unsatis-

faotory for Campanula species. Many of the pistils are thick with
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much mechanical tissue, and, in order to see the pollen tubes, it is
necegsary to flatten the pistils completely, thus bringing about a
certain degree of distortion. It was possible to classify the length
of the longest visible pollen tube into one of three categories:
'superficial', 'stigmatic' and 'stylar'. The 'superficial' group
includes those tubes which had either not penetrated, or had just
entered the external layers of the stigmatic tissue. The 'stigmatic’
group includes those tubes which had penetrated well into the stigma,
but not into the main stylar tissue, and the 'stylar' group covers
tubes whose ends were visible at the style base. The three classes
are shown in Plate 1. No attempt was made to classify the pollen
into fully-compatible, half-incompatible, etc., as there was much
varigtion in the lengths of the shorter tubes, even in repeated crosses.

In this respeot C.persicifolia may be compared to Abutilonfhxbridwﬁ

(Pandey, 1960 b). Thus incompatibility was measured by the degroe

of pensiration of the longest pollen tube, Although this method is
obviously not as sensitive a measure as that of seed production it was
found to be most useful for garden material; pollinations being made
on cut flowers in the laboratory. It was also used on greenhouse
material of C.persicifolia in 1963.

The ends of the pollen tubes of incompatible pollen were
often found to be distorted and even branched. Polysiphonous pollen
tubes have been recorded in the Campanulaceae (Maheshwari, 1949), but
only incompatible tubes have heen observed to branch in this study,

and growth is limited after branching.
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9) Staining techniques for measuring pollen tube growth.

The staining technique used for the measurement of incomp-
atibility by pollen tube growth was developed on C.persicifolia. The
chief difficulties involved were the thickness of the pistil, its
toughness, and the presence of laticifers. After some initial trials
it was decided to concentrate on the production of a squash preparation
with stained pollen tubes, preventing the masking of tubes by mechan-
ical tissue. The laticifers could be distinguished from the pollen
tubes by their articulated and anastomosed character. The ususal
staining techniques were tried (Table 2); but all failed to give the
softness required for squashing and satisfactory staining. Bventually
a modified Buchholz' technique was devised (Table 3), which gave ade-
quate preparations. Here the short 'superficial’ and long 'stylar'
tubes were moderately easy to see, but the intermediate lengths were
more difficult. Confusion did also arise between the pollen tubes and
the laticifers. Thie techmique proved laborious when dealing with
large numbers of pistils, and later an attempt was made to find a orit-
ical stain for the laticifers. This was not found, but in trying to
do so a quicker and equally satisfactory method was found for staining
pollen tubes, which also allowed more easy identification of the lati-
cifers. The stain was chlorazol paper brown B, Gurr michrome number
94, an azo-dye, and was used as suggested by Verdcourt (1947) (Table 4).
The full range of seven colours indicated by the manufacturers was not
obtained in the pistils, but the cytoplasm of the pollen tubes and the
laticifers stained orange, and the mechanical tissue pink. The rest
of the pistil stained pale orange, except at the style base where it
was dark orange. The pistils were easily squashed, and the pollen

tubes and laticifers identifiable by observation.
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Table 2.

List of staining techniques for pollen tube growth.

Staining agent. Reference.
Acetocarmine Anderson & Sax, 1934.
Acetocarmine & basic fuchsin Chandler, 1931.
Acid fuchsin & light green Buchholz, 1931.
Ehrlich's haematoxylin Trankowsky, 1931.
Feulgen Darlington & La Cour, 1947.
Lacmoid Martius yellow Nebel, 1931.
Iodine Emerson, 1940.
Table 3.

Modified Buchholz technique used to stain pollen tubes of Campanula.

1. Wash pistil, either fresh or pickled, in 30 per ocent alcohol for
ten minutes.

2. Split style into thres or six parts, longitudinally.

3. Wash in 95 per cent aloohol for three minutes.

4. Boil in oxalic acid and Buchholz; 1:1; for one minute. (Buchholz,
acid fuchsin : aqueous light green; 812).

5« Leave in hot stain for four minutes.

6. Wash in 95 per cent alcohol for ten minutes.

T. Wash in alcoholic light green for five minutes.

8. Boil in lacto-phenol for thirty minutes.

9. Mount on slide in glycerine, cover with a large cover slip, and

squash.
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Table 4.

Staining technique for pollen tube growth using an Azo-dye.

A saturated aqueous solution of chloragol paper brown was used; i.e.
30 g per litre at 14°G. The procedure indicated here produces

temporary mounts, but the slides will keep for at least four months.

1., Thaw pistils in 30 per cent alcohol for one hour.

2. Boil in dye for one minute.

3. Leave in hot dye for four minutes.

4. Differentiate in 10 per cent nitric acid for five minutes.

5. Split pistils longitudinally into two or three parts.

6. Mount on a slide in glycerine, cover with a large cover slip,

and squash.

10) Time of aotion of incompatibility.

A study of the nuclear content of the pollen grains of
C.persicifolia was made to see if the Campanulaceae supported the
hypothesis put forward by Brewbaker (1957), on the correlation between
the time of action of incompatibility and pollen cytology. Brewbaker
(1957) quotes the Campanulaceae as having both bi- and tri- nucleate
grains. In this study the grains proved resistant to stain, but
eventually two nuclei were counted in a mature grain of C.persicifolia
using an alcoholic hydrochloric acid-carmine stain as shown by Snow
(1963). The bi-nucleate condition of the mature pollen grain was
confirmed in one slide stained to observe pollen tube growth. Here,

division of the gametic nucleus was seen near the tip of the pollen
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tube, in the stylar region of the pistil.

Similarly, a bi~nucleate mature pollen grain was found in

C.rotundifolia. Here, division of the gametic nucleus was observed

in tubes grown on an artificial medium, of one per eent agar, thirty
per cent sugar, with a trace of boron.

Thus both C.persicifolia and C.rotundifolia agree with
Brewbaker's (1957) hypothesis, in that they have bi-nucleate mature
pollen grains, and show stigmatic inhibition of incompatible pollen.

11) Occurrence of self-compatibility in self-incompatible

species.

Self-incompatibility in many species may be overcome
partially or ocompletely by special pollination techniques, as followss-
i) Bud pollination, e.g. Nicotiana spp. (Bast, 1923)
ii) End-of-season pollination, e.g. Petunia violacea (Yasuda, 1930)
iii) Mutilation of the stigma, o.8. Brassios oleraces (Kakizaki, 1930)
iv) Growing flower in the dark

before pollination, e.g. Oenothera organensis (Emerson,
1930).
v) Use of growth regulating substances on the ovaries at the time

of pollination, 6.g. Lilium longiflorum (Emsweller & Stuart,

1948).
At no time in Campanula spp. ocould self-compatibility in an
otherwise self-incompatible pollination be obtained by bud pollination,
end-of-geason pollination or mutilation of the stigma. In the latter

case this result was to be expected because growth of pollen tubes in
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the pistil gave no indication of a distinot zone of inhibition in the
pistil, as is found in Brassica spp. Pollination of pistils grown in
the dark, and use of a growth regulating substance on the ovary were
not attempted. However, cases of self-compatibility in an otherwise
gelf-incompatible plant have been observed in some experimental results,

and these are discussed below.



26

III. CAMPANULA PERSICIFOLIA.
A. Breeding patterns.

1) Introduction.

Material of C.persicifolia was obtained as seed from
botanic gardens and from the John Innes Institute. The origin of
the different seed sources is to be found in Appendix 1.

Each stock of seed was given a code number between 177 and
185 inclusive, as this followed the plant accession list of Crosby.

The constituent plants of each stock were numbered by the decimal
system. Progeny derived from known crosses were, at first, given a
oode-number in a separate coding series and again each individual plant
was numbered by the decimal system. Thus the eighth plant in stock
178 i.0. 178.8 ¢ crossed with the sixth plant in stock 177 i.e. 177.6 &
gave progeny to which was assigned the family code number 29. In all
crosses quoted, the female is cited firast. Later, the method of
giving progeny a new code number was disoontinued and the parents are
cited, or simplified to a single letter. Each plant within a progeny
£%ill has an individual number. Thus the progeny of the cross
177.11/177.14 are either quoted as this, or simply called P.

Chromosome studies from 1961 onwards on pollen mother cells
using an aceto-carmine freeze drying technique (Conger & Fairchild,
1953), showed that all the plants examined were diploid, with 2n = 16.
This included a horticultural variety labelled Telham Beauty,; showing
fhat the stock obtained was not the true tetraploid Telham Beauty form.
Some plants of C.persicifolia showed a single heterozygote interchange
ring of four, but these were not present in all the pollen mother

cells of the plants, and plants with such an interchange ring were in
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the minority.

In order-to determine the number of breeding groups within
a family an extensive orossing programme was carried out within the
progeny derived from two known parents. Where possible the progeny
were backorossed with the parents to find out if there was a complste
or partial incompatibility between parents and progeny.

4ll1 the ﬁaterial was grown in an insect-proofed greenhouse,
and emasculation, pollination, removal of pistils, storage and staining
were all enacted as previously described. Where incompatibility was
measured by seed set, this is mentioned, otherwise it was measured by
pollen tube growth. Due to the very large number of seeds formed in
each oapsule, the exact number of seeds developed was not counted. It
was observed that either a low number of seeds (below 30) or a high
number (above 300) were formed. Only rarely did the number fall
between 30 and 300 and thus it was considered that if 50 or more seeds
were set, there could bo little or no incompatibility present.

Numbers of seeds below 50 were counted and these are quoted where
appropriate.

Some pollinations gave conflicting results when repeated.
then a repeated pollination gave such a result and an equal pumber of
successful and failed pollinations were obtained, it was assumed that
the successful pollination was the correct one. Many faotors
affecting ante and post fertilisation stages may prevent seéd develop~
ment, e.g. bad pollen, ineffectual pollination and insect damage, but
it may be assumed that if seeds have formed, or if pollen tubes are

found at the style base, there is no incompatibility present. When a
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pollination was repeated more than twice and the results were con-
flioting, the successful pollination was always regarded as an
indication of the absence of incompatibility, except when successful
pollinations were ocutnumbered 4 : 1 or more. In this situation it
was assumed that the successful pollination wae due either to some
freak physiological condition, or to contamination, and the overall
result was interpreted as a failure.

2) Self-compatibility.

The majority of plants were consistently self-incompatible
with no pollen tubes in the style, or seed formation, but a few plants
had a low fertility when selfed. Thus out of a total of 628 self-
pollinations, 42 set seed (6.7 per cent). It can be seen from
Table 5 that in only nine pollinations out of a total of 42 (21.4 per
cent) were 50 or more seeds set after any one pollination. In 19
pollinations (42.9 per cent) fewer than ten seeds were produced.

The production of seed in the latter pollinations cen be interpreted
in one of three ways.
1) By the presence of a mechanism allowing a very low fertility;
of the order of 1, 0.1 or 0.0l per cent.
2) By pseudo-compatibility.
3) Pollen contamination.

The first situation is unlikely as in all known incompat-
ibility systems in homomorphic plants the reaotion is generally all
or nothing. In some cases a 50 per cent, or 25 per cent success of
pollen placed on a stigma is known, but consistently lower percentages

of success have not yet been recorded.
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; Table 5.

Plants showing degrees of self-compatibility, when measured by seed set.

T Plant code Number of times pollinations: Number of seeds:
| number. ' failed succeeded. good bad

1.4 1l 1l over 50 0
1.7 - 1 16 0
9.3 - 1 1 0
17.4 - 1 88 10
18.3 1 1 56 0
18.4 1 1 over 50 (o]
22.2 1l 1 over 50 0
22.5 1 1 1 0
29.1 1 1 4 o)
29.2 1 1 1 0
30.2 - 1 1 0
35.1 - 1 15 1
41.2 - 1 0 5
43.1 - 1 1 o)
50.7 - 1 over 50 0
50.13 - 1 over 50 0
177.12 1 2 107 6
5 o]
178.11 3 1l 3 o]
179.16 - 2 ) 2



; Table 5 continued.

Plant code Number of times pollinations: Number of seeds:
number. failed succeeded. good bad.
:

180.17 - 1 15 1
181.14 - 2 35 3
19 10
183.2 1 1 12 2
183.5 1 4 over 50 (o]
8 1
2 0
2 0]
183.8 - 2 30 3
22 3
183.1C 1 1 3 0
184.3 - 2 1 c
1l 0
184.5 1 3 74 0
11 0]
2 0
1 1 1 6
1 1l 6 0
2 2 38 0
20 0

N
[
N
(@]
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Pandey (1960 b) showed in Abutilon '‘Hybridum' that those

plants which had low seed set on selfing in the normal flowering

season (under 20 seeds out of a total maximum of 120 produced in
P cross-pollination) also showed varying degrees of pseudo self-comp-
atibility in the autumn and winter. However, during the normal
flowering season, in spring and summer, they were nearly all highly
self-incompatible. End-of-season effects have not been found in
C.persicifolia in the present study, but only the two ends of the
natural flowering season were tested for this, and no out-of-geason
flowering was obtained. Pandey (1960 b) considered that unexpected
self-compatibility in Abutilon is due to one of two possibilities.
The first is mutation of the alleles affecting the bshaviour of the
pollen, style or both, but this he discards, as the rate would have to
be impoesibly high to account for the seasonal changss. He concludes
that the difference is due to & combination of minor genes which affect
the incompatibility reaction of the pollen tubes, allowing some of them
to bring about fertilisation. The minor genes are inherited from hoth
parents, and are unrelated to the s alleles. Pandey (1960 b) argues
that an out-breeding mechanism based on self-incompatidility promotes
heterozygosity of the whole genetype and results in the accumulation
of recessive deleterious and lethal genes. Different combinations of
J these may disturb both incompatibility and compatibility reactions.
Abutilon ‘Hybridum' though, is a cultivar which has arisen through
hybridisation of several species of Abutilon, including A.Darwinii and
A.striatus. C.persicifolia is not a hybrid species, but the material

used was obtained from botanic gardens, and probably had been bred as

e
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an attraoctive plant for herbaceous borders. 1+t may therefore be
compared to Abutilon in this respect, and the low seed set occasion-
ally recorded on selfing may indeed be a reflection of segregating
minor genes influencing the behaviour of the pollen, style or both.
Lundquist (1961) found a low seed set in expected self-incompatidle
pollinations in Festuca pratensis to be associated with a lack of
enforoement of incompatibility at the distal part of the stigma.

In this region he found a concentratipn of emptied pollen grains.
There was no evidence of such an area in C.persicifolia.

Low numbers of seeds produced on selfing C.persicifolia
may however be due to experimental techniqus. The plants were all
grown in boxes in the greenhouse, and of necessity were placed close
together. A single flower remains receptive from seven to ten days
depending on the temperature, and, as has been shown experimentally,
is receptive 1o compatible poller even a wesk after pollination by
incompatible pollen. Thus these low numbers of seeds produced on
selfing may simply be due to pollen contamination. This could have
ocourred by knocking plants during pellination, forcing one flower
against another, or releasing dry, old pollen into the air. It was
observed that the greenhouse was not insect-proof; green aphids, red
apider mites and spittle-bugs were permanent inhabitants, while bees,
flies and spiders were more rarely found. These, though many of them
are not usually regarded as pollinators, may well have brought about a
low level of contamination. |

Self-pollinations with high seed set are more likely to be
due to some physiological state of the pollen and, or, the style;

either dependent on minor genes, or due to external factors.
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When using pollen tube growth as a measure of compatibility,
five oompatible self-pollinations, out of a total of 174, were recorded.
These are shown in Table 6. This low number is probably a reflection
of the efficiency of using pollen tube growth as a method of measuring
low fertilities of compatibility (Bateman, 1943). However, associated
with this, is the fact that to measure compatibility by pollen tube
growth, flowers were removed from the greenhouse two days after pollin-
ation. This had the dual effeot of decreasing the time that the
flower was available to stray pollen, and also decreased the total
number of flowers present in the greenhouse at any one time. Thus
there was a reduction in the source of stray pollen, and in overcrowding

of plants.

Table 6 .

Plants showing pollen tubes at the base of the style when melfed.

Example: (181.1460 ) - 2 means the second plant of the

progeny produced by the self of 181.14

(181.149) - 2

(1.40) - 13

(50.7 / 50.13) - 6
(50.13 / 50.7) - 23
(177.24 / 177.20) €, - 3.
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3) Intra-family crosses.

a) Familiés derived from seed source 177.

Progeny were raised from the reciprocal cross
177.14 / 177.11 and 177.11 / 177.14. The parent crosses were made
in 1961 and were chosen as an example of good seed set in a reciprooal
cross. Each parent was self-incompatible. Twenty-four seedlings of
each cross were pricked out in 1962, but two plants of the cross
177.11 / 177.14 died during the winter of 1962-63. Not all these
plants flowered in 1963, and so eight plants of each oross were used
for intercrossing within the progeny. The breeding pattern obtained
for the oross 177.11 / 177.14, (P), is shown in Fig.3. A diagonal
line in the orossing-table indicates the presence of pollen tubes at
the base of the style, whioch are interpreted as & successful pollination.
A circle in the table indicates pollen tubes being observed in the
‘superficial', or ‘stigmatic’ regions of the pistil only, this being
interpreted as a failed pollination. fhere a pollination was
ropeated, interpretation of the results was made as indicated above.
Rearrangement of the order of the plante in the table has been made in
an effort to group together those plants showing a similar breeding
pattern, and the results of this, and of simplification of the
repeated pollinations may be seen in Fig.3a.

It ocan be seen that each individual plant was self-
incompatible. Plants 16 and 5 behaved in a similar manner when acting
as females, but were distinguished by the fact that pollen of 16 was
compatible on plant 5, while that of 5 was incompatible on plant 16.

Plants 21 and 9 were reciprocally compatible and must therefore have

had different incompatibility alleles. Similarly, plant 4 must have
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differed from all the above-mentioned plants as pollen of 4 was
compatible on them all. Though pollen of plant 17 was incompatible

on 4, the reciprocal cross was compatible, and the two plants also
differed in behaviour with pollen of plant 21. Both plants 18 and 22
were incompatible as pollen on plant 9. However, they were cross-
compatible with each other, and must therefore have differed genetically.
The reciprocal cross-incompatibility of plant 22 with plant 9 suggests
that these plants had an identical incompatibility constitution. They
were distinguishable, though, by the fact that plant 18 was incompatible
as pollen on plant 9, but was compatible on plant 22. It can be seen
that both like and unlike reciprocal crosses were present, five pairs

of orosses showing reciprocal differences. Each plant behaved in a
manner differing from all the others. Thus there was a minimum of
eight classes present in the progeny of the cross 177.11 / 177.14.

The percentage compatibtility was high, being 79.3 per cent.

Percentage compatibility is defined as the percentage of
crosses in a crossing-table which are compatible out of the total
number of cross and self-pollinations made. Even if plants have been
tentatively grouped, because of similar experimental results, each
individual result has been scored to produce the percentage compatibi-
lity, unless otherwise stated.

The presence of reciprocal differences in crosses within

)
the progeny is a characteristic of a sporophytic pollen controlling {7
0
mechanism. As the maximum number of breeding groups obtainable is
four, when incompatibility is controlled by a single 8 gene, this

cannot explain the date obtained. Thus the breeding pattern of the

progeny of the croes 177.1ll / 177.14 would not seem to be controlled
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by a single g gene.

Two types of incompatibility systems which are controlled
by a two gene system have been described above. That described by
Lundquist for Secale (1954), Festuca (1955, 1961) and Hordeum (1962),

and that by Hayman (1956) for Phalaris coerulescens, are characterised

by more than four breeding groups within progeny of a single cross,

one group of which is identical to the behaviour of the male parent
with the progeny. Reciprocal differences between orosses are present,
and there is inocomplete inocompatibility between the progeny and the
female parent.

Progeny derived from the cross 177.11 / 177.14 fit into
this pattern by having more than four breeding groups. The behaviour
of the male parent of the cross (177.14) is known only by its pollen
reaction, but this was not identical to the behaviour of any of the
progeny. However, 2s no one group was duplicatod within the progeny
it must be assumed that more than eight breeding groups could have
been formed, and therefore the possibility that the pattern of the
male parent might have been similar to a group not present must not
be excluded. Due to an absence of flowering of the female parent of
the cross (177.11) in 1963, the behaviour of the female parent with
the progeny is not known. This however can be seen in the progeny
of the reciprocal cross.

The pattern of the cross 177.14 / 177.11 differs from the
one quoted above in that the percentage compatibility is much lower,
i.e. 57.8 per cent, compared with 79.3 per cemnt above. The breeding
pattern for the oross 177.14 / 177.11 is shown in Fig.4. Rearrange-

ment of the plants within the table, in order to place similar ones
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together, and taking overall results to give a simplified picture,
gives the pattern shown in Fig.4a. As in 177.11 / 177.14 examination
of the breeding pattern shows that each plant had a distinct behaviour
which was not duplicated by any other plant. Plants number 6, 4 and
22 were all cross-incompatible with each other, but number 22 was
reciprocally compatible with plant 23, which distinguished it from
plants 4 and 6. Similarly plant number 6 was compatible as pollen

on plant 19, and it thus differed from plant 4, which kas incompatible
as pollen on plant 19. Plant 20 was cross-incompatible with plants 6
and 22 but was compatible with plant number 4, and so differed from
all three. Similarly plant 23 was cross-incompatible with plants 6
and 4, but was compatible with plant 22, and thus differed again from
them. Plants 19 and 5 were cross-incompatible, but must have been

of different genotypes as plant 19 was incompatible as pollen on

plant 23, while pollen cof plant number 5 was compatible on plent 23.
Plant 24 was compatible with all the other plants except number 6,
with which it was incompatible when acting as a male.

Thus again, as with the reciprocal ocross quoted above,
each plant had its own characteristic breeding pattern, which suggests
that the cross 177.14 /'177.11 might produce more than eight breeding
groups within the Fi generation, were more plants considered. The
behaviour of the male parent of the cross is not known as flowering
did not occur in 1963. The behaviour of the female parent with the
F& progeny is of interest. It can be seen that it was reciprocally
compatible with plants 6, 4, 5 and 24; was compatible as female with

pollen of plants 22 and 19; and was cross—incompatible with plants

23 and 20. Only two reciprocally different orosses were present
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within the progeny, those of the crosses 24 x 6, 6 x 24, 19 x 23, and
23 x 19.

