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1. INCOMPATIBILITY IN TEE GARDEN PrRrUNId

Incompatibility may be defined as the failure, following mating or pollination, of & male
gamete and a female gamete to achieve fertilization, where each of them is capable of
uniting with other gametes of the breeding group after similar mating or pollination. Two
classes of incompatibility may then be distinguished:

(1) Heteromorphic incompatibility, which is associated with, and dependent on, variation
in floral morphology. In heterostyled plants, which fall into $his class, the incompatibility
reaction depends immediately ou the relative positions of anther and stigma, and only
indirectly on the genstical constitutions of the plants themselves. Such incompatibility
15 also described as ilegitimacy.

(i) Homomorphic tncompatibility, which is not dependent for its action on morpho-
logical variation. Here the incompatibility reaction depends directly on the relation
‘existing hetween the genetical constitution of the zygote producing the female gamete
and, in most cases, the genetical consbitubion of the male gamete. This may be termed
gumelic incompatsbility in contradistinetion to aygotic incompatibility where it is the
genetical constitution of the zygote producing the male gamebe, rather than that of the
male gamete itself, which, sogether with the constitution of the female zygote, determines
the incompatibility reaction. The fungi show & somewhat similar phenomenon, which
may conveniently be designated haploid tnconpaizbility, as it is manifested only between
baploid individuals, the dipleid phase never entering into the reaction.

Only one organism, Capselle grandiflora (Riley, 1936), bas besn shown to display
zygotic incompatibility, though the sea squirt, Cions, may fall into this class; but the
gametic type seems to be very common {see Tast, 1940). The inheritance of gametic
lcompatibility conforms very generally to the oppositional factor scheme frst devzscd'
by Bast & Mangelsdorf (1925) to expl‘lm the hebaviour of Nwotacma alata and its de-
tivatives, and by Filzer (1926) for Verondca syriaca,

In these species each plant is normally completely self-incompatihle, though in Nico-
trema alata seed can be obtained from self-pollination in the bud or under other exceptional
cirenmstances. Hisewhere, however, complications may bhe introduced by two agents.
One of these is the existence of so-called fertility allelomorphs, which will now be termed
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compatibiliby allelomorphs in accordance with the present terminology. Hast (1929) and
Anderson & de Winton (1931) have described such allelomorphs from the self-compalible
N. Langsdorffis, and they have algo heen discovered in other genera.
As their name suggests, such compatibility genes are aﬂelomorphic to the incompati-
bility genes of the related seif-incompatible species, A different type of compatibility

has, however, been discovered ‘within the normally incompatible groups themselves.
Where mozmally incomputible pollinations set seed, it ig referred o as psendo-fertility,
or a8 1s now more appropriate, pseudo-compatibility. Such a result may be dus to end-
season effects or to 2 special pollination technique, and indeed oceagional pseudo-com-
patibilify may be chavacteristic of any incompatibility system; but it may also he brought
about by the action of non-allelomorphic genes which have the effect of weakening or
overriding the incompatibility reaction (Kast, 1929; Brieger, 1930). It may be rewarked
that the existence of strong psendo-compatibility, or of compatibility allelomorphs in &
novmally incompatible group seems to be associated with a hybrid origin of the plants
in question or of their ancestors.

TJicompatlblhby has long heen known in Petuiie, bub self-compatibiliby has always
been found in sowme of the plants used in each of the investigations. Correns (1912}
records a cross between P. wyctoginifiora (P. awiliards) and P. violaces, which gave both
self-compatible and self-incompatible progeny. ’lhouwh, as we shall see later, such a
result can be obtained by intercrossing these species, it is more likely that Correns was
using horticuitural varieties derived from bhe orizinal species cross of 1834 (see below),
for P. violacen at least seems to have been lost from cultivation in Burope during the
latter part of the nineteenth and the early twentieth centuries. Terao (1923) intercrossed
self-compatible and self-incompatible plants of P. wiclacea and obtained beoth self-
compatible and self-incompatible progeny. Later, Terao & U (1939} distinguished several
grades of incompatibility showing complicated inheritance. Some evidence was, however,
obtained of the existence of a series of incompatibility allelomorphs of the Nicatiana
type.