Studies on the progeny of the reciprocal cross 177.1l1 /
177.16 were made as the fertility of the cross seemed to be impaired
in one direction. Thus only one seed of the oross 177.16 / 177.11
was produced, whereas about 500 seeds were set in the reciprocal
cross (.11 /.16). Each of the parent plants were self-incompatible.
The one plant derived from the cross.l6 /.ll was self-incompatible,
but as neither of the parents flowered in 1963, its behaviour with
them is not known.

Ten plants of the cross .1l /.16 were extensively inter-
crossed amongst themselves and the results are shown in Fig.5.
Simplification and rearrangement of the results are shown in lig.5a.
All the plante were self-incompatible. . Though plants number 8 and
16 behaved identically with plants 9, 3, 1, 20 and 18, they were
obviously not of identical gsnotypes as thelr reactions with plants
19, 12 and 17 differed. Plants 9, 3 and 1 were reoiprocally oross-
incompatible except for the crosses 3 / 9 and 3 / 1 which were
compatible. However, unlike plants 3 and 1, pollen of plant 9 was
compatible on plants 8 and 16. Plants 3 and 1 behaved similarly
though were not reciprocally incompatible and were distinguished by
pollen of plants 9, 20 and 19. Plant 20 was cross-incompatible with
plant 1, but compatible with plant 3, thus differing from them both.
Plant 19 was reciprocally cross-incompatible with plant 8 only, and
because of this must have differed genetically from plant 8.

Plant 12 was cross-incompatible with 19, but was compatible with
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plant 8. Like plant 17, it was reciprocally cross-incompatible with
plant 16, but differed from 17 by being incompatible with 19.

Plant 18 was predominantly compatible, being incompatible with pollen
of plant 19 only. Thus the behaviour of any one plant was not ident-
ical with another. There were twelve pairs of orosses which showed
reciprocal differences, and the percentage compatibility was low,

48.4 per cent. No data of the behaviour with the parents are avail-
able, but some cross-pollinations were made with the single progeny
of the parental reciprocal cross. Thus the one plant from the oross
177.16 / 177.11 was reciprocally incompatible with plant number 12 of
the oross 177.1l1 / 177.16, dbut was reciprocally compatible with number
16. It was compatible with pollen of plant 20 but the reciprocal
cross was incompatible.

Studies were made on the progeny of the cross 177.123 /
i77.11. Both parents were self-incompatible, and the reciprocal
cross was incompatible. From 23 seeds sown, only 13 germinated and
eight of these flowered in 1963. All the results are given in Fig.6,
and a simplified picture ie shown in Fig.6a. All the plants were
self-inoompatible. Plants 4 and 5 were cross-incompatible but
differed in their reactions as pollen on plants 7, 10 and 6. Plant 8
was cross-incompatible as pollen on plant 4, and differed from it by
being compatible as pollen on plant 2, thus indicating that it differed
genetically from both plante 2 and 4. Plants 10 and 3 were cross-
incompatible, but plant 3 was compatible as pollen on plant 7, whereas
plant 10 was reciprocally incompatible with 7. Plant 7 must have
differed genetically from 10 as shown by its action with plant 3.

Plant 6 was cross-incompatible with plants 2 and 8, but pollen of
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plant 6 was compatible on plant 4, thus distinguishing it from plants
2 and 8. Thus all eight plants behaved differently from each other.
There were eight pairs of reciprocal differences, and the cross-
B compatibility was 50 per cent. Ko information is avallable on the
behaviour between the parents and the Fl generation.

Progeny W are believed to be derived from a successful
gelf-pollination of plant 177.12. Of 107 good seeds and & bad ones
whioch were formed and sown, 36 germinated. Out of 24 pricked out,

11 were used for intercrossing in 1963. Fig.T7 shows the total number
of crosses made and Fig.7a gives a simplified picture of the breeding
pattern produced. There is no evidence of any self-compatibility

and cfoss-compatibility is moderately low, 49.1 per cent. Plants 3,
17, 16, 4 and 14 were all cross—incompatible except for the orosses

14 / 16 and 14 / 4. Though the plants behaved identically as females -
except for the cross 4 / 22 - they differed when acting as pollen.
Pollen of plants 3 and 14 were lncompatible on plant 22, but plant 14

could be distinguished from 3 as its pollen was incompatible on plant

24 also. Plants 17 and 4 were distinguishable by the fact that
pollen of plent 17 was inocompatible on 14, while pollen of 4 was
compatible. Pollen of 16, like that of 14, was incompatible on plant
10, but unlike 14 was compatible on plant 22. Thus though all 5

A plants were cross—incompatible there were slight differences by whioh
they could be distinguished. Polien of plant 10 was incompatible on
plant 6, but the two plants were otherwise dissimilar. Pollen of
plant 6 was compatible on all the other plants, while pollen of plant

10 was cross-inocompatible in 7 out of 10 cross-pollinations. Plants 5
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and 18 were cross-incompatible and behaved extremely similarly, though
they could be distinguished by the fact that pollen of 5 was compatible
on plant 24, while that of 18 was not. Plants 24 and 22 were also
cross-incompatible. There was a greater difference between these two,
and they could be distinguished on any of five cross-pollinations.
Each plant behaved in its own characteristic manner with no duplication
of pattern, giving a total of eleven groups. It would seem, however,
that the plants might be grouped into five classes, and even though the
behaviour of plants within each class would not be identical, the group
as a whole would show a general trend. Thus plants 3, 17, 16, 4 and
14 would form one class; plants 6 and 10 two additional classes,
plants 5 and 18 & fourth class, and plants 24 and 22, a fifth class.
However, in tho abseonce of further experimental evidence, the value of
this grouping cannot be tested.

The progeny derived from the cross 177.14 / 177.20 seem
to suggest a similar pattern. Bach of the parent plants was self-
incompatible and the reciprocal cross waé also incompatible. The
results of intercrossing the progeny (Cl) are shown in Fig.8.
Rearrangement and simplification of the table is shown in Fig.8a.
All plants except number 3 were consistently sslf-incompatible and
it seems that the progeny may be split into three main groups.
Plants 2, 17, 3, 21 and 15 were mainly intra-sterile, but were cross-
compatible with plants number 8. 24, 12 and 1, which themselves were
mainly intra-sterile. Plant number 9 differed from both groups.

It was cross-incompatible as pollen on the first group of plants
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mentioned, subsequently to be called group I, ﬁut was mainly cross-
compatible as a female with pollen of that group. Plant 9 was mainly
ocross-compatible with plants of group II. There are some anomalies in
these main groupings. Thus in group I, plants 21 and 15 were recep-
tive to pollen of plant number 3; and pollen of plant 21 was cross-
incompatible with plant 12 of the second group. The cross-incompati-
bility of plant 12 (group II) with pollen of group IIX (i.e. plant
number 9) might suggest that it should be removed from group II.
However, the reciprocal cross was coﬁpatible, and so plant 12 has been
retained in group 1I.

In this F& generation the reaction of both male and female
parents may be examined with some of the progeny. It can be seen
that the two parents behave in a dissimilar manner with the progeny,
but that neither one nor the other was consistently compatible or
incompatiblo with all the progeny. The female paront {(177.14) was
compatible to pollen from plants 2, 17, 8, 24 and 1, but in iwc of the
reciprocal orosses, numbers 24 and 1, it was cross-incompatible.
Thus pollen of the female parent split group II, placing plants 24 and
1l together, and dividing off plant 8. The reaction with plant 12 was
unknown. The female parent also split the unity of group I, being
pollen compatible with plants 2 and 17, but incompatible with number 21.
Results with the other progeny were not known. The male parent (177.20)
was cross—compatible with pollen of progeny 2 and 17, but was cross-
incompatible with pollen of all the plants of group II. Like the
female parent, the male parent split the unity of both groups I and II,

though in a different manner. Thus pollen of 177.20 grouped plants 2

and 21 of group I together, but segregated off plant number 17.
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Similarly it grouped plants 24 and 12 of group II, but segregated off
plants 8 and 1. It can be seen from the above that the breeding
pattern of the male parent is not similar to any of the three basic
groups present. However, as both groups I and II have several
anomalies, it looks as if the original grouping into three groups may
have been made possible only because of a lack of other groups by which
to separate them. Hence the fact that the male parent did not show a
breeding pattern similar to that of any of the progeny must not bhe
taken as definite evidence that the controlling incompatibility system
present in this cross is not similar to that found in Phalaris coerul-
escens (Hayman, 1956), or Secale (1954), Pestuca (1955, 1961), and
Hordeum (1962) (Lundquist). The behaviour of the female plant showed
well that there was compatibility between it and the progeny, as was
found in Phalaris (Hayman, 1956). Thus the oross 177.14 / 177.20 (cl)
seemed to indicate a controlling system similar to that found in the
Gramineae.

b) Families derived from plant collection number 50.

Plant collection number 50 was belisved to be a true family
derived from only two parents. The original box label was lost before
the present study began, and so it was given a number following the
sequence of bhox numbers already allocated. The identity of the
parents was unknown. Yhen plants 50.13 and 50.7 were orossed reciproc-
ally over 200 seeds were set from each cross. Germination of the
seeds was high, and in 1963 ten plants of each cross were intercorossed
amongst themselves. The results of intercrossing the progeny of the

cross 50.13 / 50.7 are shown in Fig.9.
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Plant number 23 had pollen tubes at the style base when
selfed on one occasion. Repetition of the oross produced normal
'stigmatic' pollen tube growth. The plant showed reciprocal incompat-
ibility with plant number 1, and, as self-compatible but cross-
incompatible plants have never been observed, it was assumed that the
unexpected pollen tube growth was due either to contamination or to
some freak physiological conditions. The self-pollination is there-
fore interpreted as incompatible. Rearrangements of the plants within
the table, and simplification of the table is shown in Fig.9a. Plant
nunbers 1 and 2 were cross-incompatible and behaved in a similar
fashion with pollen from the other members of the progeny, except for
pollen from plant 23. They differed also when used as pollen on
plants 21, 13 and 23, and must therefore be considered to be of differ-
ent genotypes. Plants 9, 14, 21 and 13 were cross-incompatible except
for the eross 9 / 13, which wos compatiblec. Howover, these plants
could not have identical genotypss as their reactions with other
members of the progeny differed from each other. Hence plants 9 and
14 might be distinguished by differing behaviour with pollen of plant
13, as mentioned above, and by their reaction to pollen of plant 20.
Plants 21 and 13 also differed, though only in a few crosses. #hen
used as female they were distinguished by their reaction to pollen of
plants 2 and 19. Thus, though all four plants 9, 14, 21 and 13 were
cross-incompatible they must be considered to be of different geno-
types. Plant 20 was incompatible with pollen of plants 9, 14, 21 and
13, but it was only cross-incompatible as pollen with plant 14.

Plant 19 was alone in that it was reciprocally oross~incompatible with
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no other plant. Plants 23 and 24 were reciprocally oross-incompatible,
but were distinguished in their reaction with number 1, plant 23 being
reciprooally oross—incompatible with number 1, while plant 24 was not.

Thus the ten progeny derived from the cross 50.13 / 50.7
all behaved in a manner diff'ering from each other when intercrossed
amongst themselves. There were eight pairs of reciprocally differing
crosses, and the percentage compatibility was 58 per cent.

When receiving pollen of plants 14, 21, 20 and 24, the
action of the male parent (50.7) was similar to plants 9, 21 or 13.
However the pollen reaction cannot be compared with that of any of the
plants 9, 13 or 21, for the male parent was lncompatible with plants
numnber 2 and 23. This suggests a similarity to plant number 2, but
even this explanation must be dismissed, as the pollen was compgtible
on plants 13 and 19. Thus the male parent cannot be grouped with any
of the progeny considered.

The progeny of the reciprocal cross {(50.7 / 50.13) show a
much lower compatibility, i.e. 28.2 per cent, when intercrossing fen
plants and considering all plants individually. The breeding pattern
is shown in Fig.1l0. Here also one plant (number 6) showed 'stylar'
pollen tubes when selfed on one occasion. This plant showed a very
/7 high percentage of compatibility, but as it showed reciprocal cross-

incompatibility with plant 24, it is argued that if it shows oross-

incompatibility, it must also be self-incompatible. It is therefore
shown as being self-incompatible in the figures derived from Fig.lO.
Fig.10a shows an initial grouping of the plants into three basic groups.
Hence, in group I, all the plants 3, 15, 8, 13, 14 and 18 were cross-

incompatible, and behaved identically with pollen from the other progeny.




46

However, when used as pollen on ths other progeny they had differing
patterns of beshaviour. Plants 12, 20 and 24 were also all cross-
incompatible, and they behaved identicelly as pollen, except in the
cross 6 / 24. However, these plants differed, too, when acting as
females. Rearrangement of the table may be seen in Fig.10b. Plants
3, 15 and 8 are now grouped together to form group I, and all show
cross—-incompatibility and identical behaviour with the other progeny.
Group I may be distinguished from group II (plants 12 and 20) by being
pollen compatible on group Il. Plants 12 and 20 did not behave iden-
tically, but as they differed in only one oross (20 x 14) they have
been grouped together. Groups II and III were reciprocally cross-
inoompatible, but were distinguished by their behaviour with pollen of
group I. Group III differed from group I by being pollen compatible
on group II. The plant forming group IV (number 24) was also cross-
incompatible with group II, but wac distingulshed from it by being
compatible to pollen not only of group I but also of group III.

Plant 13 (group V) was cross-incompatible with both groups II and IV,
but was unlike these two groups in that it was also cross-incompatible
with groups 1 and III, Group VI showed a high degree of compatibility
and was cross-incompatible only with group IV.

The progeny of the cross 50.7 / 50.13 may therefore be
grouped into six classes, each of which shows a characteristic pattern
when oross-pollinated by members of other groups. The reaction of
the male parent with the progeny is not known, but the female parent
showed both oross~compatibility and incompatibility with the progeny.
When used as a pollen source it was incompatible with plants of group I,

III and V, but when used as a female it split the uniformity of group I
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being incompatible with pollen of plant 3, but compatible with that of
plant 8. This suggests that the total number of six groups is not
the maximum which could have been produced from the original cross.
There were only three pairs of reciprocally different crosses amongst
these progeny.

Both parents of the reciprocal cross above set 100+ good
seeds when selfed in 1961 (see Table 5), and eight plants of the self
50.13 were intercrossed in 1963. These plants were all diploid.

The breeding pattern is shown in Fig.ll, and overall results and re-
arrangement of the plants are shown in Fig.lla. Plants 3, 9 and 22
were reciprocally cross-incompatible and hehaved identically both as
male and female. These are grouped together to form group I.

Plants 12 and 18 were also cross-incompatible and these are grouped to
form group 11, even though the two plants differed in the action of
their pollen on plant 21. Plant 8 was cross~incompatible with group II
but differed from it by being reciprocally incompatible with group I
also. Plants 21 and 16 are grouped together to form group IV. They
were cross-incompatible and though pollen of 18 was incompatible on
number 21, but compatible on plant 16, the two plants behaved identic-
ally in all other c¢rosses.

Thus the progeny of the self 50.13 may be grouped into four
different incompatibility genotypes, as determined by their breeding
behaviour. The small number of breeding groups confirms that the
progeny are probably the result of a true self, but gives no information
about the controlling mechanism. Four breeding groups derived from a
self, could indicate.either a one or a two gene controlling system.

The percentage compatibility was low, i.e. 35.9 per cent, considering
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each plant individually. #hen calculated on a group basis, taking
the cross plant 21 x 18 to be successful, the percentage compatibility
was 31.2 per cent.

The breeding pattern of the progeny derived from the self
of the plant 50.7 does little to clarify the position. The detailed
results of interbreeding the progeny are shown in Fig.l2, and the
overall resulte with rearrangement of the order of the plants in an
effort to group like patterns together, are shown in Fig.l2a. Sixteen
plants of the progeny were considered in an attempt to determine the
maximum number of groups present, but due to the limited number of
flowers produced by each piant few pollinations could be repeated, and
several could not be made. Examination of the results showed that the
behaviour of any one plant was not like that of any other. However
there did seem to be a suggestion of a general pattern. Thus plants
1, 17, 13, 7 and 16 were mainly cross-incompatible, though plant 16
was compatible with pollen of plants 17, 13 and 7. Plants 19, 10, 5,
8 and 23 also showed a predominantly cross—incompatible behaviour,
though six of the twenty-three pollinations made between them were
cross—compatible. The behaviour of this group, i.e. group II, with
pollen of group I was predominantly oross-compatible, and similarly the
behaviour of group II with the rest of the progeny was predominantly
cross-compatible. Plants 22, 4 and 14 of group III were intra-sterile
except for the cross 22 x 14, which was compatible. However, pollen
of plants 22 and 4 were incompatible on plant 20, which itself was
pollen incompatible with plant 14, suggesting that they were geno-

typically similar. Plant 3 was incompatible as pollen on plant 20,
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suggesting that it had a common inéompatibility allele which prevented
fertilisation. Plant 11 on the other hand was reciprocally incompat-
ible with both plant 10 (group II) and plant 22 (group III) and thus
cut across any general group tendencies. No clear picture can be
obtained from the experimental data, and elucidation of the incompat-
ibility system present must be derived from other sources.

¢) Other families derived from self-pollinations.

Only sixteen seeds were produced when plant number l.7 was
selfed in 1961, and of these nine germinated and seven flowered in 1963.
They were all diploid. The results of repeated intercrossing among
the progeny are shown in Fig.l3. It can be seen that there was no
indication of any self-fertility in the progeny. Regrouping the
progeny to combine those plants with like behaviour and showing overall
results of pollinations may be seen in Fig.l3a.

Plants 2 and 4 were cross-incompatible and were also intra-
sterilec with the parent plant 1.7. These plants were cross-compatible
with all the other members of the progeny except plant 6. Plants 2
and 4 were therefore grouped with the parent 1.7, to form group I.
Plant 5 was the only plant which was cross-compatible with all the
other members of the progeny and must therefore be classed alone in
group I1l. Pollen of plant I was incompatible on plant 3, though the
reciprocal cross was compatible. In the repeated pollinations of the
cross 1 / 3, one pollination was successful and the other failed,
indicating that the overall result may have been incorrectly inter-
preted. 48 no other difference was found between plants 1 and 3, the

two plants have been placed together to form group III. Plante 7 and




50

6 were cross-incompatible, but plant 7 was compatible with the rest of
the progeny, while plant 6 was reciprocally cross-incompatible with
plants of group I. These two plants have been put into two separate
groups, IV and V. Thus the progeny of the self of 1.7 may be divided
into five groups, each of which has a characteristic behaviour. A
point of interest in this family is that the parent plant had a breeding
pattern with the progeny, which was comparable to one of the groups
formed within the progeny, i.e. group I. Thus this fits one of the

characteristics described by Hayman (1956), for Phalaris coerulescens,

in that one of the classes formed within the progeny is identical to
that of the male parent. Similerly, it fits another of the character—
istics desoribed by Hayman (1956) in that there is incomplete incompat-
ibility between the progeny and the female parent, which in this
pollination is the same plant, i.e. 1.7. It is of note that there
are no instances of reciprocal differences between crosses in this
family.

Thus selfing the plant 1.7 and examination of the breeding
pattern within it, suggests that ths controlling incompatibility system
is a two gene system, perhaps similar to that found in the Gramineage.

The progeny derived from the seolf of plant 1.4 show a
different breeding pattern, which may be seen in Fig.l4. Only three
plants flowered in 1963, though 22 seeds were pricked out in 1962.
They were all diploid. Plants 10 and 16 were completely self and
cross—-incompatible, both between themselves and with the parent plant.
Plant number 13, however, showed a tendency to both self and cross-

fertility. In an overall interpretation of the results the pollination

13 selfed would be interpreted as incompatible, but the trend towards
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a very reduced fertility cannot be ignored. It may well be that
plant 13 was exhibiting those characteristics by which the progeny
were produced initially, i.e. those characters which permitted self-
fertilisation of plant 1.4.

Plants numbered 181 were derived from seed obtained from
Switzerland. The seed was the result of open pollination and there-
fore the parents were unknown. One of the plants, 181.14, set seed
on selfing, 35 good seeds and 3 bad seeds were produced after séif-
pollination, and 19 good seeds and 10 bad seeds were produced in a
repeated pollination. Of the second self-pollination 15 plants were
‘pricked out in 1962, and nine of these flowered in 1963. They were
all diploid. The results are shown in Fig.l15.

Only plant 2 showed any tendency to self-fertilisation,
and this occurred in only one of four repeated pollinations. As this
plant also showed oross—incompatibility. it was assumed that it was
usually self-sterile, and has been shown as such in Fig.l5a.
Rearrangement of the order of the plants within the table, and overall
resulte ere shown in Fig.l5a. Plants 2, 11 and 10 were all intra-
sterile, and behaved identically with pollen from the remainder of the
progeny. However, when acting as pollen on the rest of the progeny,
all behaved slightly differently. Thus pollen of plant 2 was compat-
ible on all other plants, while pollen of 11 was incompatible on
plant T. Plant 10 was incompatible with both plante 1 and 7, while
the parent plant which was oross-incompatible with all three plants 2,
11 and 10, differed from them by being inocompatible as pollen on

plants 1, 7 and 4. Plants 6 and 12 were cross-incompatible but
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differed in their pollen reactions on plants T and 3, and must there-
fore be considered to be of different genotypes. Likewise, plants 1
and 7 were oross—incompatible, but were distinguishable by their pollen
reaction on plant 6. Plant 4 was reciprocally cross-incompatible with
plants 6 and 12 but differed from plant 6 by being receptive to pollen
of plant 7, and from plant 12 by being pollen compatible on plant T.
Plant 3 was predominantly cross-compatible, being unreceptive to pollen
of plant 6 only. Thus all plants bshaved independently, and though
the action of the parent with the progeny is similar to that of plant
10, the diffgrenoe in behaviour as pollen on plant 4 makes 1t imposs-
ible to state that they are of the same genotype.

The similarity between plants 2 and 11, 10 and 181.14, 6
and 12, and 1 and 7, suggests that the progeny of the self 181.14 may
fall into six groups when int?rcrossed amongst themselves. If this
wore g0 1t would indicate that 2 two or more gene lncompatibility
system were present, but no information on whether the system was like

that of Physalis or the Gramineae is obtainable.

B) Tetraploidy.

1) Introduction.

Some information on the type of incompatibility system
present in a species may be obtained by studying the behaviour of
autotetraploids. Information may be obtained by self-pollinating
and interbreeding tetraploids, by examination of their breeding be-

haviour with diploid progeny of the same cross, and with the parents

from which they were derived.
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Gairdner (1926) discovered that though the diploid C.persi-
cifolia was self-sterile, the horticultural variety Telham Beauty was
self-fertile. The origin of Telham Beauty is obscure, but it was
first recognised as a new variety in 1916, and is believed to be an
autotetraploid of C.persicifolia, though it forms no quadrivalents at
meiosis (Gairdner, 1926). This, however, cannot be taken as conclusive
evidence against Telham Beauty being an autotetreploid, for artifiocial
tetraploids of C.persicifolia produced by Gairdner (1926) did not form
quadrivalente at meiosis. In the present study, one or two quadri-
valents were formed at meiosis in artificially produced tetraploids, but
complete quadrivalent produotion was never observed.

Gairdner (1926) observed that the cross between Telham

Beauty and C.persicifolia could be made in one direction only, i.e.

with Telham Beauty (the totraploid) as the female. This is in contrast
with the results obtained by Crane and Thomas (1939), and Crane and
Lewis (1942) who found that in Pyrus communis var. ‘Fertility' the cross
between the diploid and the autotetraploid was successful only when the
tetraploid was used as the male parent. Lewis and Modlibowska (1942)
explained these results on the basis that when diploid pollen produced
by a tetraploid plant carried two different 8 alleles, fertility of the
pollen on the diploid style (produced from a diploid plant) was due to
competition between the alleles in the pollen grain. Competition
allows complete fertilisation in some species, e.g. Petunia spﬁ,gxggg
communis, but only partial fertilisation in others, e.g. Oenothera
organengis. By this means self-fertilisation of a tetraplold species

may be brought about. However, in some diploid grains, dominance may
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occur between the alleles present. Self-fertilisation may be brought
about by the action of dominance if both pollen incompatibility alleles
bave to be matched in the style for incompatibility. If, however,
only one common allele is sufficient to enforce incompatibility, domin-
ance camnot allow self-fertilisation. It can permit oross-fertilisa-
tion between two plants in which one of the incompatibility alleles in
the pollen is held in common with that in the style, provided that the
common allele is recessive in either the pollen or the style.

Atwood (1944) found e slightly different situation in
tetraploid Trifolium repens in which an Fl family contained both self-
compatible and self-incompatible plants. He explained this as being:
due to some new effect caused by the presence of many different pollen
genotypes in the style. It may be concluded that the presence,
strength and effect of competition and dominanco between incompatibility
allcloo of a diploid pollen grain, and between the grain and the tiasues
of the pistil, depends largely on the species concerned.

2) Production of artificial tetraploids.

Seeds derived from four different crosses were used in the
production of artificial tetraploids. Colchicine was used as described
by Levan (1940), and ten seeds of each cross were used for each treat-
ment. Six methods of treatment were devised to try to ensure the
production of tetraploids.

Treatments 1, 2 and 3 were carried out on young germinating
seedlings growing on pads in a petri dish. The seedlings were soaked
in a known concentration of colchicine solution, for a controlled

length of time, as shown in Table 7. The dishes were then washed

thoroughly by flooding them with water and draining them four times.
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Table 7.

Colchicine treatments for the production of polyploids in C.persicifolia.

Treatment Percentage concentration Number of hours bathed
of colchicine solution in colchicine solution

1 0.05 5

2 0.1 4

3 0.2 2

The seedlings were left in the dishes for twenty-four hours after
troatment, and were then transferred to pots with Seed compost.

The pots were kept well watered at laboratory temperature, to ensure
optimum growing conditions.

Treatment 4 was carried out on ungerminated seeds. These
were goaked in 0.2 per cent colchicine solution for twenty-four hours;
béfore being soaked in distilled water for two days. They were then
sown.

Treatments 5 and 6 were made on individual seedlings in
seed boxes when three months old, and just beyond the first leaf stage.
For treatment 5, 0.2 per cent colchicine solution was used, and for
treatment 6, 0.1 per cent. One drop of the solution was placed on to
the growing point of each plant, three times a day, for six days, and
was allowed to dry on the plant. In the controlled conditions the
seeds were sown in pots as normal, before being pricked out into boxes.

The success of the various treatments is shown in Tables 8 and 9.
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Table 8.

Success of various treatments of seeds and seedlings of C.persicifolia

with colchicine solution.

Parentage Number Type of Number Number of Number of Number of
surviving plants with
of seed. treated.treatment.treatment.tetraploids.diploids. unknown ploidy.

F_E 1 0 0 0 0

10 2 0 0 0 0

10 3 2 0 1 1

177.14 /4 10 4 4 0 1 3
177.20 10 5 1 1 0 0
10 6 7 o 6 1

| 24 control 23 0 23 0

10 1 4 0 4 0

10 2 1 0 1 0

10 3 1 0 1 0

179.14 /- 10 4 0 0 0 0
179.15 10 5 8 1 4 3
10 6 10 1 6 3

18 control 18 0 18 0

10 1 0 0 0 0

10 2 0 0 0 0

10 3 0 0 0 . 0

180.15 /1 10 4 0 0 0 0
180.16 10 5 7 1 2 4
10 6 6 1 1 4

[ 18 control 15 0] 15 0]

esese cOntinued
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Table 8 ocontinued.

Parentage Number Type of Number Number of Number of Number of
surviving plants with
of seed. treated.treatment.treatment.tetraploids.diploids. unknown ploidy.

[ 10 1 o) 0 0 0

10 2 0 0 0 )

10 3 1 0 1 0

180.17 /4 10 4 3 0 3 0
180.13 10 5 7 1 4 2
10 6 10 0 9 1

‘__Eﬂ control 23 0 23 0

3) Success of production of tetraploids.

Measurement of the ploidy of the treated plants was by exam-
ination of stained pollen mother cells. It was regarded as essential
to make chromogsome counts on the sexual material of each plant in case
the colchicine had affected only limited areas of the plant, producing
polyploid chimaeras. Due to this limiting condition those“plants which
did not flower could not be scored, and these have been included in the
final column in Table 8.

Examination of the table shows that one tetraploid was produced
in each of the progeny of the crosses 177.14 / 177.20 and 180.17 / 180.13,
and two tetraploids were produced in the progeny of each of the other
crosses, i.e. 179.14 / 179.15 and 180.15 / 180.16. A higher ploidy was
not found in any of the other plants. Table 9 indicates that treatments

5 and 6 were the most suoccessful for tetraploid production, and
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Table 9.

Percentage success of tetraploid production in C.persicifolia for each

treatment used.

Type of Total survival Percentage Percentage tetraploid
in all four ] production, of total
treatment. © crosses. survival. treated.
Total = 40
1 4 10.0 0
2 1 2.5 0
3 4 10.0 0
4 1 17.5 0
5 23 57.5 10
6 33 82.5 5

Total success = 2.5 per cent.

‘that these treatments also gave the highest survival rate. Though
treatment 5 gave a lower plant survival percentage than 6, it gave a
higher tetraploid production, i.e. ten per cent. The total percent-
age tetraploid production of treated seeds and seedlings was relatively
high, i.e. 2.5 per cent.

4) Behaviour of artificially produced tetraploids.

a) Tetraploids produced in family 177.14 / 177.20 (cl).

The one tetraploid produced in this family was by trsatment
5 The plant was self-incompatible, and showed both compatibility and
incompatibility when crossed with untreated plants of the same family,

and with its parents. The crossing behaviour of the tetraploid may be
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seen in Fig.16. Examination of Fig.1l6 shows that the tetraploid was
reciprocally incompatible with its female parent, but was compatidble
with pollen of the male parent. When crossed with the untreated
progeny of the same cross, the tetraploid plant was compatible with
pollen of plants Cl -2 and -17, though it was reciprocally incompatible
with these plants. Pollen of plant ~-21 was incompatible on the tetra-
ploid. The action of pollen of plants -8 and -12 was not known, but
pollen of the tetraploid was compatible on plant -8, though incompatible
on -12. A comparison of the hreeding pattern of the tetraploid with
the pattern produced by intercrossing the diploid progeny (F&g.Ba.)
shows that that of the tetraploid is identical with that of group III
(plant 9). Unfortunately the behaviour of plant 9 with its parents
is not known and so a comparison on this point cannot be mads.

b) Tetraploids produced in family 179.14 / 179.15 (cz).

Treatmont of young plants with coichicine solution produced
two tetraplcid plants T 15 and T 27. Their overall behaviour is shown
in Mg.17. Examination of the crossing-table shows that the two
plants behaved very differently. Plant T 15 was self-incompatible,
but T 27 showed a tendency towards self-compatibility, for in two out
of a total of nine repeated self-pollinations, pollen tubes were found

at the styls base. Plant T 27 was predominantly cross-compatible,

being incompatible only with pollen of plant -3 of the diploid progeny.
(This cross was repeated three times with identical results). Pollen
of plant T 27 was compatible on plant T 15, though the reciprocal cross
was incompatible. The tetraploid T 27 was also fully compatible with

both parents. Pollen of plant T 15 was incompatible on both parents,

[ o
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though the reciprocal crosses were compatible. This result with T 15
agrees with the results found by Gairdner (1926) in crosses between
Telham Beauty 4n and C.persicifolia 2n, in that the cross was successful
with the tetraploid plant as the female. Pollen of plant T 15 was
incompatible on all the diploid progeny of the same oross, except with
02 -15, with which it was reciprocally compatible. T 15 was receptive
to pollen from -3, but was incompatible to pollen of plants -16 and -18.
Thus it can be seen that the two tetraploids retained their incompati~
bility reaction, though the evidence suggests that it was greatly
weakened in T 27.

¢) Tetraploids produced in family 180.15 / 180.16 (cy).

Colchicine solution treatment of young plants produced two
tetraploids. Diploid progeny of this cross showed a reduced pollen
production and this character seemed to be accentuated in the tetraploid.
Hence the breeding pattern shown in Fig.1l8 probably shows an over-
estimate of incompatibility, infertility being due to bad pollen rathsr
than an incompatibility reaction. Both tetraploids produced (T 1 and
T 4) were self-incompatibls, but were receptive to pollen from the
female parent of the ocross. Unfortunately pollen from the other parent
was not available. Pollen of plant T 1 was compatible on the female
parent, though that of T 4 was not. Pollen of plant T 1 was compatible

on only two of the diploid progeny, i.e. on numbers C., - 10 and -14,

3
being incompatible on the rest. Unfortunately many of the reciprocal
crosses could not be made due to the shortage of tetraploid material,

but pollen of plants -1 and ~14 was found to be lncompatible on the

tetraploid T 1, while that of -3 was compatible. The patiern shown by
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T 4 was of greater incompatibility. T 4 was incompatible to pollen
from the diploid progeny and was incompatible as pollen on the progeny,
except for plants -1 and -14. Thus here, also, both self and cross-
incompatibility is a characteristic of the tetraploid plants.

d) Tetraploid produced in family 180.17 / 180.13 (C 4).

Only one plant was formed as the result of colchicine treat-
ment of young plants. This plant was unlike the other tetraploid
plants as it was the only one in which a tendency to a 'gigas' character
was present (Stebbins, 1950). The plant had a thickened inflorescence
spike and the individual flower stalks were reduced in length and
thickened. The basal leaves were slightly thicker than those of the
diploid plants and also darker green. The breeding behaviour of the
tetraploid plant T 40 may be seen in Fig.l9. Both self and cross-—
incompatibility were present in this plant. It was completely self-
incompatible; but wes reciprocally compatiblc with the female parent.
The male parent was not available for breeding. When crossed with
diploid progeny of the same family T 40 was receptive to pollen from
sach plant. In the reciprocal orosses, though, pollen of T 40 was

incompatible on plants C, -1 and -14, but compatible on plant -18.

4
Here again the artificially produced tetraploid showed both self and
cross—incompatibility.

5) Conclusion.

Five of the six tetraploids produced retained self and
cross—-incompatibility comparable to that found in diploid plants of the
same CIross. In only one plant (T 27) was the self-incompatibility

markedly reduced. Previous evidence suggested that more than one
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incompatiblility gene must be controlling the breeding system. The
lack of breakdown of incompatibility in the tetraploids produced
supports this conclusion, for in neither Physalis (Pandey, 1957) nor
in the Gramineae (Hayman, 1956), (Lundquist, 1954, 1955, 1961, 1962)
was incompatibility broken down in tetraploids. The behgviour of
plant T 27 may be explained by a genetic upset due to duplication of
the chromosomes, but this upset is insufficient to cause a complete

breakdown of the incompatibility systemn.

C. Discussion of the breeding system in C.persicifolia.

Plants of C.persicifolis are predominantly self-incompatible

and only 6.7 per cent of the self-pollinations set seed. Of these
plants 42.9 per cent set fewer than ten seeds and 21.4 per cent set
over 50 seeds when self-pollinated. This self-fertility does not seem
to be due to end-of-season effects, which have not been observed in C.
ersicifolia, nor has self-incompatibility been overcome by bud pollin-
ation or pistil damage. C.persicifolia is a horticultural species and
all the plants obtained were derived from botanic garden sources. It
is concluded that the presence of some self-fertility in the stock
examined may be due to segregation of minor genes, which are unrelated
to s alleles, but which nevertheless influence the effect of g alleles
and allow self-fertilisation. Low seed set on selfing may also be due
to contaminated pollination, the pollen being carried by stray insects
in the greenhouse, or being knocked from one flower to the next during
pollination. Full seed development on selfing is more difficult to

explain, and in the absence of any definite evidence, it is suggested



63

that self-compatibility may be due to some physiological state of the
pollen, or style, or both, dependant either upon external factors, or
upon minor genes unrelated to the s alleles, or to a combination of
both these factors.

All the progeny examined (except that of the self 1.7)
showed reciprocal differences between crosses. Considering a one
gene incompatibility system, reciprocal differences are indicative

of sporophytic determination of pollen behaviour. Reciprocal differ-

| 2 ey _

ences can only occur between crosses when the influence of more than

PRIy

one gene or allele is present in the pollen. In plants which have
sporophytic determination of pollen beshaviour, the nature of the pollen
is determined in the pollen mother cell bhefore the individual grains
are produced, with their different incompatibility alleles. Thus in a
plant with a one gene incompetibility system, though the incompatibility
alleles of the pollen are heploid, the polien behaviocur is determined

by the diploid nature of the pollen parent. Creopis Foetida shows this

phenomenon (Hughes and Babcock, 1950). Here, there is dominance
between allelos in the pollen mother cells, though not in the styls.

S1 is recessive to all the other incompatibility alleles in the pollen
mother cells; S4 is dominant to 83 and 82; and S3 is dominant to 82.
The behaviour of the pollen is determined solely by the dominant gene
in the pollen mother cell. Thus in the cross Q 3182 and.6n8283 the
pollen behaviour is determined by S3 and therefore all the pollen is
fertile on the style slsz. In the reciprocal cross, however, the
pollen behaviour is determined by 32, an allele which is held in common

with the diploid style, and thus the pollen is incompatible.
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Reciprocal differences between crosses can also occur when
incompatibility is determined by a two gene system with gametophytic
determination of pollen behaviour, provided that the allelic or genic
relationships differ in the pollen and style. This is discussed in
more detail below.

A one gene incompatibility system with sporophytic deter-
mination of pollen behaviour gives rise to four breeding groups only
when the progeny are intercrossed. The experimental evidence obtained
from all the progeny examined showed that thers were more than four
breeding groups present, and hence it must be concluded that a one gene

incompatibility system is not present in C.persicifolia.

In the two types of two gene incompatibility systems known,

the notation used for the genes and their alleles is S Z

100 0 tn B,
where n and n' may or may not be equal (Lawrence, 1930; Lundquist, 1954;
Hayman, 1956). Self-pollination of a plan® in which inoompatibility
is temporarily overcome, gives riss to nine different progeny genotypes.
Intercrossing these progeny with incompatibility functioning when
either or both alleles in the pollen are held in common with those in
the style, gives rise to nine breeding groups, each with a character-
istic behaviour, as shown in Fig.20.

Crossing a plant with four different incompatibility
alleles with another with which it has no incompatibility alleles in
common, gives rise to a maximum number of sixteen different progeny
genotypes. Each parent, i.e. Sl.2z5.6 X 83.4Z7.8 produces four differ-
ent, viable gametes, i.e. (slzs); (slzs); (Szzs)‘ (SQZG); x (s3z7);

(8328); (S4Z7); (5428). When all gametes are compatible with each
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other, sixteen genotically different progeny are produced. Inter-
crossing these progeny, when one or both alleles of the pollen held
in common with those in tho style causes incompatibility, gives rise
to sixteen different breeding groups (Table 10, section a). The
number of breeding groups obtained when intercrossing progeny depends
on the type of incompatibility system, the number of alleles held in
common by the parents, and the relationship of one allele to another
(dominance), and one gene to another (epistasis). The variation

of the number of breeding groups formed by intercrossing the progeny,
and the percentage compatibility which may be obtained when the
conditions above are varied, are shown in Table 1O0. Here incompat-
ibility is present when one or both alleles are held in common between
the pollen and the style. The nature of the pollen is determined
gametophytically.

The only known incompatibility system which is determined
by two genes with gametophytic pollen determination, and incompatib-
ility present when one allele is held in common betwsen pollen and
style is that in Physalis (Pandey, 1957). In this species inter-
pretation of the results involved different genic relationships in
the pollen and style. Hence, there was epistasis and individual
action between alleles of the pollen, but reduced epistasis and
individual action of alleles in the style. Thus S, and S, were

2 3
epistatic to Z1 and 22 in the pollen; 32 was usually epistatic over
Z1 and 22 in the style; and S1 was independent in both pollen and
style. As no clue was obtained from the experimental results

quoted above about the relationships between alleles and genes in
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C.persicifolia, the relationships found in Physalis have been taken
as a basis for theoretical considerations. However, Pandey (1957)
found that in one of his parental stocks (plant 2) the relationship
between the genes differed. Here, 82’ Z1 and 22 all acted independ-
ently in the style. Different gene relationships within parents or
progeny have not been considered in Table 10. The situation in which
alleles of both genes are equal has been shown in Table 10, sections a,
b, ¢, d and e. Two other situations have been considered. The first
is where some S alleles in the parent plants are epistatic to one of
the % alleles in the male parent (Table 10, sections b, bys Cps Cys d,»
d3, o, and e3) as opposed to the situation where the S alleles are
epistatic to both of the Z alleles in the male (Table 10, sections b4,
b5’ Y d4, dS’ e, and 95).

Examination of Table 10 shows that the only conditions which
give rige to different patterns between progeny derived from a rocipro-
cal cross are those shown by d4 and d5 (Fig.21 and 22). In this

situation only one allele is common to both parents (ZG)’ and the be-

haviour of this allele is modified by the effect of both S, and S, in

2 3

the pollen, end S2 in the style, both alleles being epimtatic to Z6°
This epistasis influences the results of the cross. In the situation
shown by d4, four types of male gametes are compatible in the parent
cross, giving rise to sixteen different progeny genotypes. When inter-
croassed these fall into ten breeding groups. In the reciprocal parent-
al cross, d5, only three types of male gametes are compatible. Twelve

different genotypes are formed within the progeny, and when these are

intercrossed they form six breeding groups. The percentage compatibi-

lity of both the progeny groups is high, i.e. 72.6 and 70.8 per cent,

regpectively.
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Variations in the number of progeny breeding groups formed by different

parental types, and different gene relationships. Incompatibility is

present when one or both alleles are common to pollen and style, and

pollen behaviour is determined gametophytically.

* Indicates reciprocal differences formed when intercrossing progeny.

Parents. Compatible male Relationship between genes. Number of Percentage

gametes.,

e

S1.2%5.6 BS3%qt S3%gt

53.4%7.8 84%7* S4%:
b.

51.2%5.6

S,.3%7.8 S3%t S8,
b2.

Sy .2%5.6

S2.327.8 S3Z7= 8.2

b3 (reciprocal of b2).
S2.3Z7.8

S S.%_t S.2

1.2%5.6 91%5' 5;%-
b4.
5).2%5.6

equal

equal

S1 independent

3233 epistatic

32 epistatic

as b2

S1 independent

3283 epistatic

82 epistatic

groups )
within progegglppatibil ity.

16 56.2
8 375
to 2528 pollen
to ZSZB style 4 46.8
4 46.8
to Z7Z8 pollen
to ZTZB style 2 50.0

eesse. cOntinued
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Parents. Compatible male Relationship between genes. Number of Percentage

gamoetes.

b5. (reciprocal of b4).
85.3%7.8
S

S5,2_:

125 S.2..

1.225.6 176

Ce

5 .2%5.6

5.2

S2.3%.7 537

c2.

8).2%5.6

8.2

g, .3,
2.36.7 377

¢3. (rociprocal of o2)
S2.3%.7
S

8.2

2
1.2 5:6 l 5

c4.

51.2%5.6

5.2

3 6: S.2

52.3%.1 3%

¢5. (reciprocal of c4)
32,326.7

S S.2

1 5: S.Z

1.2%5.6 1%6°

d.

5 .2%5.6

S5.2.,: 8,2,.

53.4%6.7 S3%7* 847

as b4

equal

S1 independent

5283 epistatic

S2 epistatic

as G2

Sl independent

3233 epistatic

82 eplstatic

as ¢4

equal

groups
within proge

to 2527 pollen

to 2527

style 2

to z627 pollen

to Z6Z7

style 2

ggypatibility.

50.0

25.0

50.0

50.0

50.0

50.0

37.5

ceecee COntinued
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Table 10 continued.