A fuller investigation of incompatibility in Petunic violacen was carried out by Harland
& Atteck (1933), who showed that inheritance basically followed the oppositional factor
scheme of Nicotiana and Veronica, but that. seif-compatibility also ocourred “probably
owing to the segregation of minor factors for self-fertility’. We may, however, doubt
whether either Terao’s plants or those of Harland & Atteck were in fact pure Petunia
violace, for garden strains are commonly known by this name. Indeed, Harland &
Atteck describe their plants as having white, purple, violet and mauve flowers, whereas
wild P. wiolacea is magenta in colour. Wergin (1936), whose findings are much the same
as those of Harland & Atteck, except that he discovered a major incompletely dominant
self-compatibility gene not allelomorplie with the incompatibility factors, definitely used
horticultural hybrids. This is also true of Tseng (1938), who found that selfing compatible
plants gave progenies including self-incompatibles and intercrossing self-incompatibles’
gave some self-compatible progeny.

An attempt was made by Tjebhes {1931, 1932) to obtain the two species, P. axillares
and P. wiolucea, for studies of their relative ferfilities; bub inasmuch as neither was found
e be self-compatible, while they intercrossed freely, it is o be presumed that he was
successful oply in obtaining garden strains approaching more or less to the parental
specific fypes.
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Thus there is reason to believe that all these investigations, which have brought to
light,an oppositional factor scheme complicated by non-allelomorphic compatibility genes,
have been made on garden strains. Clearly the cause of this complicated inheritance
must be sought in the behaviour of the parental species, which also might be expeched
to throw further light on the genetical contzol of incompatibility and its evolution.

9. THE ORIGIN OF THE GARDEN PrrUunrd

The garden Petunia originated from the hybridization of the white-flowered species
P. awillaris (often called P. myclaginiflora) and the magenta-flowered P. wiclacen (alsc
called P. integrifolin). The former, which was discovered by Commerson along the shores
of the River Plate, was intraduced into cultivation in 1823. Bailey (1896) records that
it sets seed very readily and often persists for long periods in gardens by self-sowing.
P. wiolaces flowered first in cultivation at the Glasgow Botanic Garden in 1831, from
seed sent by John Tweedie, resident at Buenos Aires. A hybrid between the two species
flowered at Glasgow in 1834, and by 1837 a number of grnamental strains had been
developed. - P. wiolaces must have proved difficult to keep by seed, as it was lost from
cultivation in the nineteenth century. '

In 1916, however, this species was reintroduced at Kew Gardens from material sent
by C. B. R. Rolland, vice- consul ab Montevideo. This P. viclaces has been maintained
at Kew since that time by cnttings. It has never set a full crop of seed there, but was

hybridized with P. awillaris in 1931

P. awillaris was reintroduced hy Prof. M. C. Ferguson of Wellesley C‘olleoe Massa-
chusetss, from seed collected by Prof. L. R. Pazodi from the River Plate region. Ferguson
& Ottley (1932) give detailed deseriptions of this P. eaillaris and of P. wiolacea which
they obtained as a cutting from the Kew stock. They record that F. awillarns sets an
abundance of seed after self-pollination, while P. wiolacea sets little if any.

I am indebted to Prof. Ferguson for seed of her wild P. amillaris and o the Director
of Kew (ardens for cuttings of P. wiolaces. Thus my sbocks are the same as those of.

" Ferguson & Ottley, and accord fully with their descriptions.

T am also indebted to Mr H. . Callan for the information that hoth species are diploid
(n="T), and that meiotic pairing of the chromosomes in the species hybrid is complete,
the cliasma frequency heing, in fact, intermediate between those of she parental species.
The had pollen produced by the hybrid must thus be attributed to vnbalance of some of
the. gametic combinations of chromosomes. '

3. THE BEHAVIOUR OF THE PARENTAL SPECIES

Alt plants of P. awillares set an abundance of seed on being self-pollinated or intercrossed.
With rare exceptions, which may reasonably he attributed to fanity management, some
scores of pollinations have yielded a full capsule of seeds. No trace of incompabibility
Las heen found.