Parents. Compatible male Relationship between genes. Number of Percentage
groups

gametes. within progegg?Patibility°
d2.
81.225.6 S1 independent
S, ,Z 54%,: S2,., S_S j z 2
3.4%6.7 3% 447 253 epistatic to 527 pollen
82 epistatic to 2527 style 6% 71.8
d3. (reciprocal of d2)
S, 2 S.2_: 5,2
3.476.7 175 "2°5
51.225.6 8227 as d2 6% 70.8
a4.
s Q 3
Sl.ZZS.G 8326. ~3Z7= S1 independent
i 3 o 11
S3=4Z667 5425: S4Z7. 8283 epiatatio to Z6Z7 pollen
82 epistatic to 2627 style 10#% T2.6
as.
A S.%2_: 8,722
33.4 6.7 125 2
Sl.225.6 3226. as d4. 6* 70.8
0.
S1.22'5.6
Sl.2z6.7 - equal - -
e2.
81.225.6 S1 independent
81.226.7 — 8253 epistatic to 25Z7 pollen
82 epistatic to ZSZ7 atyle - -

eeees continued
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Parents. Compatible male Relationship between genes. Number of Percentage

gametes.

e3. (reciprocal of e2)
51.2%6.7
S

1.2Z5.6

eq.

sl.225.6

S

1.2%6.7

e5. {reciprocal of e4)
5).2%.7

S .2%5.6

f.

5).2%5.6

Sl.325.6

f£2.

5).2%5.6

S.,2_:

31.325.6 3%5? S.2

376

£3. (reciprocal of £2)
5.3%5.6

S S, 2.3

2% 5,2

1.225.6 276

g
S S.2.:

133 S.Z2.:

14

8224.

1.223.4

self. 8223=

as e2

Sl independent

8283 epistatic to ZGZ7 pollen

S epistatic to ZGZ

2 1

as e4

S1 independent

8233 epistatic to 2

82 epistatic to 2

5
526

ag f2

style

Z6 pollen

style

Incompatibility overcome in

parents only. Genes

independent, and equal.

groups
within progeny

9%

compatibility.

50.0

50.0

19.7
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Plants with an incompatibility system comparable to that
found in the Gramineae, i.e. where the two alleles present in the pollen
have to be matched in the style for incompatibility, show a reduced var-
iation in the number of progeny groups formed when the number of alleles
held in common between the parents is varied; see Table 11l. This is
due to the fact that in the system described for the Uramineae the two
locl are apparently independent with no epistasis, and there is no domin-
ance between alleles of one gens. A theoretical self (with incompati-
bility overcome in the parents only)is shown in Fig.23.

A comparison of Tables 10 and 11 shows that the number of
breeding groups formed by intercrossing the progeny with an incompatibi-
lity system requiring the presence of two common alleles for incompatibi-
lity (Table 11) is greater than the number formed when one common allele
between pollen and style is sufficient to cause incompatibility (Table 10).

Table 12 shows the number of breeding groups obtained
experimentally.

It can be seen that there is a tendency for a relatively
large number of groups to be formed within the progeny derived from two
genetically different parents. The smallest number was found within
progeny of the cross 177.14 / 177.20. Ten plants were intercrossed and
these fell into three groups, though the behaviour of the progeny with

. the parent plants indicated that three was not the maximum number which
was formed. Ten progeny of the cross 50.7 / 50.13 when intercrossed
could be grouped into six classes, the plants within each class showing
great uniformity. Of the two self-pollinations which produced progeny

which could be classified into distinet breeding groups, the selfs 50,13

and 1.7 gave rise to four and five breeding groups respectively.
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Table 11.

Variations in the number of progeny breeding groups and percentage
compatibility formed by different parental types. Incompatibility
occurs when both alleles present in the pollen are held in common with
those in the style. Pollen behaviour is &etermined gametophytically.
# Indicates reciprocal differences formed when intercrossing progeny.

Number of groups Percentage
Parents. Compatible male gametes. formed by inter-
breeding progeny. compatibility.
9% Incompatibility 69.1

overcome in the
parental cross only.

a. 8y %y PS,%45 52,8 5,88 8,2

174" "273 4°

bl. 81.225.6 S3Z7= S3Z8= S4Z7= 8428; 16 93.6
%3.4%7.8

b2. S3.4ZT.8 slz5= slz6= 8225= 8226; 16 93.6
S1.2%5.6

cl. Sl.ZZS.6 8227: S2ZS= SBZTl SBZB; 16% 90.4
S2.3%7.8

02. 5, 2, g 5Bst 8,54 8%t S8 16% 90.4
S1.2%5.6

al. 8, s o Sylas Sifgi 8y 12% 86.6
S2.3%6.7

a2. 8, 3% 1 S1Z55 5,50 Syl 12% 86.6
51.2%5.6

el. 8 2 ¢ 8)%q1 S, 6% 72,2
51.2%.7

62. 8, ,Z¢ 7 5,55 Syl 6% 12.2
s

1.225.6
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Tabls 12.

Number of breeding groups formed by interbreeding true families.

Parents. Number of plants Number of breeding
considered. groups formed.
177.11 / 177.14 8 8
177.14 / 177.11 8 8
177.11 / 117.16 10 10
177.13 / 177.11 8 8
177.14 / 177.20 10 3
50.13 / 50.7 10 10
50.7 / 50.13 . 10 6
50.13 © 8 4
1.7© T 5

It was felt that many of the preogeny studied showod trends
towards distinct breeding classes, and it was regretted that a further
flowering season-Was not available in which to confirm these trends.
Repeated pollinations would have confirmed the results obtained, and
determined which of the pollinations resulted in random failure, or
contamination.

The number of breeding groups formed within the progeny of
known poilinationa does not give a definite indication of the type of
controlling incompatibility system, but suggests that it is nearer to
that of the Gramineae than that of Physalis.

Consideration of the number of breeding groups with the

presence of reciprocal differences formed when intercrossing progeny
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eliminates some of the theoretical considerations studied. Thus in
Table 10 only three of the pollinations quoted give rise to reciprocal
differences when intercrossing the progeny, that of the self g (Fig.20),
and the situ;tions described by d2, d3 (Fig.24), and d4, d5 (Figs.21
and 22). When both alleles present in the pollen have to be matched
in the style for incompatibility, an increased number of parental poll-
inations gives rise to reciprocal differences within the progeny.

Thus all the crosses quoted in Table 11, except that of b, and b2, in

1
which no alleles are held in common by the two parents, give rise to
reciprocal differences when the progeny derived from the quoted crosses
are intercrossed. With self-incompatibility overcome in the parents
only, intercrossing the progeny of a self also gives rise to reciprocal
differences (Fig.23). In the experimental results all the progeny of
the cross-pollinations and self-pollinations, (except that of the sel?f
1.7) showed reciprocal differences when theoy wero intercrossod asmongst
themselves. Hencoe, this gives no indication of ths typs of incompati-
bility system present. The fact that the self-pollinations of 1.7
showed no reciprocal differences suggests that the incompatibility
system present differed from both the known two gene systems.
Consideration of the percentage compatibility obtained when
the progeny are intercrossed does little to clarify the situation.
Table 10 shows that the percentage compatibility which may be obtained
in the pollinations indicated range from 19.7 (g) to 72.6 (d4) per cent.
The percentage compatibilities shown in Table 11 are much higher and
range from 69.1 (a) to 93.7 (b) per cent. Table 13 shows the percent-

age compatibility obtained experimentally when intercrossing progeny.
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Table 13.

Percentage compatibility formed by interbreeding true families.

Parents. Percentage Parents. Percentage
compatibility. compatibility.
177.11 / 177.14 79.3 50.13 / 50.7 58.0
177.14 / 177.11 57.8 . 50.7 / 50.13 28.2
177.11 / 177.16 48.4 50.13 © 35.9
177.13 / 1717.11 50.0 1.76 64.0
177.12© 49.1 181.14© 64.1

The experimental results show that the percentage compati-
bility formed when progeny are intercrossed ranges from 28.2 to 79.3
per cent. The surprising fact about these figures are those indicated
for the pelf-pollinations. The figures for the four self-pollinations
gquctod all differ to a remarkable degroe and range from 35.9 to 64.1
per cent. The figure 64.1 per cent approaches that shown for the self
in Table 11 section a, i.e. 69.1 per cent, but the other figures cannot
be explained in this way.

Hayman (1956) showed that one of the classes obtained by
interbreeding progeny of a known cross was identical in behaviour to
that of the male parent with the progeny. Bxamination of the data
shows that in one set of progeny this phenomenon was obtained. The
progeny were the result of a self-pollination, i.e. 1.7 8, and the male
parent behaved identically with group I of the progeny (Fig.l3a). It
is of interest to note that this situation was not found within any of

the progeny derived from a cross-pollination.
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It was also observed by Hayman (1956) that the female
parent of the cross was both compatible and incompatible with the
progeny. This occurrence is more widespread in the data obtained

and may be seen in the breeding patterns of the following orosses.

177.14 / 177.11 (Fig.4)

177.14 / 177.20 (Fig.8)
50.7 / 50.13 (Fig.100b)
1.70 (Fig.13a)

181.14 © (Fig.15)

A general trend found throughout the experimentally
produced crossing-tables was the similarity of the behaviour of plants
when acting as female, but the diseimilarity when donating pollen to
the rest of the progeny, (Fig.7a, plants 3, 17 and 163 Fig.l0a,
group I; Fig.l5a, plants 2, 11 and 10). A similar situation was
found by Pandey (1957) in one of the experimental families in Physalis,
suggcating that a two gene system, with incompatibility present when
one allele is hsld in common between pollen and style, may be similar
to the system found in C.persicifolia.

Both Lundquist (1954) and Pandey (1957) found that doubling
the chromosome number of Festuca and Physalis ixocarpa falled to remove
the incompatibility system. Experimental results show that the
majority of artificial tetraploids produced in C.persicifolia also
retained their incompatibility systems. Most of the tetraploids were
self-incompatible, but T 27 showed a low self-fertility. In reciprocal
crosses made between the related diploid progeny and the tetraploids,

each tetraploid was hoth compatible and incompatible with its diploid
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relatives. This is in contrast to the situation found by Gairdner

(1926) who observed that a cross between the believed tetraploid

C.persicifolia var Telham Beauty, and the diploid form, was successful
only when the tetraploid was the female. Cross-pollination of the
two tetraploids T 1 and T 4 was unsuccessful, but when T 15 and T 27
were cross-pollinated T 15 was receptive to pollen of T.27, though
the reciprocal cross was not compatible. The behaviour of a tetra-
ploid plant with its parent varied, depending on the tetraploid plant
considered.

Thus, though the form of the incompatibility system within
the tetraploid plant is not known, it is possible to conclude from the
behaviour of the tetraploids, that an incompatibility system was
present, though it is not known to what extent it differed from a
diploid plant containing the same alleles.

The type of incompatibility system present in C.persigi-
fclia has not been elucidated, though it may be concluded that it is
a system based on two or more incompatibility genes. Whether or not
these genes are related has not been determined. Examination of the
systems found in Physalig and the Gramineas suggest that that of
C.persicifolia has perhaps a slightly closer affinity with that of

the Gramineae, though obviously the systeme are not identical.
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IV. SOME OTHER SPECIES OF CAMPANULA.
A. 1) Introduction.

The second approach to the problem of incompatibility in
the Campanulaceae is a survey of the breeding systems found in other
species of Campanula.

Seeds of as many species as possible of known origin were
obtained; these however were limited and seeds of Campanulas long
grown in botanic gardens were also collected. Some species obtained
in this way had obviously been incorrectly named, and tho majority of
names given had no authority after them. The taxonomic position of
the genus Campanula is confused, the latest complete work being that of
de Candolle (1830). Where possible the names given were checked in
floras, in Chittenden (1951), or in descriptions given by Crook (1937~
1940), but where no clarification of the situation could be obtained,
the name given by tho botanic garden was takon. Those names which may
be subject to correction have been marked with an asterisk in Appendix 1.

The seeds from botanic gardens were the result of open poll-
ination, and therefore liable to contamination. Also it was appreciated
that the seeds sent were unlikely to be the result of a single cross.
However, due to the usual delay of two years between germination and
flowering it was considered impracticable to make controlled crosses
from which to raise a true family and to investigate the breeding system
present. Hence it was decided to raise the plants from the seeds sent,
and to look at the breeding system within these. It was hoped that
there would be sufficiently few alleles present in the ten plants |
considered from each seed source to indicate the nature of the control-

ling breeding system, if one was present.
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Each species obtained was given a code number over 100.
Where two or more samples of the same species were obtained from diff-
erent sources thease were numbered on the decimal systen. Individual
plants within a species were also numbered. These numbers were placed
after the decimal numbering and were separated from them by a dash.
Hence, number 10l.2 -3 indicates, working from left to right,
C.alliariaefolia, the second sample of this species, and the third
plant within this sample.

The seedlings were raised in a greenhouse in 1961, and then
planted in beds in the botanic garden. Flowering began in late June
1962, continuing through to September. Extensive self- and cross-~
pollinations were carried out within plants of a species. Pollinations
were made in the laboratory and incompatibiiity was measured by pollen
tube growth except when otherwise stated.

2) Self—coﬁpatible species.

The following species were found to be self=compatibles

Campgnula erinus

Campanula Bybrid Z 2

Campanula mollis
Campanula erinus (120.1)

This species was believed to be half-hardy and was there-
fore grown in the greenhouse, with incompatibility being measured by
seed production. All self and cross—-pollinations gave rise to good
seed production, except for two crosses which failed. These were
believed to be due to damage of the flowers during emasculation, as the

plant was very brittle, and the flowers small, i.e. 6 mm long.
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Flowers not emasculated set seed naturally and abundantly. Unlike the
majority of Campanulas, C.erinus is an annual. The lack of incompati-
bility and the annual habit of the plant may well be correlated, though
there is no experimental evidence for this. Certainly in a plant
relying on good seed production the presence of incompatibility with
its resultant heterozygosity may not be sufficiently advantageous to
overcome the disadvantage of a perhaps reduced seed production.
Campanula Hybrid Z 2.

This is a horticultural hybrid C. x E.K. Toogood, obtained
from the Northern Horticultural Society, Harrogate, which closely

resembles C.cochlearifolia. The lack of an incompatibility system

here confirms East's (1929) hypotheais, that compatibility in an incom-
patible group is often associated with a hybrid origin of the plant.

Campanula mollis (199.1).

The incompatibility reaction in C.mollis is interssting.
In the ten plants considered, three werc consistently self-incompatible,
four consistently self-compatible and three showed conflicting results.
However, all showed some cross-—incompatibility. Tho name of the plant
is in doubt. Crook (1938) maintains that C.malacitana is the accepted
name for the plant cglled C.mollis by de Candolle (1830), and Beddome
(1907). However, his description given for C.malacitana does not fit
the plant under consideration. A synonym of mollis is given as
velutina in Chittenden (1951), but neither does this description fit
the plant. The dictionary states that velutina is a name sometimes
used for C.lanata, though Crook (1937) regards the two (velutina and

lanata) as indistinguishable. His description of C.lanata describes




81

the plant grown. (C.lanata is recorded as being monocarpic and
certainly all the plants which flowered in 1962 died before the spring
of 1963. If the plant is considered to be monocarpic, the advantage
of a lack of an incompatibility system would be similar to that of an
annual species. Further work on this species would be required to
elucidate whether the results obtained indicated the interesting
situation of incomplete self-incompatibility.

3) Self-incompatible species.

A1l the rest of the Campanula species studied were predom-
inantly self-incompatible, see Table 14. Examination of the crossing
pattern produced by intercrossing plants of a single species and source
failed to reveal any obvious and comnsistent pattern. As the plants
were derived from open pollinaticn and the parent plants might well
have been grown together with other Campanula plants with a large gene
pool of s incompatibility alleles, it is possible that each plant of a
species grown in this study might bave a different s incompatibility
complement. Thus intercrossing plants of a species might well shown
no cross-incompatibility, though self-incompatibility would be bresent.
This could explain the position shown in the crossing-table of
C.thrysoidea (Fig.25). C.thrysoidea is completely self-incompatible.
It is of interest to note that though this species, like that of
'C.mollis' above, is monocarpic, it differs from it in its breeding
behaviour. The majority of the cross-pollinations made between plants
of C.thrysoidea were compatible, only four (1 x 8; 5 x 2; 6 x 3; and
8 x 6) being incompatible. Each of the reciprocal crosses was sBuccess-—

ful. It is deduced that the s alleles present in the nine plants



Table 14.

Self-incompatible species of Campanula.

Code number. Name. Code number. Name.
101.2 C.alliariaefolia 192.1 C.ochroleuca
101.3 C.alliariaefolia 141.1 C.patula
103.1 C.alpina 201.1 C.phytidocalyx
193.1 C.aucheri 209.1 C.pilosa
105.1 C.autraniana 198.1 C.piperi
106.1 C.barbata 145.1 C.portenschlagiana
106.2 C.barbata 202.1 C.pseudo-raineri
204.1 C.bellidifolia 148.1 C.punctata
205.1 C.betulaefolia 151.1  C.raddeana
108.2 C.bononiensis 154.1 C.rapunculoides
114.4 C.cochlearifolia 155.1 C.zrapunculus
115.1 C.collina 157.1 C.rotundifolia
194.1 C.elatinoides 157.3 C.rotundifolia
212.1 C.fenestrellata 157.4 C.rotundifolia
195.1 C.filicaulis 157.6 C.rotundifolia
123.1 C.gurganica 159.1 C.saxatills
124.3 C.glomerata 160.1 C.scheuchzeri
124.5 C.glomerata 160.2 C.scheuchzeri
125.1 C.grandis 162.1 C.sibirica
190.2 C.grossekii 163.1 C.speciosa
191.1 C.hondoensis 164.1 C.spicata

- C.isophylla 210.1 C.spruneriana
213.1 C.istraica 166.1 C.thrysoidea
128.1 C.kemulariae 168.1 C.trachelium
208.1 C.kolenatiana 203.1 C.tridentata
130.2 C.lactiflora 214.1 C.vanhoutteri
143.1 C.lanata 170.1 C.versicolor.
132.6 C.latifolia 172.1 C.waldsteiniana
197.1 C.linifolia 172.2 C.waldsteiniana
137.1 C.medium

200.1 C.nobili-macrantha
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congidered were either different in each of the plants, or that their
combinations were such that there was little inhibition to fertilis-
ation. No information can be obtained from these results about the
nature of the incompatibility mechanism present, other than that it is
probably multiallelic.

The other extreme was shown b& the breeding pattern of
C.barbata (106.1). These plants showed a large proportion of failed
cross—-pollinations, suggesting that there wers some incompatibility
alleles in common (see Pigs.26 and 26a). Out of a total of 55 cross-
pollinations, only 15 were compatible. (This has not been expressed
as percentage compatibility so as to avoid confusion between plants of
a species, i.e. C.barbata, and intercrossing progeny of a single family,
i.e..g.persicifolia). Plants 10, 5 and 11 were very similar in beha-
viour and were provisionally assumed to have the same genotype, but
these were the only plants which could be grouped togoether. It is of
interest to noto that though the majority of Campanula species showed
reciprocal differences as a common occurrence, there were only two
examples of this in C.barbata, cross 3 x 1, 1 x 3; and cross 5 x 9,
9x 5.

Co.medium (137.1) also showed a large number of incompatible
crosses, see Figs.27 and 27a. Examination of the simplified crossing-
table (Fig.27a) shows that out of a total of 59 cross-pollinations,
only 23 were compatible. Plants 4, 7, 1 and 3 were all cross-incompat-
ible, except for the cross 4 x 7, which was compatible. Pollen of
plant 9 was incompatible with plants 4 and 7, and split them from the

other two with which it was compatible. The behaviour of pollen of
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plant 8 differentiated between plants 1 and 3, being incompatible
with plant 1, but compatible with plant 3. Plants 4 and 7 were
distinguished ﬁhan used as pollen on plants 5 and 6, pollen of plant 4
was compatible on these two, but that of plant 7 was incompatible.
Thus all four plants, 4, T, 1 and 3 behaved in a different manner and
must have had different genotypes. Plant 9 was reciprocally incompa-
tible with plants 4 and 7 but differed from them in that it was recip-
rocally compatible with plant 1. Plant 5 was reciprocally incompatible
with plant 9 but was compatible with pollen of plant 4, with which
plant 9 was incompatible. Plant 6 was reciprocally incompatible with
T, but unlike 7 it was reciprocally compatible with plants 1, 3, 9 and
5. The behaviour of plants 2 and 8 was not known in detail but plant
2, though similar in its activity as pollen to that of plant 6, could
be distinguished from it by being compatible with plant 6. Plant 8
was pollen incompatible on plants 4, 7 and 1 but differed from them in
that it was compatible on plant 3. Thus &all nine plants behaved in a
different manner and must have had different genotypes. The large
number of cross-incompatible crosses, however, suggests that there must
be some factors in common between them preventing oross-compatibility.
The breeding pattern of C.lanata (143.1) (Figs.28 and 28a)
also showed a high degree of oross-incompatibility. Two plants
(numbers 3 and 10) were self-compatible, but as these plants were cross-
incompatible it is suggested that the self-fertility was due to some
freak conditions, and was not a normal phenomenon. Plants 4, 5 and T
were cross-incompatible with each other, but must have differed geneti-

cally as pollen of plants 5 and 7 was compatible on plant 6, but pollen
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of 4 was incompatible. Plants 5 and 7 also differed, pollen of plant
5 being compatible on plant 1, but that of plant 7 being incompatible.
Plant 10 was unlike the other plants in that it was self-fertile, but
incompatible with pollen of all other plants. Plants 6, 1, 3 and 9
were all reciprocally incompatible with plant 10, but all differed from
it by being compatible with pollen from other plants. The plants also
differed from each other. Both plants 1 and 3 were compatible with
pollen of plant 4, but plant 1 was compatible with pollen of plant 5,
while that of plant 3 was not. Plant 6 was compatiblc to pollen of
plant 5, but unlike plant 1 it was incompatible to pollen of plant 4.
Plant 9 was incompatible to pollen of plant 5 (as was 3) but differecd
from 3 by being compatible with pollen of plant 7. Plant 2 was recip-
rccally incompatible with plant 9, but differed from it by being recip-
rocally compatible with plant 3. Pollen of plant 2 was incompatiﬁle
on plant 8, though the reciproczl cross was compatible.

Thus all the ten plants considsred behaved in a different
manner., Like the pattern shown by C.medium there are a large number
of cross—-incompatible pollinations. Out of a total of 76 cross-
pollinations only 24 were compatible. Unlike C.barbata both these
species showed many instances of reciprocally different crosses;
C.medium had seven pairs of reciprocally different crosses, and C.lanata
eleven pairs.

No other self-incompatible species seemed to have sufficient
plants with identical or even related incompatibility alleles in common
for there to be a definite pattern in the crossing-table. Although the
species were almost always consistently self-incompatible, cross—compat-

ibility and incompatibility seemed almost to be distributed at random,
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with a large number of reciprocal crosses giving different results.
This may be seen by examination of the crossing pattern produced when
plants of C.grossekii were intercrossed amongst themselves (Fig.29).
A1l the plants were consistently self-incompatible but out of a total
of 45 reciprocal crosses, 19 showed reciprocally different results,
i.e. 42 per cent. Plants 3 and 4 were reciprocally incompatible, but
must have differed in their incompatibility genotype as pollen of plant
3 was compatible on plant 5, whereas pollen of 4 was incompatible on 5.
The pollen reactions of the two plants also differed on plants 1, 8,
and 10. Plants 4 and 5 were reciprocally incompatible, but these
plants must have differed in their incompatibility genotype, as they
could be distinguished by the action of pollen of plants 1, 2, 3, 6 and
10 on them. Plants 5 and 6 were cross-incompatible, but were distin-
guished by their action as pollen on plants 1, 4, 8 and 10. Plants 7
and B were crops-incompatible and though these two plants behaved iden-
ticelly as pollen on the remeinder of the plants, their reaction to
pollen from those plants differed considerably. Thus plant T was
receptive to pollen from all the plants, except 8, but plant 8 was
incompatible to pollen from plants 2, 4, 5, 7, 9 and 10. Plants 9 and
10 were reciprocally cross-incompatible, but these two could not have
had identical genotypes either, for they could be distinguished by
differing reactions with pollen of plants 1, 3, 5 and 6.

It is of interest to note that the results of cross-pollin-
ations of C.grossekii failed completely to fall into discrete groups,
and that there was even a chain of plants which were incompatible with

their neighbours. This is shown in Table 15.
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Table 15.
To show that the results of incompatible and compatible pollinations

of C.grossekii do not fall into discrete groups.

Pollen parent. Plants with which the Plants with which the
pollen is incompatible. pollen is compatible.
1 3,4,9,10. 2,5,6,7,8.
2 596,8,9,10. 1,344,7.
3 2945 1,9. 5,6,7,8,10.
4 3,55 2,8,9,10. 1,6,7.
5 4,65 1,8. 2535759510,
6 53 10. 1,2,3,4,7,8,9.
7 6,85 2,3,4,5,10. 1,9.
8 T5 25,3,4,5,6,10. 1,9.
9 8,105 1,2,3,4,5,6. 7.
10 93 2,4,8,10. 1,3,5,6,7.

It seems as if the crossing successes and failures shown
in Fig.29 were distributed at random. A statistical investigation of
the results of each pcllination seemed to support this. It was
assumed that if failed pollinations were distributed at random over
the table, and the chance of any cross feiling was the proportion of
feilures in the table, then scoring the results of reciprocal orosses
would give the ratio of p2 t 2pq q2; where p + q is 1, p2 is the
number of consistently successful reciprocal crosses, q2 is the number

of consistently failed reciprocal crosses, and 2pq is the number of
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reciprocal crosses showing different results. A Chi- square test on
the difference between the observed and calculated ratios allows the
calculation of the probability of such a difference being found. The
probability of the observed ratio being found in C.grossekii is calcul-
ated below (Table 16), and it can be seen that there was a 50 per cent
chance or more that this result would be obtained considering the
conditions above. This would suggest that if an incompatibility system
was present, it was not sufficiently obvious to affect the crossing
pattern produced, due to dissimilarity between the plants considered.
If this was so, and if the distribution of failures was at random with
no obvious incompatibility, it would be expected that repetition of the
pollinations in the following year would give a similar ratio, but a

different pattern in the breeding table.

Table 16.
To show the method used to calculate the significance hetween the

observed and the calculated ratios obtained in C.grossekii.

Numboer of successful Number of dissimilar Number of failed

reciprocal reciprocal reciprocal
pollinations. pollinations. pollinations.
observed ratio 10.0 19.0 16.0
calculated ratio (e) 8.4 22.1 14.4
deviation (d) 1.6 3.1 1.6
a2 2.4 9.6 2.6
a%/e 0.29 0.47 0.17

2
X = 0.93. n = 2, therefore p > 0.5.
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Repeated pollinations were carried out the following year,
but scoring the pellen tubes was pot possible due to the poor quality of
staining of the pollen tubes with a new batch of stain from a different
source.

4) Statistical investigation of results.

It has been shown for C.grossekii that a comparison between
the calculated ratio of the results of reciprocal crosses, and the
observed ratio, indicated that there was a fifty per cent chance or more
that the observed ratio would be found. If an incompgtibility system
was present, and wés functioning due to genetical similarity between the
plants considered, it would be expected that the observed result would
deviate considerably from the calculated result, giving a low probability
value. A Chi- square test was carriod out on the differcnce between
the observed and calculated values of reciprocal crosses in many of the
self-incompatible species, and the probability of that result being
obtained was found. Table 17 shows the individual results tor the
species considered. Examination of the probability values obtained
ghows that only for three species, i.e. C.barbata, C.lanata and C.medium
do these indicate a significant difference between the observed and
calculated values of reciprocal crosses. As has been shown above,
these three species cannot be interpreted in the light of any known
incompatibility system. Table 17 also shows the probability wvalue
obtained when the total result of all the species is considered. The
value of p greater than 0.2 was obtained. If, however, the three species
showing significant deviation are removed from the total, or even if each

one is removed in turn, the new probability value is greater than 0.3.

Thus it may be concluded that for the majority of species considered
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Table 17.

To show the probability of obtaining the experimental results found.

Code no. Name. Experimental ratio. Calculated ratio. Xz D.
++ +- -— ++ = -

101.1 alliariasefolia 11 22 9 11.5 20.9 9.5 0.1 >0.5
101.3 alliariaefolia 11 20 4 12.6 16.8 5.6 1.27>0.5
106.1 Dbardbata 6 2 17 2.0 13.0 10.1 65.6 <0.001
205.1 Detulaefolia 3 6 5 2.6 6.9 4.6 0.12>0.5
108.2 bononiensis 28 14 0 20.1 11.6 1.2 1.71<0.4
114.4 cochlearifolia 3 23 19 4.7 19.6 20.6 1.3 = 0.5
194.1 elatinoides 6 3 1 5.6 3.7 6.3 0.4 >0.5
212.1 fenestrellata 5 3 1 4.7 3.6 0.7 0.48>0.5
195.1 filicaulis 9 11 1 7.8 13.6 6.0 0.87>0.5
123.1 garganica 8 1 0 8.0 0.9 0.3 1.69«0.45
124.5 glomerata 15 12 6 13.4 15.3 4.4 1.52=0.45
125.1 grandis 9 16 12 7.8 18.3 10.8 0.5 >0.5
190.2 grossekii 10 19 16 8.4 22.1 14.4 0.9350.5
191.1 hondoensis 5 17 1 6.3 14.4 8.3 0.91>0.5
213.1 istraica 5 10 16 3.2 13.5 14.2 2.13>0.3
128.1 kemulariae 2 16 24 2.4 15.2 24.4 0.99>0.5
130.2 lactiflora 1 5 21 0.5 6.1 20.5 0.87>0.5
143.1 lanata 6 12 20 3.0 16.4 17.7 4.48>0.1
132.6 latifolia 0 4 .13 0.2 3.5 13.2 0.8450.5
197.1 1linifolia 6 5 5 4.5 1.9 3.5 2.24>0.3
137.1 medium 7 6 11 4.2 11.7 8.2 5.7 =0.05
192.1 ochroleuca 16 14 6 14.7 16.6 4.7 0.89>0.5

eessees cOntinued
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Table 17 continued.
2
Code no. Name. Experimental ratio. Calculated ratio. :XL Pe
++ +- -- ++ + - -

201.1 phytidocalyx 15 17 11 12.8 21.3 8.8 1.76 =0.4
209.1 pilosa 8 15 5 8.6 14.0 5.6 0.19 > 0.5
145.1 portenschlagiana 12 7 0 12,6 5.6 0.6 0.99 > 0.5
202.1 pseudo-raineri 5 8 6 4.2 9.5 5.3 0.46 > 0.5
151.1 raddeana 3 22 15 4.9 18.2 16.9 1.74 =0.4
154.1 rapunculoides 21 19 4 21.0 18.7 4.4 0.16 > 0.5
157.3 rotundifolia 3 12 2 4.7 8.5 3.7 2,94 =0.25
159.1 saxatilis 13 17 4 13.6 15.8 4.6 0.19 > 0.5
160.1 schsuchzeri 13 21 6 13.8 19.4 6.8 0.27 > 0.5
160.2 scheuchzeri 15 12 2 15.2 11.6 2.2 0.22 > 0.5
162.1 sibirica 6 12 11 4.9 14.0 9.9 0.43 > 0.5
168.1 trachelium 13 16 9 11.6 18.8 7.6 0.84 > 0.5
214.1 vanboutteri 15 16 5  14.7 16.6 4.7 ©0.11 > 0.5
170.1 wversicolor 1 4 1 1.5 3.0 1.5 0.66 > 0.5
172.1 waldsteiniana 4 6 10 2.5 9.1 8.5 2.31 > 0.3
Total 319 445 311 303.5 475.6 300.3 3.14 > 0.2

there were insufficient incompatibility alleles in common in the plants

considered to show a definite breeding pattern which could be disting-

uished from a random one, in which the chance of any particular pollin-

ation

failing was determined by the frequency of failures in the table.

A comparison between the probability values determined from

observed and calculated results, between reciprocal crosses and within
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a repeated oross-pollination was made. Each individual result of a

repeated pollination was paired with the other results for that pollin-
ation. Thus, when a cross was repeated three times, with two success-
ful pollinations and one failure, 1t was scored as one repeated success
and two mixed results. Individual results for seven species are shown

in Table 18. Three species, C.aucheri, C.barbata and C.rotundifolia

show a probability value which is greater than 0.5 , while the rest
show lower values. Consideration of the combined results gives a
total value of p approximately equal to 0.04. The figures for C.barbata
are much larger than the others as this species was studied both in
1962 and 1963. In the total result, therefore, the probability value
is bound to be determined largely by the result of C.barbata.
The probability wvalues for the same species as above were
considered for the results of reciprocal crosses, see Table 19. Here,

four species, C.aucheri, C.thrysoidea, C.glomereta and C.rotundifolia

showed probability values greater than 0.5, but unlike the situation in
the repeated pollinations quoted above, the combined results show a
total value of p greater than 0.5. The results obtained for the
repeated pollinations indicate that the outcome of the cross is not at
random. The observed value differs significantly from the expected
value, which would be obtained considering the proportion of failures

in repeated pollinations, derived from the c¢rossing tables. It is
argued that if the result of a repeated pollination is not at random,
then the result of a reciprocal cross—pollination should not be either.
It is concluded that though the results of reciprocal cross-pollinations

appear to be at random, this is spurious. It is the outcome of
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Table 18.

To show the probability of repeated pollinations giving the same results.

Code nﬁ. Name. Experimental ratio. Calculated retio. )(? Pe
++ +- - ++ += -
193.2 aucheri 1 3 6 0.6 3.75 5.6 0.65 >0.5
106.2 DYarbate 99 212 134 94.4 221.1 129.4 0.75 >0.5
124.3 glomerata 16 9 6 13.5 13.8 3.5 3.85=0.15
157.2 rotundifolia 5 8 6 4.3 9.5 5.3 0.45 >0.5
210.1 spruneriana 5 3 11 2.2 8.5 8.2 8.06 = 0.02
166.1 thrxs'oidea. 51 8 4 48.0 13.9 1.0 11.54 = 0.005
172.2 waldsteiniana 7 5 6 5 9 4 3.54 =0.18
Total 184 248 173 168.0 279.6 157.0 6.39 = 0.04

Table 19.

To show the probability of reciprocal pollinations giving the same result.

Code no. Name. Experimental ratio. Calculated ratio. ><2 D
++ +- -—— 4+ - -
193.2 aucheri 1 3 3 0.9 3.2 2.9 0.03 >0.5
106.2 barbata 14 17 15 11.0 22.9 12.0 3.08 >0.2
124.3 glomerata 14 14 5 13.3 15.2 4.4 0.22 >0.5
157.2 rotundifolia 17 21 3 18.4 18.0 4.4 1.04 >0.5
210.1 spruneriana 2 3 6 1.1 4.7 5.1 1.56 =0.45
166.1 thrysoidea 31 12 1l 31.0 11.7 1.1 0.09 >0.5
172.2 waldsteiniana 3 6 3 3 6 3 no deviation

Total 82 16 36 78.7 81.7 32.9 0.85 >0.5
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considering plants which, though of the same species, have too few
incompatibility alleles in common, when the plants are interbred, for
the crossing pattern produced to reflect the presence of the incompati-
bility system in the majority of the crosses.

The most satisfactory method of checking this conclusion
would be to consider a true family of one of the species considered
above. The incompatibility system could be examined in the family
obtained, knowing that the number of alleles present would be limited
by the number present in the parent. This was not possible, but the
method was tried on a family of C.rotundifolia, the breeding pattern of
which is considered helow in Section IV B 2, Here, the probability
that rcpecatod cross-pollinations gave the same result was highly signi-
ficant, p being less than 0.001; but the pattern produced by reciprocal
crosses falls well within the bounds of probability, i.e. p is between
0.99 and 0.98. Though the plants considered were the progeny of a
single crosas, the majority of cross-pollingtions wers compatiblc, and
the total compatibility was 70.8 per cent. Henco, again, as with the
other species of Campanula which are considered above, the presence of
cross-incompatibility within the table was insufficient to be differ~

entiated from random failures.

B. 1) Detailed investigation of C.patula (141.1).

Some phnts of C.patula when grown under sub-optimal
conditions behave as annuals, although the species is normally biennial.
A preliminary crossing programme in 1961 with incompatibility measured
by pollen tube growth, indicated that there were at least four different

breeding groups amongst the selected plants. Seeds of a known cross
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(141.1 ~-14 / 141.1 —12) were collected and sown in order to find the
breeding groups within a true family. Out of a total of 180 seedlings,
27 plants were forced to flower sufficiently to enable a restricted
crossing programme to be carried out. Each plant was selfed, and then
crossed as the female with pollen of four selected plants. Where
possible all crosses were repeated. The plants were grown in a green-
house; incompatibility was measured by seed set, and the results are
given in Fig.30. Examination of the croésinghtable shows that the
progeny may be divided into eight breeding groups which are self-
sterile, and one group which is self-fertile. Plant 21 in this latter
. group is infertile with pollen of plant 8. As there is no record of
any plant being cross-—incompatible, but self-compatible, it is assumed
that either the failure or the self-fertility is due to reasons other
than incompatibility. Pollen from two progeny of the cross 141.1 -12/
=13 were also placed on the plants of the family studied above, and the
results obtained soplit the original grouping to fuorm ten difterent
self-incompatibility groups. The pollen parents for these pollinat-
ions are those with ringed numbers in Fig.3l. Comparison of PFigs.30
and 31 shows that apart from the removal of plant 16, the first three
groups are identical. Group IV of Fig.30 was, however, split by the
additional pollinations to form two groups, which differed in their
reactions with pollen. From the available data it is impossible
to know to which of groups 4 and 5 of Fig.3l to assign plants 103, 40,
105 and 113, for their reactions with pollen waeenot known.

They have been placed arbitrarily in group 5. Group 6 of Fig.3l is
identical with group V of Mg.30, containing plant 51 only. Group 7

is a new group composed of plant 69 (previously in group IV) and
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plant 16 (from group 1, in Fig.30). Plants 7, 114 and 8 are still
unique in their behaviour and are all classed separately. Thus peollen
from two prbgeny of the cross 141.1-12 / =13, splits the eight self-
incompatible groups from the cross 141.1-14 / =12 into ten different
groups. It is unlikely that the limited range of pollen used was
sufficient to segregate all the breeding groups and it can only be
concluded that there is a minimum of ten different breeding groups
formed within'the progeny of a true family of C.patula. It is of
interest to note that the few reciprocal orosses made, i.e. 43 x 8;

43 x 805 43 x 114; 8 x 80; 8 x 114; 80 x 114, were all reciprocally
identical and compatible. It can thus be concluded that the pollen
genotypes used in plants 8, 43, 80 and 114 were all different. Seeds
of the reciprocal cross 43 x 8, and 8 x 43 were all sown in order to
try to determine the maximum number of breeding groups within each of
the families, and if possible to see if the groups were identical
between the families; unfortunately the plants could not be forced
into flower in 1963.

2) Detailed investigation on C.rotundifolia (157)

Three plants were obtained from Glen Coe, Scotland, and one
from St. David's Island, Pembrokeshire, and these were intercrossed
amongst themselves. The plant from St. David's Island was the only
one which was self-incompatible, though the other plants had a reduced
fertility. The average number of seeds set when the three plants were
gself-pollinated was 28.7, compared with a seed set of 91.9 when the
plants were cross-pollinated. Individually the three plants from Glen

Coe showed very different degrees of self-fertility. Plant 157.5 -1
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showed the highest fertility with an average of 66 seeds on selfing
(result of three repeated pollinations); plant 157.5 -3 had an
average of 18 seeds per self-pollination (two repeated pollinations);
and plant 157.5 -2 an average of two seeds per pollination (two
repeated pollinations).

Progeny were raised from parents from two widely different
sources, the female parent (157.4 -1) was from Cronkley Fell, in County
Durham, and the male parent (157.2 -2) was obtained from seed from the
botanic garden in Stuttgart. Both parents were self-incompatible.
Preliminary experiments on the progeny showed that a few plants,
(numbers 11, 19 and 24) had a reduced self-fertility, though most of
the plants were self-incompatible. Thus the average number of seeds
set in those three self-pollinations was T.l, while the average prod-
uced out of fifteen cross-pollinations was 148.5 seeds per pollination.

Detailed intercrossing of eleven progeny was made in 1962
and the results are shown in Fig.32. 8ix additional plants of the
same family were tested for self-fertility and all were found to be
self-incompatible. It can be seen from Fig.32 that three plants
showed a tendency towards self-fertility, plants 3, 11 and 20, Plant
3 showed vigorous pollen germination when selfed, and though the major-
ity of the pollen tubes were superficial, a few were present at the
style base. Out of thirteen repeated self-pollinations of plant 11
only one showed any self-fertility. The capsule was left on the plant
after pollination and six seeds developed.

It is of interest that this was the one plant observed in

which self-pollination seemed to be brought about by the plant. Non~

emgsculated flowers were left for a week after the stigmas had diverged
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and were examined for pollination. All five plants so treated showed
germinated pollen on the backward curved stigmas, suggesting that this
had been transferred to the stigma by contact between the diverging and
receiving stigma tip and the pollen covered stigma base. Plant 20
showed a low degree of self-fertility, four pollinations out of eleven
being successful. Pollen tubes were observed at the base of the style
in two of the flowers, and in flowers which were left for seed set, two
seeds were produced in one capsule and one in another. It is of
interest that the four successful self-pollinations were all made in
May, i.e. in 16, 20 and 27 (two), which was the beginning of the
flowering season, the first flowers being mature for pollen on 16 May.
Flowers continued to be produced until July 24, and repeated self-
pollinations on the plant on June 4 (three), June 15 (two) and June 28
(two), all failed. This was the only indication of end-of-season
effects in 211 the Campanula specios considorod.

Fig.32a shows the overall results cbtained by intercrossing

the progeny of C.rotundifolia. Those plants which showed an incomp-

lete self-incompatibility have been ringed, and it can be seen from
Fig.32a that cross—incompatibility was still present in these plants.
Thus plant 11 was cross—incompatible as pollen on plant 18, and was
unreceptive to pollen of plant 17; plant 3 was incompatible as pollen
on plant 1, and was unreceptive to pollen of plant 2; and plant 20 was
incompatible to pollen of plant 15, and was itself incompatible as
pollen on plants 2, 16, 17 and 23. 'Examination of the table shows
that though plants 23 and 18 were reciprocally cross-incompatible,

their behaviour as pollen on plants 6 and 17 differed. Pollen of
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plant 17 was incompatible on plant 23, but the reciprocal cross was
successful. Plant 17, however, was reciprocally cross—incompatible
with plant 18, and behaved in a similar fashion to it in many crosses.
Plants 17 and 18 though, could be distinguished by their behaviour with
pollen of plants 11, 2, 20 and 23. Plant 16 was incompatible with
pollen of plant 20, but the reciprocal cross was compatible. The two
plants differed in their behaviour when used as pollen on plants 2 and
18. Similarly pollen of plant 2 was incompatible on plant 3, though
the reciprocal cross was compatible. These two plants were disting-
uished by their behaviour as pollen on plants 1 and 18. Pollen of
plant 1 was incompatible on plant 6, but was reciprocally compatible.
Both plants showed a high degree of cross-compatibility but were distin-
guished by their reaction with pollen of plants 3 and 23. Plant 15
was incompatible as pollen on plants 2, 20 and 16 but was otherwise
cross—compatible. There was & high degree of reciprocal differences
hetween crosses of the plants considered above, there being eighteen
pairs of crosses showing different results.

It may be concluded that as each plant had a peculiar and
characteristic behaviour, each must have had a different incompatibility
genotype. A minimum of eleven groups may therefore be formed when

intercrossing progeny of a true family of C.rotundifolia. The number

of compatible pollinations was high; 87 out of a total of 109 cross-
pollinations (79.9 per cent) were successful, suggesting that there were
few factors in common between the parents. Further work on progeny
derived from seeds produced in a cross with reciprocally different

results, would ensure that there were factors in common between the
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parents, and should thus provide progeny with more incompatibility
glleles in common. Interbreeding these progeny would be expected to
produce fewer breeding groups, and might thus help to elucidate the
controlling mechanism behind the breeding system.