The situation is, however, very different in P. wiolacen. Here gelf-pollination is ravely
followed by the production of seeds. A small quantity of seed has heen obfained in this
way from a few Howers, but these cases may he attributed to a low degree of pseudo-
compatibility, the plants being, in the hroad sense, incompatible. Bud pollinations dad
not appear to lead to any greater pseudo-compatibility than the pollination of open

fBowers.
15-2
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The original material of P. wiclaces consisted of two plants which had been derived
altimately as custings of the same individual. Hence it has been impossible to determine
whether the inheritance of incompatibility depends on a series of multiple allelomorphs
ag in Nicotiona. It bas, however, been possible to show that incompatibility in Pefunia
violicen resembles that of Nicotiona and Verowice in being of the gametic type.

Torty-three fﬁants were raised from seed given by pseudo-compatible pollinations of
the originel plant. All of these were self-incompatible and twenty-five failed o set seed
freely after pollination with their parent. Fifteen of the remainder set seed freely with
parental pollen and the other three set somse seed, though not in all pollinations, the
failures, of course, being quite possibly due to faulty management. One of the fifteen
plants which set regulazly with the parent was used as a pollinator on the rest, but no
seed was ohtained. Laber tests were made of some of these fifteen as males on to the
parent but no séed resnlted. Turthermore, when allowed to interpollinate freely by
natural means only the plants which were compasible with the parental pollen seb seed,
and they set an abundance. Thus, if the parent is §,8, the progeny fall into two groups,
twenty-five heing also 8,5, and so failing to set with parental polien, and fifteen heing
S,8,, which set with their parent used as male, but fail when used as male on their
pavent. Two of the three doubtful cases are most pr obably of the type 5,8,. On the
basis of observasions on poﬂcﬂ -tube growth, made by Mr A, J. Bateman, the remaining
plant was S;S,, but no Anal compatibility tests were possible.

Such behaviour is characteristic of gametic incompatibility, and in view of the existence
of an allelomorphic series of incompatibility genes in the garden Pelunig, there can be
little doubt that P. violace reproduces the system found in Nicotione and Veronica.

Neglecting the three doubtful cases, we have a segregation of 15 8,8,:206 8,8, so
showing & noticeable excess of 8,8, homozygotes and a very marked deficiency of 8,8,
homozygotes. A similar family was observed by Harland & Atteck, consisting of ﬁfteen
heterozygotes, ten homozygotes of one kind and four homozygotes of the other kind.
In other families Harland & Atteck observed a deficiency of both homozygous types.
This they attributed to reduced viability of homozygotes, to which we may perhaps also
ascribe the shortage of 8,8, plants in the present data. It would, however, seem likely
that the excess of the other type of homozygote, provided that it is not illusory, is due
to 8, pollen growing more easily and achieving fertilization more often than S, pollen,.
when placed on to an 8,8, stigma. The existence of such a difference in incompatibility
strength between the two allelomorphs is supported by the behaviour of the first genera-
tion hiybrids between the species, to which we shall now turn.

4. THE SPECIES HYBRID

Crosses have been successful between the two species only when Pefunia azillaris has
been used as the female. Out of some dozens of crosses made the other way, not one -
set a single seed. This is all the more remarkable when it is remernbered that P. awillaris
has & style some four or five times as long as that of P. vislacen. Clearly success depends
on the physiological relations existing between pollen and style, rather than on the
length of fissue down which the pollen tubes mush grow.

The frequency of successful pollinations of P. comllm is by P. wiolaceq depends on
external conditions. In 1939 no hybrids were obtained after using pollen of the S 15,
P. wiglacer on 101 dowers of P. azilleris in the greenhouse; but out of about Lweni?y.
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similar crosses made under a muslin cage in the open three gave good capsules of hybrid
seedy, In 1940, however, thivty-five flowers of P. awdlloris when pollinated in the green-
bouse by 8,8, P. violacen gave three capsules.