3) Notes on C.isophylla.

One plant each of C.isophylla and C.isophylla var alba were
available for breeding. C.isophylla var alba was self-sterile; pollen
germination was good, but penetration of the stigmatic tissue by the
pollen tubes was negligible. C.isophylla was pollen sterile and it
was not known if there was an incompatibility mechanism present. C.
isophylla var alba produced abundant pollen, and out of eight repeated
cross-pollinations with C.isophylla two were successful, producing one
and three seeds each. These were sown and the single seed set germ—
inated in March 1963, but the other three had failed to do so by
September 1963.

4) Notes on C.carpatica.

Many plants of C.carpatica were collected, but the majority
of these showed partial or complete male sterility, confirming Pellew
(1917). It was decided that this feature would obscure any incompati-
bility system present, and would be a complete study in itself, so it
was not continued in the present study.

5) Conclusion.,

From the experimental results obtained it may be concluded
that the majority of Campanulé species studied have an incompatibility

system. In some species: C.erinus, C.mollis and the hybrid C. X E.X.

Toogood this seems to have been lost. In a few species, as was ob-

served in the detailed studies of C.patula and C.rotundifolia,
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incompatibility seems to be reduced in a few plants allowing a very
low percentage of self-fertility, but these plants were in the minority.

True families were only available for inbreeding in two of
the species considered, which was a limiting factor to the study. The
breeding patterns produced by intercrossing plants of a single species
cannot be explained in the light of any known incompatibility system,
and it is considered that the incompatibility system can only be
elucidated by interbreeding a true family of known parentagse.

The consideration of the true families of C.patula and
C.rotundifolia, however, did little to indiocate the type of controlling
breeding system, except to show that at least 10 or 11 breeding groups
respectively may be formed within a true family. Further work on
these two families considering progeny derived from two parents with
some incompatibility alleles in common, and experimentation with much
larger families would help to elucidate the problem. Vegatative
propagation of each individual plant would be essential to ensurse an
adequate supply of material. The scoring of material by pollen tube
growth would increase the supply of material as removal of flowers
from a plant stimulates further flower production. Consideration of
plant material from the wild only,might overcome the chance of low
seed set on selfing, which results from an upset incompatibility

genotype due to hybridisation or plant breeding.
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V. DISCUSSION.

The present study has indicated that self-incompatibility
is of widespread occurrence in the genus Campanula. A few species
are self-compatible, as has been shown in section III, A, 2; and a
few imolated plants within self-incompatible species show self-fertil-
ity under some conditions, e.g. C.persicifolia, 185.5. There is no
evidence thaet self-incompatibility may be overcome by bud pollination,
pistil damage, or end-of-season effects in C.persicifolia.

™

Work on C.persicifolia has revealed several of the charact-

eristics of incompatibility, but the system has not been elucidated.
The study of true families has indicated that the number of groups
formed within the progeny of a known cross is large:s too large to be
the result of an incompatibility system controlled by one locus, even
with many alleles.

It was found that both male and female parents of g family
were compaiible to some extent with the progeny. The female parent
was compatible with some of the progeny but incompatible with others,
while the behaviour of the male parent could be identified with one of
the breeding groups formed by interbreeding the progeny themselves.
All the progeny except that of 1.7 selfed, showed some reciprocally
different results when intercrossed amongst themselves. Whether two
families derived from a reciprocal cross behaved identically or not,
was not shown. This would form a good starting point for future work. }
Determination of whether reciprocal differences produced when inter-
breeding progeny were spurious or not, is also most important.

HWork with artificially produced tetraploids of C.persici-

folia showed that self-incompatibility is generally retained in these
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plants. This is in agreement with the results found when examining
material of some other species of Campanula. Table 20 shows chromo-
some numbers of some of the Campanula species considered in the present
study. They are all taken from Darlington and Wylie (1955), as no
counts were made on species other than C.persicifolia in the present
study. It does not follow that all the species considered had the
number quoted in the table, but in the absence of personal counts these
are taken as a guids.

Table 20 indicates that many of the spscies considered are
of polyploid origin. There are two main basic numbers found in the
genus Campanula, (Sugiura, 1942), x = 8 or 17; but x = 10, 12, 13, 14
and 15 are also found. It is of interest to note that the only self-
oompatible species listed, C.erinus, is a diploid and the absence of
self-incompatibility therefore cannot be considered to be due to compet-
ition or dominance arising from chromosome doubling. The retention of
self-incompatibility in natural povlyploids is in agreement with the
behaviour of artificially produced polyploids in C.persicifolia.

A comparison between the results found in C.persicifclis and

those of known incompatibility systems has been made in detail in
section III, C. Investigations on other species of Campenule have
shown the extent of self-incompatibility within the genus, but have
added little knowledge about the type of system present.

It is of value to consider here the complexity of incompat-
ibility systems, the type of variation that may occur due to changes

within the controlling gene itself, and to linked or related genes.



Table 20.

104

Chromosome numbers in Campanula species (Darlington and Wylie, 1955) .

Basic number.

x=8
x = 10
X =14
x = 17

Name.

C.isophylla

C.thrysoidea

C.alliariaefolia

—— e —

C.trachelium

[e

thrysoidea

jo

.glomerata

Lo

.portenschlagiana

C.garpganica

o

.scheuchzeri

o

»Speciosa

C.rapunculoides

C.sibirica

Somgtic number.

32
48
96
20
28
34
34
34
34,
34,
68,
68
68
102

102

68
102

102

Incompatibility is of widespread occurrence throughout the

plant kingdom, and until recently has been believed to be controlled

by one or two loci, with either two or many alleles.

Modern evidence,

though, seems to suggest that this simple interpretation is no longer

tenable, and that the controlling system is more complex.

Recent work on the fungi has brought some of this complex

system to light.

The terms used here to describe the mating types of
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the fungi are those defined by Burnett (1956). Incompatibility only
occurs in fungi in which genetically different nuclei derived from
different thalli fuse to form a s;xual reproductive body, i.e. hetero-
mictic fungi. In most heteromictic fungi differentiation of cross-
compatible but self-incompatible groups is independent of the different-
iation of the sex organs (Fincham and Day, 1963). The simplest form
of incompatibility system is found in dimictic fungi in which mating is
controlled by two allelomorphs at e single incompatibility locus. The
two alleles arc termed A and a, and form complementary nuclei with
obligatory cross-fertilisation. This type of system is widespread
throughout the Phycomycetes and Ascomycetes, and is found in Saccharo-

mycetes cerevisiae, Puccinia graminis and Neurospora sitophila

(Burnett, 1956).

The incompatibility locus in the Ascomycete, Chromocrea
spinulosa seems to be closely associated with spore size. Bach asocus
normally gives rise to eight large and eight small spores (Mathieson,
1952). The small spores are consistently self-sterile, but occasion-
ally cultures of large spores show a reduced fertility producing
perithecia which bear asci with eight large and eight small spores,
which are perfectly cross~fertile. This has been explained by the
assumption that mutation from large to small spores occurs in the
material believed to be derived from large spores only, and hencse
fertile fruit bodies are able to be formed. It is significant to note
the close correlation between the spore size and the mating type.

In diaphoromictic Basidiomycetes mating is controlled by a

series of multiple alleles at either one locus, A in bipolar series; or

two ‘loci, A and B in tetrapolar series. Mycelia which carry different
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A alleles in bipolar series or which differ with respect to both A and
B alleles in tetrapolar series ares compatible. The number of alleles
at any one locus has been estimated by Whitehouse (1949), as being
about 100 in the Hymenomycetes, but fewer in the Nidulariales.
Burnett and Boulter (1963), after work on Mycocalia denudata, estimated
the number of alleles in one mating group as 7 or 8, and in the other
as 12 or 13. Recent work on Schizophyllum commune (Raper et al, 1958,
1960) and Coprinus lagopus (Day, 1960) has shown that the A locus of
the tetrapolar series is composed of two sub-units, i.e. Aa and Ab, and
only A factors which have identical a and b are incompatible. Prelim-
inary reports suggest that the B factor is equally complex. It is not
known whether the sub~units are sites in the same functional region of
the chromosome or whether they are distinct genes.

The studies by Crowe {1963) have shown that though the

incompatibility system in Schizophyllum commune is based on two incomp-

atibility loci, there is competition between compatible nuclei. Thus
in some compatible dimon matings the two new dikaryotic genotypes were
recorded with equal frequency, while from other matings there was a
marked preponderance of one class of dikaryon in relation to another
(Kimura, 1958). No dikaryon was established if either the A or B.
alleles, or both, were homologous, but combinations of nuclei with
different A and B factors occurred and showed different degrees of
success in establishing dikaryotic mycelium. Dikaryons with maximum
success were those with maximum heterozygosity of the incompatibility
alleles. In many tetrapolar Basidiomycetes the loci A and B control
different parts of the process of dikaryon formation, e.g. Coprinus

lagopus (Swiezynski and Day, 1960), Schizophyllum commune (Parag, 1962),
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Cyathus stercoreus (Fulton, 1950). The formation of clamp connections
seems to be controlled by the A locus and nuclear migration by the B
locus. Crowe (1963) suggests that heterozygosity of the B factor is
more important than that of the A factor. Thus here the incompatibi-
lity system is no longer concerned solely with the ability of two
nuclei to fuse, but also determines the dikaryotising ability of a pair
of nuclei. Crowe (1963) concluded that there were at least two mech-
anisms involved which depend on the internal organisation of the incom-~
patibility factors themselves. This complex of genes is not confined

to Schizophyllum, but has been demonstrated in Pleurotus oesteatus

(Terakawa, 1960), Coprinus lagopus (Day, 1960) and Collybia velutipes
(Takemaru, 1961).

The diversity of incompatibility alleles in the fungi
appears to be more complex than that found in the angiosperms. In
species of Nicotigna it is possible ito identify incompatibility alleles
which are held in common by several related species (ast, 1929).

The Basidiomycetes, in contrast to the Phycomycetes and Ascomycetes,

are notoriously sterile in interspecific and even intervarietal crosses.
Each species seems to have a completely different set of incompatibi-
lity factors, or have the same incompatibility factors with an over-
riding sterility factor (Papazian, 1958). This is probably not an
artifact of taxonomy for in the genus Coprinus, which has been exten-
sively investigated by Lange (1952), he claims that 'intersterility
barriers divide the studied strains into groups corresponding to, or

in some cases narrower than, the species defined according to morpho-

logical characters'.
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Until recently it was believed that incompatibility in the
heterothallic Myxomycetes was determined by a one locus, two allele

mating system, e.g. Physarum polycephalum (Dee, 1960), Physarum pusillum

(Collins, 1962). However, when investigating the breeding behaviour

of Didymium iridis from Honduras and Panama, Collins (1963) found that

the breeding behaviour was determined by two genes, each with more than
two alleles. Thus here again, recent work has shown that the deter—
mining incompatibility mechanism is more complex than originally
supposed.

The heterostylic Angiosperms are a good illustration of the
complexity of the controlling mechanism of incompatibility. The
simplest is the distylic form found in Primula species. Bateson and
Gregory (1905) showed that the control of the incompatibility system
is determined by a single gene with two alleles, and pollen behaviour
is determined sporophytically. Ernst (1936) pointed out that assoc—
iated with the pistil length and anther height were other characters,
such as the pollen size and the size of the stigmatic papillae. He
showed that these factors are controlled by three sub-units of the s
gene which are closely linked, and only rarely does crossing-over
break this linkage to produce abnormal flowers. The mechanism of
control of incompatibility is similar in Primuls sinensis, but is
modified by two independant genes with pleiotropic effects. One of
these, a, Primrose eye, shortens the style length, and alters the size
of the stigmatic cells and the incompatibility reaction of the style;
and the other, m, Fertile Double, raises the anther level without
altering the size or incompatibility reaction of the pollen (Beale,

1939; Mather, 1950). Thus these genes affect the incompatibility
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relationships of the pollen and style. In Linum grandiflorum the

anther and stigma height is associated not with pollen size, but with
turgor pressure of the pollen (Lewis, 1943). Thus here another
factor is associated with the incompatibility gene.

In tristylic species, e.g. Lythrum salicaria, Oxalis valdi~

viensis, each flower has anthers at two different levels, the stigma
being borne at a third level. Compatible pollination only occurs
between pollen and stigma borne at the same height on different plants.
Genetical control in Lythrum is based on two independent genes § and M.
The short style character is determined by dominant S, irrespective of
the Mm constitution. The long style is controlled by the recessive
form of both genes gsmm. Determination of the mid-style length has
been the subject of much controversy (Barlow, 1923; East, 1927, 1932;
Fisher and Mather, 1940, 1942; Haldane, 1934; von Ubish, 1925) but is
contrclled by recessive g and dominant M. Inheritance of bothk Mm and
Ss is tetrasomic (Fisher and Mather, 1943; Fisher and Martin, 1947).
Thus an understanding of the inheritance of incompatibility in Lythrum
salicaria was not solved until 80 years after Darwin (1864) first

wrote about it. The situation in Oxalis valdiviensgis, though similar,

differs in that the two controlliing loci S and M are linked (Fyfe,
1950).

Control of incompatibility in Narcissus triandrud is not

yot elucidated, though commented upon by Henriques in 1887. Recently
Bateman (1952 b) observed that though the stigmas were of three
heights in N.triandrus var. concolor, the anthers were borne at two

heights only. He found that no good seed was set when flowers were

selfed with pollen borne on the same plant. This contrasts with
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the results of pollinations on N.triandrus var. cernuus made in Durham
by the writer, where anthers at three heights were observed and where
low seed sets were consistently obtained on selfing. Bateman (1952 b)
concluded that the incompatibility system is independent of the hetero-
styly, and is probably due to a multipolar system. Obviously the
controlling system is complex and requires further work on much larger
samples of material.

The controlling systems of incompatibility in homostylic
plants have been outlined in section 1L, A, 4. Since East and
Mangelsdorf (1925) first elucidated the basic controlling system in
Nicotiana, many genera with the same type of incompatibility system
have been found, and in the process some anomalies in the controlling
systems have brought information on the basic mechanism to light.

There seems to be two levels of control. There is control of incom—
patibility from within the gene, or gseriss of very closely linked
genes, and modificaticn of control due to the relationship of the
incompatibility complex to the linkage group within which it is held,
and to the rest of the chromosomes.

Anderson and de Winton (1931) found anomalous behaviour in
the crosses between strains of self-incompatible N.alata and self-

compatible N.langsdorffii. More recent work on Oenothera organensis

(Lewis, 1951), Prunus avium (Lewis and Crowe, 1954) and Trifolium

pratense, T.repens (Pandey, 1956), on spontaneous and irradiation

induced mutants involving S alleles, show that the S allele complex
has at least two independently mutable units.
Crowe (1955) and Lewis and Crowe (1958) have shown that

there are at least two kinds of self-compatible species. There are

ﬁ
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those plants which are recently self-compatible (Sc¢), in which fertil-
ity is maintained by an_§f.allele, allelomorphic to the § incompatibi-
lity alleles, but comparable to an experimentally produced pollen-part
mutant. There are also long established self-compatible species (SC)’
in which compatibility is maintained by a self-fertile allele which has
not yet heen recovered in mutation studies‘:«. A%M.%M A/u,u/‘ .

Pandey (1962 a) has tentatively proposed a hypothesis for
the S gene structure which accounts for some of the anomalies found
when interbreeding incompatible plants. He suggests that the basic
incompatibility allele consists of four substances in both pollen and
style. These substances include a growth substance, a protective
growth substance, primary specificity and secondary specificity. The
growth substance he concludes may or may not be a part of the S gene
complex, as it is basic to all funciional pollen; the protective
growth substance is attachod to the growth substance and prevents its
inactivation after both specificities are lost. These four components
are attached to the pollen and style in the order given, the secondary
specificity being added last. By mutation each component may be lost
sequentially from the pollen and style. Theoretically, therefore, it
is possible to have sixteen different types of S incompatibility alleles,
and Pandey (1962 a) believes that he has identified six of these.

The normal self-incompatible allele contains all four parts
in both pollen and style. Loss of secondary specificity in the pollen
is believed to account for the behaviour of mutants of Oenothera organ-

ensis, Trifolium pratense, T.repens and Prunus avium and is termed_§f.

Loss of secondary specificity in the style alone accounts for the

behaviour of the self-fertile allele found in recently self-compatible
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species, i.e. mutants of T.pratense, and Prunus avium. Loss of second-

ary specificity in both pollen and style indicates the position in
N.alata. Lewis and Crowe (1958) and Pandey (1959) explained the fact
that some strains of N.alata reject pollen of the self-compatible N.

langsdorffii as being due to two factors. The first is that N.lange-

dorffii is believed to be a recently self-compatible species (Sc) and

to contain the self-fertility allele S Pollen of this plant, though,

f.
is rejected by N.alata which contains the self-incompatibility allele
§F' This is interpreted by assuming that some specificity is retained
in the‘§f,allele of the pollen, suggesting that though secondary spec-

ificity is lost, primary specificity is retained.

Pandey (quoted 1962) found that some strains of Solanum

pinnatisectum and S.ehrenbergii which had homologous alleles (§ac) in
the style, rejected all self-incompatible pollen. He explained this
by sugegesting that secondary, primary and protective growth substances
are lost in the style, and that the growth substance has been inacti-
vated by the specific substance in the self-incompatible pollen.

The sixth type of form identified in the S gene complex is
the type found in many wild self-compatible species. This S gene
conplex retains the minimum requirements of a dynamic species, with the
loss of both specificities in pollen and style, but loss of the pro-
tective substance in the pollen only. If the protective substance had
been lost in both pollen and style, the species having such an allele
would be completely incapable of exchanging genes with other species
with any pollen specificity, and would prevent all hybrid development

with species retaining pollen specificity.
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Thus Pandey (1962) has indicated that the S incompatibility
locus is probably of great complexity whioch, by loss or inactivation of
one or more of its component parts may change its breeding behaviour.

Grun and Radlow (1961) found that though usually pollen of

the self-compatible Solanum verrucosum will not grow down styles of

self-incompatible species of Solanum, the same pollen would grow down
styles of other equally self-incompatible species, but from a different

geographical location. This condition was not due to Solanum verru-

cosum being a recently self-compatible species, but is interpreted

(Grun and Radlow, 1961) as resulting from a loss, due to pleiotropy or
linkage, of their unused breeding barrier against introduction of genes
from self-compatible species. Thus it can be seen that incompatibility
is controlled both by the state of the incompatibility allele itself,
and by the linkage group in which it is held.

Studies on Vicia faba L. by Holden and Bend (1960) resulted
in g preposal of two alternative mechanisms for the spontaneous fertil-
ity which was a property of cross-bred plants, and certain inbred indi-
viduals and lines. They suggested that this could be due to the
presence of specific genes in inbred lines, which must be related to
the incompatibility locus though not closely linked to it. The other
method suggested was that this fertility was due to heterozygosity,
being a specific expression of hybrid vigour, which overcomes the
necessity of tripping. This observation of spontaneous self-fertility
seems to be similar to that recorded by Denward (1963). He found that

rollination of Trifolium pratense L. between ordinary plants and stigmas

of plants derived from shoots of the same clone, but grafted on to other
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clover material, gave rise to 20 to 40 times higher fertility than nor-
mally derived by spontaneous fertility. He assumed that spontaneous
fertility is normally genotypiocally controlled in Trifolium, but that
its effect is greatly accentuated due to grafting. Another unexplained
peculiarity of incompatibillty alleles is the situation that was found

in Physalis ixocarpa by Pandey (1957). Here, intercrossing progeny

derived from a reciprocal cross gave rise to a different number of
breeding groups within each of the progeny. This was explained by a
differing relationship between the two genes involved in the parent
plants, as shown above. The alleles involved were identical so the
difference must lie either in the relationship of the incompatibility
allele to the rest of the genic complement, or to a cytoplasmic in-
fluence. Perhaps the phenomenon of end-of-season effects may even-
tually be explained in these terms.

As investigation on incompatibility proceeds not only does
the complexity of the incompatibility locus become more apparent, dbut
also the system which the loocus controls. Bateman in 1952 a,considered
it doubtful whether two or more loci controlling an incompatibility
system could give rise to an efficient system. However, Hayman (1956),
Lundquist (1954, 1955, 1961, 1962) and Pandey (1957) have elucidated
two different systems controlled by two genes, one of which is present
in the very successful Gramineae family. The complex nature of the

incompatibility system in Theobroma cacac (Cope, 1962) has at last been

elucidated, the barrier to fertilisation lying in the ovary, with the
pollen behaviour having characteristics both of gametophytic and sporo-
phytic determination. The system of incompatibility in Coffea

canephora canephora is still unsolved. Self-incompatibility is present
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in varying degrees, but no evidence of cross-incompatibility has been
obtained (Archibald and Pritchard, 1960).
From a knowledge gained in this study, it is suggested that

the incompatibility system present in Campanula persicifolia may be

elucidated by considering the progeny derived from a reciprocal cross,
between two self-incompatible plants, preferably from the wild. At
least 40 plants within each of the progeny groups should be examined.
If a two gene system is present a maximum number of 16 different
breeding groups within the progeny could theoretically be obtained.
From a consideration of 40 plants, duplication of plants within
breeding groups would be ensured, and most breeding groups would be
represented. Intercrossing the plants within a family would reveal
the number of groups present, and intercrossing the plants from the
two familics would indicate whether the groups present in each indi-
vidual family were idecntical. Croases between parents and progeny
would indicate the exact relationship between them. A large supply
of material would be required for these studies but this should be
readily available by vegetative propagation of each plant.

It is suggested that all means of overcoming self-sterility
should be attempted, i.e. out-of-season flowering, raising flowers in
the dark, and the use of growth regulating substances on the ovary at
the time of pollingtion.: The behaviour of progeny raised from a
known true self would provide valuable information about the nature of

the controlling incompatibility system in C.persicifolia.



Pig.l.
Fig.l. MATURATION OF A FPLOWER (F CAMPANULA PERSICIFOLIA.

\ s ANT HER
I : ) ENSHEATHED
STIGMA
\( FILAMENT
07‘\ " ) NECTARY DISC
BUD X Ii4 BUD X1, HALF FLOWER OF 2.%11,

BACK OF STIGMAS
COVERED WITH HAIRS

7

PISTIL X1,

PISTIL X L.

HALF FLOWER X1,




Fig.2.

PENETRATION OF POLLEN TUBES IN PISTIL

100 -
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Figz.3 % 3a.

Fig.3.
BREEDING PATTERN OF PROGENY OF CRGSS 177.11 / 177.14 (P).

L 5 9 16 17 18 21 22 IH

L o / /N o/ o / e [/ oo

5 /o / /N / /4 o0 / o

9 [/ / QoJfoco / 00 o/ o -

1 0/ oo / of /N N/ o [/ o

w / /S S o /S /N o0

L A /2 T A | Y A A

a N/ o o /S S o/

22 o/ / o [/ /N / / o o

ma - - - - - - - - 0
Fig.3a.

SIMPLIFIED BREEDING PATTERN OF CROSS 177.11 / 177.1h DERIVED

FROM FIGURE 3.

177
6 521 9 4 17 18 22 .1

16 2t o o / f S/ 7 / o
5 / olo / / / / / o
a o / o/ /S /7 /7
s / / / o/ / o o -
»w / / o / oo / / o
w [/ / /7 S o/ /0
A A A AN | a4
2 [/ / / o / / / o]/
7 - - - - - - - - 0]

KEY. O = incompatible pollinatiom. More than one symbol per
/ = compatible pollination. squars indicates the result
- = pollingtion not made. . of each repeated pollination.



Figs b % La.

Pig.h.
BREEDING PATTERN OF PROGENY OF CROSS 177.14 / 177.11 (0)
b 5 6 19 20 22 25 24 lﬂ
v o / o / o o o [/ /
s [/ oo / o S/ o o [/
.6 0o / o / o o o o /
9 o o / o / o // o o
20 / o o / o o / / o
22 o o/ o0 // o oo o o
23 o / o o / // of / o
a /o SN o/ S oo
waw  / / / o o0 / o0 / o0}
Pig.la.

SIMPLIFIED BREEDING PATTERN OF CROSS 177.1k / 177.11 DERIVED

FROM FIGURE ).

177
6 4 22 23 19 5 20 2k .1k

6 0,0 0 o / / o o /

» o oo o / / / [/ /

22 o0 o0 oy/ / / o / o

23 o o / of o / / / o

9 / o / / 9o / / o

s / / / / o o/ / /

20 o / o / / / o/ o

a [/ /S 7/ /S /S S o/

maw / / / o/ / o / 9]

" KEY O = incompatible pollination.  More than one symbol per
/ = oompatible pollination square, indicates the result
- = pollination not made. of each repeated pollination.



Pigs.5 = 5a.

6 sremyne parERy OF PROGENY OF CROGS 177.11 / 177.16.
1 3 8 9 12 16 17 1B 19 2 [IZim/]
1 9,0 o o // o o [/ /) o -
3 / o900 o / o o/ / o [/ -
8. 0w oo // o / // o o -
9 o o o o // o / o0 o o0 -
122 / / Jo o0 0] 0 0 o o o0 o
16 o o o o o o o / o0 o [/
w /N /o / o/ o o / o/ 0w -
8/ /o /N /S /N 0)lo0 [/ -

1 / o/ o [/ o [/ o o o/ -
20 co / o o =-o000 // / 00 o0} 0O

(177.16/.11) Y e § o]

Fig.5a. .
SIMPLIFIED BREEDING PATTERN OF CROSS 177.11/177.16 DERIVED

FROM FIGURE 5.

177.16/]
1 20 19 12 17 13| .11

8 16 9 3
8 oo / o o o o / / [/ -
%6 o o/ o o o o o o / [/
9 o o oo o o / / / o -
3 o0 / o/ / o [/ / [/ -
-1 o o0 o o oo / / [/ / -
20 o o o / o 0o - / / o
v o / / /S /S oy 0o /)
12 / o o / / o o ol o / o
w7 / o / /S / o /S / o/ -
B /7 / / / / /7 o [/ / 9 -
(177.16/.11) -/ - - -/ - 0 - - 9

KEY O = incompatible pollination.  More than one 3ymbol per
/ = ocompatible pollination. square indicates the result

- = pollination not made. of each repeated yollination.



Figs.6 % 6a.

i8S BREEDING PATTERN OF PROGENY OF CROSS 177.13 / 177.11.
2 3 4 5 6 7 8 10
2 o0 0 o o0 o /N /) [/
3 / oo /N o o0 o o
.k 0 o 9of o // /) o/ 0
5 o000/ o oo/ o [/ [/
6 o / o o o / o /
7 o o o0 J/ /) B / o
8 ©0 o00 00 00 o0 / o} /
10 / o o / oo/ 000 o/ 00]
Pig.6a.

SIMPLIFIED BREEDING PATTERN QF CROSS 177.13 / 177.1) DERIVED

FROM FIGURE 6.

2 8 &L 5 7 10 3 6

2 o/ o o / / o0 o0

8 o o9f o o / / o0 o

» o / oo / o / /

5 o / o o/ / [/ [/

1/ / o / oo / /

10 / / o / o oo /
3 / / / / o o o/

6 o o o / / / / 9

KEY O = inocompatible pollination. More than one symbol
/ = oompatible pollination. per square indioates the
result of each repeated
pollination.



FigB .7 ’gﬁ 7&-

rig.7. .
BREEDING PATTERN OF PROGENY OF SELF 177.12 (W).

3 4 5 6 10 1 16 17 18 22 24

3 o o / /o0 o o o / o 00
b o o0 / / 00 000 o0 00 / /o
s / / o / / / / o [/ o0
6 /oo / o0 o] o0 / o / o [/ [/
w ./ / / / 9] o o / / o o0
14 o / / o o o / o o o o
% - o / // o0 o 9o o / o0 0
17 o o / / o o o 0o / 00 00
B8 / /4 o0 o /S o /S o5 o [/

22 00 / o0 // o // /o oo o] o
e f) o S0 o o o /) o o0 o Q]

Fig.7a.
SIMPLIFIED BREEDING PATTERN OF THE SELF 177.12 DFRIVED

o

FROM FIGURE 7,

3 17 16 4 14, 6 10 5 18 24 22
3 o0q o o o 0o / o/ / o o0
7 o oo o o / o / / o 0
%6 - o0:000 0o / o / /. o0 o0
4 o o o oo / o / / o /
» o o / / o/ o / / o0 o0
6 / / / / / 90 0o 0o /) /
w / / o / o / o/ / o0 o0
s / / / / / / / oo o [/
v / / / / /S /7 /7 o 9/ /
an /) / / / o / / / o 90
22 o / / / o / o o o o 0
KEY O = incompatible pollination. More than one symbol per
/ = compatible pollination, square indicates the result of

- = pollination not made. ' eaoh repeated pollination.



FigSoB % Bau
Pig.8.
BREEDING PATTERN _QF__ PROGENY _0_[’_ CroSs 177.34 / 177.20 ‘cl)_

177 177
1 2 3 8 9 12 15 17 21 2, .14 .20

1 0/ / o/ o /N S/ o N o [/

2 // 00 0 ¢/ 00 / o o o / [/ [/

3 / oo/ o o / o0 o0 00 o - -

8 o /S /M o / o / / / o [/ oof

o' o /S /S oo -/ o / - -

12 o // / o o0 0] o/ / o000 o0 - 00

15 o o / / o J/ of o o / - -

17 /f/ o0 o / o0 / o of 00 / 00

. J/ o o / o / o o oo o /

2% o // // o / o / // o/o ojooo 00
177.14 / /- /S - - -/ - / o00|//
77.20 o0 / - 0 - 0 - [/ - 0o/oo0 00]

¥ig,8a. SIMPLIFIED BREEDING PATTERN OF GROSS 177.14 / 177.20 DERIVED
FROM FIGURE 8, '

177 177

2 17 3 21 1508 24 12 1} 91}.14 .2

2 oo o o o/ 7 /7 /|o|/ 7

17 o oo o o/ / / /]o|l/ o

3 0o 0 4 o o / / / /o) - - Group 1.

22 o o / ofol/ / / /]o|o /

15 fo o / o o/ / / /lo]|- -

s |/ / / / /|lo o o ofj/|/ /

a |/ / / / /]|lo g o of/]o o

12 |/ /7 / o /|lo o of ojlo]|- o Srour 1l

11/ / / / /jo / o olf/]|o /

s l/ / / o -1/ / / /]lof - -] Growp 11
waw |/ /- = =N = =T ] perents.
w20 |/ / - - -]10 0 0 O]|-1/ ol

KEY O = incompatible pollination. More than one symbol per square
/ = compatible pollination. indicates the result of repeated

- = pollination not made. pollinations.



Figs '9 '04 9&.

Fir.9.
BREEDING PATTERN OF PROGENY OF CROSS 50.13 / 50.7
1 2 9 13 1 19 20 21 23 24 50.7
1 of o / o / o/ 0o o [/ -
2 o ol o o N/ / o o o o
A/ I A R/ TV A VA
13 o0 o o0 o0 o o // o [/ o [/
wmw o o o o o / o000 [/ [/ /
19 o0 // o0 o [/ o o o /J [/ [/
20 o / o0 ooo0000 0o/ 0000f o o o -
21 o o/ o oo o o o o0of / / o
23 o /N / /o / /N / o o o
e/ /o /S /S of /o o/
50.7 - - - - 90 - / o - / -]
Fig.9a. SIMPLIFIED BREEDING PATTERN OF CROSS 50,13 / 50.7 DERIVED
FROM FIGURE 9.
1 2 9 1, 21 13 20 19 25 24 50.7
oo / / o o / / o / -
2 o o/ / o o / / / [/ o
S / / oto o / / /S /S S/
wn [/ / o o o o o / / [/ [/
212 o / o o oo / / / [/ /
13 o0 o o o o/ o / [/ /
20 / / o o o o o/ / / -
19 o / o / /S / /L o/ /7
23 o / / / / / / / 98 0o o
e [ / / / /7 S/ /7 o o/
507 - - - 0 0 - / - - / -]
KEY O = incompatible pollination. More than one symbol per

/ = compatible pollination. square indicates the result of

- = pollination not made. each repeated pollination.




Figs.10 % 10a.

Fig.10.
BREEDING PATTERN OF PROGENY OF CROSS 50.7 / 50.13.
3 6 8 12 13 1, 15 18 20 24 50.7
3 0o/ - 0 0.0 0 0 0 00 O
6 o o / [/ o /N VN /o /
8 o / ) 0o o0 00 0 0 0 00 00
e // / // o o o // b o o [/
13, 0 o 00 0 0 0 O 0 00 O
»» o / o o o o o o0 o0 0 O
15 o0 o o0 0 ©0 o o] o 00 00 O
18 o / o 0 o o o of o o0 O
20 / / / o0 00 o // o o o /
o // o /) o o [/ // / o oo/
50.7 o 0o / - - - - - - - - |
?ig.10a.
STIMPLIFIED BRFEDING PATTERN OF CR(SS 50.7 / 50.13 DERIVED
FROM FIGURE 10,
3 15 8 13 14 18|12 20 24 ] 6[50.7
3l09€$ 0 - 0o o olo o o /] o
15 |0 o o o o olo o of /] o
8 l]o o o o o ofto o of/]o
13]0 0o 0o of o oo o of/]| of frouel
o o o o o ofo o o]/ o
8] o o o o o offo o o]/]| o
12/ / / o o oflal o of/|/
0|/ / / o / o|lo g} of /]| /]| Grow 1l
aal/ /s / o / /Jo o g)jof/
e 1/ / / / 7/ /|/ / oo /| Grou 111
50.7 0 - / - = - - < =-]o| =] Parent.
KEY O = incompatible pollination. More than one symbol per
/ = compatible pollination. square indicates the results

pollination not made.

of each repeated pollination.




Fig.10b.

Fig.10b,
BREEDING PATTERN OF PROGENY OF CROSS 50. 0.1
DERIVED FROM FIGURE 10a.
3 15 8|12 20)18 1y]2u|13| 6|50.7
3] o8 o - o o]l o of o] ol /] o
15 o o ofo of o of ol of /| o} Grou 1.
8] o o adl o ofo ofofl of /] o
12y / / /1 o of o o] ol of /] 7
20{ / / /|l o 9l o /| o] ol /| 7} Grow 11
B! o o o] o o]lg of of of /| o
w| o o of o ol o gl of of /| of Erouw 111
2hy / / /p o ol / /] 9| o] of /] Grouw 1v
131 0o 0 ©0fj 0 0j 0 O] o} of /| 0] Growp V
8y / o/ AV / v/ /Lol /1o /) Grop W
5.7} 0 - /} - -] = -| =] -] 0] Zjj Parent
KEY
0 = inocompatible pollination.
/.= compatible pollination.

pollination not made.




Figa.ll % 1lla.
Flg.11

BREEDING PATTERN OF PROGENY OF SELF 50.13 (L).

3 8 9 12 16 18 21 22

3 9 o o /J o0 / o0 o

8 o o o o // o o o
.9 o o o / o /oo o o
12 / o [/ o / o [/ oo/

16 o o/ o / o / o o

18 / o /o o / o/ oof

22 o f/ o0 / 00000 O O

22 o o o /o o / o o

Pig.lla. SIMPLIFIED BREFDING PATTERN OF PROGENY OF SELF 50,13

DERIVED FROM FIGURE 1l.

3 9 22112 18] 8121 216
3 g o o/ /{lolo o
9 o o ol/ /lol o ol erow:
22 o o o/ /]ojo o
121/ / /| oo/ /
18 / /7 /]o al o / / Group 11
8 o o ofo oo/ /]| Grouw 111
22 o o o/ ol /| o o
1% [0 o of/ /|/] o o Gl

KEY O = incompatible pollination, / = compatible pollination.
More than one symbol per square indicates the result of

each repeated pollination.



Pig.lZ.
Fig.12,

BREEDING PATTERN OF PROGENY OF SELF 50,7.

1 3 4 5 7 81011131#1617.1920222350.7

1 9o /o/ o /oo / o / o o / / o000 [/
I /A /A
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17 oo / / o / o /) o / o0 / /S - - /
1  / / o / o o / o o o o oo / / [/
20 /o o / / / oo/ o / / o / oo [/ o
22 oo o / / Joo o / / / o/t / o/ o
5 / o/ / /oo / / / - - —0 - /o -
07 = = = = & = = = = = = = « - = = -
KEY

0 = incompatible pollination.
/ = compatible pollination.
- = pollination not made.
Wore than one symbol per square indicates the
result of each repeated pollination.




Fig.l2a.

Fig 12a.
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- = pollination not made.




Figs.13,13a % 14.

Fig.13.  BREEDING PATTERN OF PROGENY OF SELF 1.7.
1 2 3 4 5 6 7 1.7
T 9 /o /o /) /-
2/ o / o [/ o0 [/ -
3 o / oo /S /N W
» / o o 9o / o /oooo
s /S o / /S o / N/
6 / o / o / o o -
A/ A/ A A N /4
1.7. - o /J o0 /J -/ -
Fig.13a. SIMPLIFIED BRFEDING PATTERN OF SELF 1.7 DERIVED FROM
FIGURE 13.
2 L17| 511 3]7}) 6
2 oo -|/)/ /]|/])o
Lo o of/)/ /} /) o] Group 1
1.7 o o N/l - /1/% -
51/ / /1ot / /1 /] /] 6rowp 12
L A A AN ANA AR
s 1/ /7 /1 /] o aif /] /] Frome it
71/ 7/ /1 /Y /7 /| o of Growp 1V
6 o o -/l / /] o Group V
Pig.lh. BREEDING PATTERN OF PROGENY OF SELF 1.L.
10 13 16 1.4
10 oo] o0 00 00
13 //oo Joooo) /00 0
16 00 00 o] 00
1.k 00 0 0 _-|
KEY O = incompatible pollination. More than one symbol per

/ = compatible' pollination. square indicates the result of

- = pollination not made. eaoch repeated pollination.




Figs.15 & 15a. -

Fig.15 BREEDING PATTERN OF PROGENY OF SELF 181.1k.

1 2 3 4 6 7 10 1 12 121

1 ool of / oof // 00 oo0o /o of 00

2 ffoofood) / o/ // // o0 o0 J/ o

3 / /N g / o0 // off J/ o off

L off /// oo/ ool o0 /fo/ oo/ //o o0 o

6 // /o oo god o0 [/ f/ o0 [/

7 o0 J/ // //o /o ool o0 o000 000 ©

0 J/ o0/ /o o/ gd o0 /o o

1 // o [/ / /o /o o0 oo // o

2 /N oo o0/fffo /SN oo N/
8L - - - - - - - - o

Fig.1l5a. SIMPLIFIED BREEDING PATTERN OF SELF 181.1L DERIVED FROM

FIGURE 15. .
181

2 11 10.14 6 12 I

2 g0 0 o / / [/

1 o g9 o0 o / / /
0 o o o o / / [/
VLI -« - - 0o - / -
6 [/ / / / o o [/
12/ / /7 o 9 [/

i / / o o / / o

7 / o o o / o o

vw [/ / / o o o /

3 / / / / o / /

KEY O = incompatible pollination.

/ = compatible pollination., '

- = pollination not made,
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NNl o No 1 NN\ N
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e

More than one symbol per square

indicates the result of each

repeated pollination.



Figs.16 % 17.

Fig.lé. BREEDING BEHAVIOUR_QE TETRAPLOID PROGENYlgg CROSS
177.14 / 177.20 (cl)_.

177 177 ¢
T .14 .20 =2 -8 =12 <17 =21

tetraploia o o / / - - / o

177.14 o o /
parents
177.20 o / 9
\ cl"' 2 0
-8 /
diploid
c,-12 0
progeny
01-17 0
c,-21 -
Pig.17 BREEDING BEHAVIOUR OF TETRAPLOID PROGENY OF CROSS
179.1% / 179.15 (C.).
179 179 02
T15 T27 .14k .15 =3 <10 12 “-15 -16 <18
s o / / / / - - / 0 0
tetraploid
7 o / / / o -/ 1 /S /7
179 o /o /
parents
179.35 o / / 9
c~3 0 /
€10 0 /
diploid
c,-12 o /
c,-15 /  /
progeny
' 02-16 0 / -

62-18 0 /
KEY O = incompatible pollination, / = compatible pollinatiom,

- = pollination not made.



Figs.18 2 19.
Fig.18. BREEDING BEHAVIOUR OF TETRAPLOID PROGENY OF CROS3

180.15 / 180.16(651.

180 c
TL T4 .15 <1 =3 <9 -10 o-12 -13 -1,

T o o / o / - - 4 - 0

tetraploid
™ 0 o / 0 0 - - - . 9
parent.180.15 / o o
\ 03- 1 o /
03- 3 0 0
diploid
cC-9 0 ©
3
05-10 / ©
03-12 o o
progeny
c,-13 0 ©
3
C -1k / 7/
Fig.19. . BREEDING BEHAVIOUR OF TETRAPLOID FROGENY OF CROSS

180.17 / 180.13 (¢,).

180 cl
T .17 -1 =3 Y5 14 18

tetreploid T40 o / /7 / - /
parent 180.17 / 0

c:{_' 1 0

c - -
diploia ¥

c,- -
progeny

c,-1. O

L

¢, -1 /

L 8 -

KEY O = incompatible pollination,. / = compatible pollinatiom,

- = pollination not made.




Fig.20.

Pig. 20, THEORETICAL CROSSING TABLE DERIVED FROI SELF S

. 1.223.L
All genes and alleles are equal, pollen behaviour is

gametophytio, and incompatibility is present when one or more
alleles of the pollen are matched in the style., Self-incompat-

ibility 1is overcome in the parents only. Table 10,section g.

Parents 31_223,4 x s1.223.1u-

Gamatos : (3,23),(8,2,),(3,%,),(8,2,) x (8,2,),(5,7,),(3,2,) ,(3,2,)

Progeny:
) = S =3B S = =
1.1%3.3 =4 1.1%3.1, 1.2%3.3=C 5y 585, =D
8y.1%3., =8 8323, ,°F 3 % ,=D 8 % ,=F
= s =D s = S =
8,.0%3.3=C 1.2%3.1, 2.2%3.3 = € 2.0%3., = 1
81.0%3., =D 8y 08, , =F 8, 0%, =H 8, .8 =7
Tnterorossing the nine different progeny A - J inclusive.
A B ¢ D E F G H J
A oo o / o / o / [/
B 0 0 0 0 0 0 O 0 O
C o o o 0 0 0 0 0 ©
D 0 0 0 O @ 0 0 0 O
E o o / / 9o o / / ©
F 0 0o 0 0 0 o 0 0 O
¢ o / o / / / 9o o o
H 0 0 0 0 0 0 0 o] O
r / / / / o o o o 0
KEY 0 = incompatible pollinationm,
/ = compatible pollination.




Fig.21-

Fig.2l. TO ILLUSTRATE THE WAY IN WHICH PROGEMY DERIVED FROM A

RECIPROCAL CRO3S MAY HAVE A DIFFERENT NIMBER OF BRESDING GROUFS.
Example taken from Table 10, sections d, and d
4

5.

dh_ Gene relationships. Sl independent,
.‘.’;285 epistatic to Z6Z7 in pollen
82 epistatic to 2627 in style

Parents 3_1_225,6 x s}.uz6.7

Compatible male gametes: (33z6)’(33z7)'(3426) ,.(shz7)

Progeny '
8).3%5.6=4 81385 ,=F 8 B =T 8 Z; =N
81.3%.6=8  S13%.7=F 31 ,%6=% 8 ,%7°0
85,3956 =C 85385 7=6¢ 8, B =L 8, % ;=P
85.3%6.6 =D S,.3%.7 =1 S,.%.6= Y 8y0%.7 =9
Intercrossing the progeny A - Q inclusive..
ABCDOCGCHETPUJIXTILMNHUPOQUHNO
A oo/ /) / /ooo0oo/ /) /S /) /) a1
B 0'9////00/0///// o
c / /o000 /// /)7 77/
D //og|00//////////c,p3
&« / /oo9ao/ /L) LSS :
¥ //oo0oo0 o/ / /)L 7/
A I e
F / 0 0 0 .
T 0TI )T a0 00 &2
K ////////09////00 Gp.7
r / /7 /7 /7 /7 /7 /7 / o o000 /
w /7 /77777 /7 /7 /o900 // Gp.8
v // /7777 /7 /7 /7 /oooo// .
0000008550944 .,
1 [ ]
o //// /7 /7 /7 / oo/ /// 0 6o
KEY 0 = incompatible pollination,

/ = compatible pollination.




Figo 22.

Fig.22. TO ILLUSTRATE THE WAY IN WHICH PROCENY DERTVED FROM A

RECTPROCAL CROGS MAY HAVE A DIPFFRENT NUZBER OF BREEDING GROUPS.

Example taken from Table 10, sections <1l+ and dsm

d5 Gene relationships as dh’ see figure 21.

—epen

Parents Z

S3.,%6.7 X 51,9556

Compatible male gametes: (slzs),(szzs),(szzs).

Progeny

S1.3256 =4 S10%5.9°0 567 % 5% =K
81.3%5.7=8  Sy5%56=F 8,85 ,=H 3, % e"T
$1.%5.6=C  Sasfg =T Syl =T 5, F =M

Intercrossing these progeny A - M inclusive.

o
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NSNS\ NN o W

NNNNNNNNg oo N\NT

NNNNO 00 O NN\ H

NNNNoOK 0 O NON\™\Y
Sy SIS
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O © OJo NN W\ P2

o olo o N NN N NN\

Ol O O NN\

12 © © A INSNONNINNNN
]

[
¥

SZHNIQORqEROQUE P
NN NN N NNl e

NN\ oloN\N o ©
NNNNO O olo N NN\
N0 O O O NN H

KEY O = incompatible pollination,

~
"

compatible pollination.




Fig- 23 .

Fig.23. THEORETICAL CROSSING TABLE DERIVED FROM SELF 81 22, L
o Je

All genes and alleles are equal, pollen behaviour is
gametophytis, and incompatibility is present when both alleles
of the pollen are matched in the style. Self-incompatibility

is overcome in the parents only. Tablé:ll, section a.

Parents Sl.zz‘,’.!+ X 81'223-u

Gam;tea: (8125),(slzh),(32z3),(32zh) x (3123)'(31zu)'<8223)'(Szzu)

Progeny:

$1a%5,35 4 SB19%,, 7B 81585570 3,0, =D
S1a%5,, %2 S10%, " F 31,5, 0 5.5, F
81,083,350 8y .5, =D Sy 505526 8, 0%, =1
S1.0%., 70 SRR s T SaBa s 3505

Intercroasing the nine different progeny A - J inclusive.

A B € D E » & H J
aooo /7 7 S 7 S TS
B o o / / o / / [/ /
c o / o/ / / o [/ [/
P o0 0 O 0 O O O 0 O©
E / / /7 /7 9/ /7 7/ /
r / / / / o o / / O
¢ [ / / / /7 / o/ /
xw / / / / / / o 9 o
: / /7 /7 7 /7 /9

KEY 0 = incompatible pollination,

/ = compatible pollination.




Fig.24.

Fig.24. TO SHOW HCW RECIPROCAL DIFFERENCES ARISE VWHEN INTERCROSSING

PLANTS OF A FAMILY. See Table 10, sections d? and d3.

11.2_ Parents Z5 X 3 Lz6 7
Gene rela.t:mnship. 81 independent, S S3 epistetic to zsz_’,pollen
82 epistatic to 25271n style.
g::g::;ue male gametes: (85Z7),(Sl+ 7
9).3%.7° 4 S5.5%5.9=C 8 % ,=FE 8, % =6
f1.3%.7° 8 Ba35%.7=0 3 ,%.,=T S,,%,=H
A B ¢ D E P ¢ H
A o o / / o / /) / 6
E o o / / / o / [/ Gp.o2
c / / oo / / / /
D//ogl///_:_l—cp'3
E / / / / o o / / e
r / / /7 /o 9 / / .5
¢ / / / / / / 9 o
R/ / / /1 / o ;“%-6
fi_reciprocal of d,. Compatible male gametes: (8 5) (S Z_ )- (s z7,,
Progeny
S1.3%5.6 =4 8y ,%770 8, 56 =F 2377'
51375728 By3856=F 8, ,Z;,=H 8, % .=
S1.9.6=C 393857 =F 3, =T 8, 5=
ABCDETPFJIKGHTELHWN
A / A
g'g;l;'o;;;;;';;;gg.z
VAN I DA A A A AN AN AN =N
b /s /Sooa/ /S S S S S Gp.k
A SN
r /7 /7 0000/ /) /[ %5
A Iy
??////////BQIOOGP.6
. //// /7 /7 / / o0oo0aqgo
w [/ //// // / ooo(
KEY / = compatible pollination, © = incompatidle pollination.



Fig.25.

Fig.25.

BREEDING PATTERN FRODUCED BY INTERCROGSING PLANTS OF

1
00l
/
/4
o//
V4
//
/
//
//

]

O 0 N0y W N

2

/

ool

CAMPANULA THRYSOIDEA (166.1).

3 L 5 6 1
/N oS ool I
/v
ol // of N/ N
/N N/ A A |
AR/ | B/
oo [/ /// ool //
o / /o / ool
Y/ A/ I/
/2 / S A/ /4
KEY

8 9
0w //
V/a/4
/o
//
o/ o///
V/A/4
/o
ool ///
/ool

0 = incompatible pollination.

/ = compatible pollination.

- = pollination not made.

More than one symbol per square indicates the result

of each repeated pollination.



Fign.26 & 26a.

Fig.26. BREEDING PATTERN PRODUCED BY INTERCROSSING PLANTS or

CAMPANULA BARBATA (106.1).

1 3 L 5 7 8 g 10 1n
1 00 / / - 0 - o [/ .-
3 o 0] o0 oo / / 00 000 ©
4 / 0000000 0CO / 00 000 O O
. 5 / 00 000 000 O 00 /00 O 00
7 o / / o0 0 - [/ 0 -
8 - o/ 00 00 - 00 0O 00 O
9 00 00 00 000 / - 000 O -
10 / 000 000 000 0

00 000 00| 00
11 - - - -

- o9

Fig.26a. STMPL. [FD BREEDING PATTERN OF C.BARBATA (106.1) DERIVED

FROM FIGURE 21
3 4, 9 10 5 11 8 1 7
3 o0 0 o o o o / o /
L o0 9o O c o o / /
9 0 0 0 0 0 « - 0 [/
10 o0 0 0 0] O o / o
5 o o/ o o o 6 / o
11 - - - - - 0 - - =
8 / o o 0o 0o 0 0 - =
/ / o / - - - 9 0
7 / / / o 0o - - o0 9
KEY O = incompatible pollination, More than one symbol per
/ = ocompatible pollination, square indicates the result

pollination not made, of each repeated pollination.



Figs.27 & 27a.

Fig.27. BREEDING PATTERN PRODUCED BY INTERCROSSING PLANTS OF

CAMPANULA MEDIUM (137.1)

1 2 3 L 5 6 7 8 9
1 w0 / o o o / o o /
2 o o] / / - - - - .
3 o / o o o / o [/ [/
' L o o o o o o / o0 o
5 / /o / o/ o o
& / / / /7 / 94 o [/ /
7 o o o o o o o o o
9 / 0 o o o / o o o]
Fig.27a.
- SIMPLIFIED BREEDING PATTERN OF C.MEDIUM DERIVED FROM
FIGURE 22.
L 7 1 3 9 5 6 2 8
» 9 / 0o 0 0 0o 0 0 O
7 0 0 0 0 0 0 0 ©O0 O
1 o o o o / o / / o
3 o o0 o0 9o/ o [/ [/ [/
9 o o / o0 90 0o / o0 o0
5 [/ o / o o o/ / o
6 / o / / / / o/ /
2 / - 0 / - - - 9 -
8 - - - - - - - - 9
KFY O = incompatible pollination. More than one symbol per

~
f

compatible pollination. square indicates the result

pollination not made. of each repeated pollination.



Pigs.28 & 2Ba.

Pig.28, BREEDING PATTERN PRODUCED BY INTERCROSSING PLANTS
0P CAMPANULA LANATA ‘1&5.1!.

1 2 3 » 5 6 7 8 9 10
1 o o - / / o0 o0 o0 0 o0
2. 0 0 / o / / o / o o
3 o / /]'/ o - 00 o o o
Vb / / o 0 o o o o [/ /
5 o / o o 0, 0 0 0 0 O
6 / / o o [/ oof / o /J o
7 o o o o o o of o [/ [/
8 / o o0 - - - - 9o - -
9 o o o - o // / o 9o o
10 o 0 o o o0 o0 o0 o0 o //|
) Figlzsac
SIMPLIFIED BREEDING PATTERN OF C.IANATA DERIVED FROM
FIGURE 23,

L, 5 7 10 6 1 3 9 2 8

¥ o4 0 0o / o / o / / o

5 o0 o o o o 0.0 0 / o0

7 o0 0 0o/ o o 0o / o o

10 o o o /J]o o o o o0 ©

6 o / / o o/ o / / 0O

i / / o o o o - 0 o0 o©

53 / 0o o o0 - o [/jo / o

9 - o / o / o o0 o o o

2 o / /-0 / o / o o /

8 - < - -« -/ 0 - o 9]

KEY O = incompatible pollination. More than one symbol per -

™~
]

compatible pollination. square indicates the result

pollination not made. - of each repeated pollination.




Pig.29.

Fig.29.

BREEDING PATTERN PRODUCED BY INTERCROSSING PLANTS OF
CAMPANULA GROSSEKIT (190.2).

1 2 3 4» 5 6 7 8 9 10
1 9 / o / o [/ [/ [/ o [/
2 / ol o o / / o o o o
3 o / o0 o / / o o o [/
» o / o o0 0o / o o 6 0
5 / o [/ o @0 o o ¢ ¢ [/
6 / o / / o o 0o o o /
r / / /7 /4 / / o4 o / /
8 / e / o o [/ 0 0 o o
9 o o o o [/ [/ /J [/ o0 0O
10 o o / o / o o 0 o0 00

KEY

0= :Lnoompatflble pollination,
/ = ocompatible pollination.
More than one symbol per square indicates the

result of each fepen.tecl pellination.



Fig.30.

Pig.50. BREEDING PATTERN OF PROGENY OF CAMPANULA

PATULA (141, 1-1y /-12).
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KEY O = incompatible pollination.
/ = ocompatible pollination.
- = pollination not made.
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Fig.31.

115
10
62
92
52
75
28

Pig.31.

BREEDING PATTERN O PROGENY OF CAMPANULA PATULA
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0 = incompatible pollination.
/ = compatible pollination.

- = pollination not made.
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Figs'.}z & 328. L]

Pig.32. BREEDING PATTERN OF PROGENY OF CAMPANULA ROTUNDIFOLIA

CROSS 157.k-1 / 157.2-2.

1 2 3 6 11 15 16 17 18 20 23
1 ol o SN A NN o T
2/ffo0 o o/ o/ N o /N /N / o/
5 /N oo /N /W /N N S0 S0 S0 Jo -
6 oo // // oo/ /I /) /o oo
1 /Jlo /o /i 1 @Y /S o0 S N ol
I A A A/ AN | R A/ A A
w [/ /oo /o0 ol//f/fo // o0 ///0
w /N o /S o o0l oo o0 ///0
8 /// oo foo // o // oo oo o0l///fo o0
20 /I /N M 00 [ N DA N
23 /// oo/ of /) /// of/f o0 o0 00 o0 9

Fig.32a. SIMPLIFYED BREEDING PATTERN OF C.ROTUNDIFOLIA (157.4-1/157.2-2)

DERIVED FROM FIGURE 32.

15 6 1@216 17 23 18
s o / /4 / /S 7 /S S S
6 / o o / / / / / / o [/
x / /S o /7 /S o /7 /S S/
@ /7797777 0/ 7
2 o / / / o / o /) /S [/ /
O NEY NEAENY.

o / / / 1/ /7 A/ S ST
% o / / / / /7 o o/ / /
w / / / / / / o o of / o
3 / / / / / / o o o g o
88 / / / o o / / o o o 0

KEY, O = incompatible pollination, ®= number of times pollination failed.

/ = compatible pollination, IN= number of successful pollinations.

- = pollination not made. Ringed numbers indicate those plants
which ocoasionally showed o low self-fertility.
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SUMMARY

Incompatibility has been studied in the genus Campanula, by

detailed investigation of the breeding behaviour of C.persicifolia,

and by a survey of the extent of incompatibility within the genus.
Material of C.persicifolia was grown in an insect-proofed greenhouse,
and incompatibility was measured both by seed set and by pollen tube
growth.

Preliminary experiments in C.persicifolia showed that compatible and

incompatible pollen could be distinguished in the pistil 48 hours

after pollination, when compatible pollen tubes were at the style

C.persicifolia is self-incompatible, though a few plants were self-

fertile under some undetermined conditions. Inhibition of incomp-

atible pollen took place either in the stigma, or more rarely at
the tip of the style.

When incompatibility was measured by pollen tube growth, pistils
were removed 48 hours after pollination and were stored in a
sub-zero refrigerator.

Pollen tubes were stained for scoring with an azo-dye, chlorazol

paper brown.

C.persicifolia has binucleate pollen grains when mature.

No end-of-season effects or special pollination techniques were
discovered to overcome self-incompatibility.

Intercrossing progeny of known parentage showed that the number of
breeding groups obtained was larger than the number which could be

explained on a one gene incompatibility system.
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14.

15.

16l
17.
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Crosses between the female parent and progeny were both compatible
and incompatible, while results of those between the male parent
and progeny could be identified with one of the groups formed
within the progeny.

Reciprocal differences between crosses within the progeny were
common.

Artificially produced tetraploids retained both cross and self-
incompatibility.

In reciprocal crosses between tetraploids and related diploid
progeny, both compatible and incompatible crosses were found.

The behaviour of the tetraploids with their parents was wvariable,
but compatible crosses were present in both directions.

Material for a survey of the presence of incompatibility in other
species of Campanula was grown in the garden. Incompatibility
was measured by pollen tube growth, pollinations being made in
the laboratory on cut flowers.

Out of 55 species considered 52 were self-incompatible.
Intercrossing plants of a species gave results in which cross-
incompatible pollinations appeared to be at random. A statistical
investigation of this, comparing the results of repeated pollin-
atione and reciprocal pollinations, showed this to be spurious.
It was concluded that there were insufficient incompatibility
alleles in common in the plants considered for incompatibility to

be apparent.
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Investigations on a true family of C.patula (141.1 -14 / -12)
showed the presence of 10 breeding groups. The breeding pattern
obtained was compared to known two gene incompatibility systems.
Investigations on a true family of C.rotundifolia revealed low
fertility in some plants on selfing. In one plant this might be
considered to be an end-of-season effect. Eleven breeding groups
were obtained within the progeny of the cross 157.4 -1 / 157.2 =2,
This pattern was compared with two gene incompatibility systems.

The breeding patterns obtained in C.persicifolia were compared to

other known incompatibility systems, and to theoretical two gene
systems.

The complexity of incompatibility systems in general is discussed.
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APPENDIX 1.

ORIGIN OF SEED MATERIAL OF CAMPANULA SPECIES.

* Indicates names which are doubtful.

Source.

C.alliariaefolia ®illd. Hortus Botanicus Univ., Uppsala, Sweden.

C.alliariaefolia Willd. Botanisches Institut und Botanische

Code number. Name.
101.2
101.3
103.1 *C.alpina Jacq.
193.1 C.aucheri
105.1 C.autraniana
106.1 C.barbats
106.2 C.barbata
204.1 *C.bellidifolia
205.1 C.betulaefolia
108.2 C.bononiensis
114.4 C.cochlearifolia.Lam.
11501 Eocollinac M.B.
194.1 C.elatinoides
120.1 C.erinus
212.1 *C.fenestrellata Feer.

Garten, Stuttgart, Germany.
Slovacia septentrionalis, Prage,
Czechoslovakia.

Royal Botanic Gardens, Edinburgh,
Scotland.

Northsern Horticultural Society,

Harrogate, England.

ot
e

Northern Horticul tural Soc r

1]

evy,
Harrogate, England.

Hortus Botanicus Univ., Uppmala, Sweden.
St. Andrews Univ. Bot. Gdn., Scotland.
St. Andrews Univ. Bot. Gdn., Scotland.
Bohemia centralis, Prage, Czechoslovakia.
Hortus Botanicus Univ., Uppsala, Sweden.
Hortus Botanicus Univ., Uppsala, Sweden.
Royal Botanic Gardens, Edinburgh,
Scotland.

Univ. of Leeds, England.

Botanicki urt. Univ., Yugoslavia.




Code number. Name.
195.1  C.filicaulis

123.1 C.garganica Ten.
124.3 C.glomerata L.

124.5 C.glomerata L.

125.1 C.grandis
190.2 C.grossekii Henff.

191.1 *C.hondoensig Kitam

- C.isophylla (actual

plant)
213.1 *C.istriaca Feer.
128.1 C.kemulariae
208.1 #*C.kolenatiana
130.2 C.lactiflora
143.1 C.lanata
132.6 #C.latifolia L.
197.1  C.linifolia
137.1 C.medium L. var. annua.

199.1 *C.mollis

131

Source.

Royal Botanic Gardens, Edinburgh,
Scotland.

Liverpool Univ. Bot. Gdn., England.
Slovacia septentrionalis (montes
Belanske Tatry: solo calcareo), Prage,
Czechoslovakia.

Dept. of Biol. Univ. Coll. of North
Staffs., Keele, England.

Hortus Botanicus Univ., Uppsala, Sweden.
Hortus Botanicus Univ., Uppsala, Sweden.
Hortus Botanicus Univ., Uppsala, Sweden.

Durhem Univ. Bot. Gdn., England.

Botanicki urt. Univ., Yugoslavia.
Northern Herticultural Society,
Harrogate, England.

St. Andrews Univ. Bot. Gdn., Scotland.
Northern Horticultural Society,
Harrogate, England.

Liverpool Univ. Bot. Gdn., England.
Univ. of Leeds, England.

Royal Botanic Gardens, Edinburgh,
Scotland.

Hortus Botanicus Univ., Uppsala, Sweden.
Royal Botanic Gardens, Edinburgh,

Scotland.
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Source.

Royal Botanic Gardens, Edinburgh, Scotland.

*C.ochroleuca Kem.-Nath., Hortus Botanicus Univ., Uppsala, Sweden.

Hortus Botanicus Univ., Uppsala, Sweden.

C.pergicifolia var.Telham Beauty. Univ. coll., London, England.

Code number. Name.
200.1  *C.nobili-macrantha.
192.1
141.1 C.patula L.
1717
178 C.persicifolia
179 C.pergicifolie var.
180 C.persicifolia
181 C.persicifolia
183 C.persicifolia
184 C.persicifolia
185 C.persicifolia
201.1 *C.phyctidocalyx
209.1 C,pilosa
198.1 C.pipori
145.1 C.portenschlaziana
202.1 *C.pseudo-raineri
148.1 C.punctata
151.1 C.raddeana
154.1 C.rapunculoides L.
155.1 C.rapunculus L.
157.1 C.rotundifolia
157.2 C.rotundifolia L.
157.3 C.rotundifolia

Leicester Univ. Bot. Gdn., England.

alba. Leicester Univ.Bot.Gdn., England.
Royal Botanic Gardens, Edinburgh, Scotland.
Jardin Alpine Champix, Switzerland.

Univ. of Lund, Sweden.

Botanic Gdn., Prage, Czechoslovakia.
Botanicki urt. Univ., Yugoslavia.

Royal Botanic Gardens, Edinburgh, Scotland.
St. Andrews Univ, Bot. Gdn., Scotland.
Liverpool Univ. Bot. Gdn., England.

Royal Botanic Gardens, Edinburgh, Scotland.
Royal Botanic Gardens, Edinburgh, Scotland.
Hortus Botanicus Univ., Uppsala, Sweden.
Cambridge Bot. Gdn., England.

Bot. Institut und Bot. Garten, Stuttgart,
Germany.

Leicester Bot. Gdn., England.

Lund, Scania Maglarp Stavsten coast 5 m.,
Sweden.

Bot. Institut und Bot. CGarten, Stuttgart,

Germany.

Hortus Botanicus Univ., Bergensis, Norway.
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Code number. Name. Source.
157.4 C.rotundifolia Top of Cronkley Fell, Teesdale, Co.Durham,
(actual plant collected) England.
157.5 C.rotundifolia Glen Coe, Argyll, Scotland.

(actual plants collected)

157.6

C.rotundifolia

St. David's Island, Pembrokeshire, Wales.

(actual plant collected)

159.1
160.1

160.2

162.1
163.1
164.1
210.1
166.1
168.1

C.saxatilis
C.scheuchzeri

C.scheuchzeri

C.sibirica L.

C.speciosa
C.spicata L.
L.spruneriana
C.thrysoidea L.
C.trachelium L.

203.1 *C.tridentata

214.1
170.1
172.1

172.2

St. Andrews Univ. Bot. Gdn., Scotland.
Liverpool Univ. Bot. Gdn., England.

Bot. Institut und Bot. Garten, Stuttgart,
Germany.

Bot. Gdn., Pragé, Czechoslovakia.

St. Andrews Univ. Bot. Gdn., Scotland.
Hortus Botanicus Univ., Uppsala, Swoden.
5%, Andrews Univ. Bot. Gdn., Scotland.
Hortus Botanicus Univ., Uppsala, Sweden.
Scania Ivetofta 30 m Lund, Sweden.

Royal Botanic Gardens, Edinburgh, Scotland.

C.vanhoutteri Carr. Botanicki urt. Univ., Yugoslavia.

C.versicolor Andr.

C.waldsteiniana

Cambridge Bot. Gdn., England.

Liverpool Univ. Bot. Gdn., England.

C.waldsteiniana Roem.and Schult. Liverpool Univ. Bot. Gdn.,

C. X E.K. Toogood

England.
Northern Horticultural Society, Harrogate,

England.
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