The breeding bebaviow of the hybrids and of their parents is shown in Table 1. Two
classes were distinguishable by their behaviour following self-pollination in the- fivst
‘groups of bybrids, whose male parent was 8,8, P. violucew. In the first of these two
classes each plent set sced freely with its own pollen, and heuce the class =ras termed
self-compatible (3.¢.). The other class often failed to set seed after self-pollination, bub

Table 1
N 8 P, violacea 8.1 [8,8,]7 8.0. [8,8,)
P awillaris ety o N .. L .
g [8.5.] . [S&1 (8.8 12 3 4 1 2 3 4 5

P. axillaris:

Many f Many £ .
[S:5,] Many s F:‘T?-"; Fc?w}s 48  4s 2s — — — 25 2s 25
P. violacea: ‘ .
Many { . ' A
[S,8.1 7 h@nyf FW3P Many f  8f 6f mf — — o 10f 12f 8%
, is
5.5, 4f Many Many 2 2s 2s — - — 2 28
i aed any s ¥ ) 11)
sx 8,8,k )
’ 35 - ls ’
i 7f 3s 25 4p Sp 2p 2p — 25 25 28 28
. Tt 2f
: s 58 o
2 71 s 25 3p 2p 2t — 25 48 2s 23
2f &f P
o 4 a Y o = a 9
3 izf 4s 2s af 21 5T 98 — 23 3s 2s 2x
4 — — —_— af 2f 4f 21 — — 25 Zs 28
5.0 8.8, ]
1 Zp 25 — s 1z 2= ~— 2s — Zs 2z 28
2 1r 25 — 2s ls 2s -— — 85 2s 2s 28
2 :
3 4p 3= 2p 45 ds  4s  1s — 25 45 Bs 25
af
4 et 4s 1P s 22 o3s 25— 25 3s 48 23
5 2; 38 2f 25 2s 2s 28 ~— 28 2s 2s 4s

Many indicates move than 20 pollinations. s indieates sucvessfnl pollination, p parbially suceessful poliina-
tiom and § vusmecessful pollination as judged by seed set, The number preceding the letter shows the number
of flowers which gave the resut. Thus 3 5, 4 1, 7 f means 3 fowers successfully pollinated, 4 fowors partially so,
and 7 flowers failing to give seed. :

somebimes set a small capsule and even occasionally a full capsule. Though some seed
waz thus obbained hy self-pollination, this class was clearly much Jess self-compatible
than the first and so was designated, for convenience, as gell-incompatible (2.r.). On
intercrossing it was found that plants of ke class gave results similar to those following
self-pollination, while all plants set seed freely with pollen from an individual of the
opposite class. Two of the three families of hyhrids were adequately tested and showed
segregations of 5:9 and 9:3 for 8.1, : 5.0. respectively, one plant in each faily being
ambiguovs. The third family was less adequately tested, hub, so far as the vesulls are
trustworthy, contained three 8.1. and twelve 5.¢. plants, This makes a total of sevenleen
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1. and twenby-four s.c., agresing fairly well with a zatio of 1: 1. Two further families
from a similar cross were grown two years later and oub of seventeen tested plants.enine
were s.I. and eighl 8.¢., again agreeing with 1: 1.

The obvious assumption for explaining this segregation in the #y hybrids is to suppose
thaﬁ; the disbinetion of 8.1.:8.0. depends on whether the hybrid has received S, or 5,
from P. wiolacea. Tt might farther be supposed that, since S, pollen seems to grow
somewhat=hetter than S, pollen in incompatible pollinations within the pavent species,
the s.c. hybrids would enry S,. This was tested by making new hybrids using 5,8,
P. wiolacen as the male parents, Three such hyhrid families, comprising forby-five plants,
were grown, and each individual tested hy selfing two flowers and also by crossing two
more flowers with pollen from a known s.1. plant of the previous group. These pollina-
tione shoald fail if the plant is 5.7., but be successful if the plantis s.¢. All four pollinations
were successful on thirty plants, eight plants gave three sebs and one failure, three gave
two sets and two failures and four were imperfectly tested owing to the hreakage of
branches or Howers before it was possible o observe Lhe results of the pollinations.
Bearing in mind that these tests were made in the open, the only protection being afforded
by waterproof bags, it is clear that all the plants may legitimately be regarded as falling
into the 8.c. class. Thus the .0, plants have received S,, and the s.i. plants 8;, from
the P. violacen parent. v

Tests were also made of the hybrids with the parent species, both 8,8, and 8,8,
P. wviolacea being used (Table 1), All the hybrids tested, whether 8.¢. or 8.1, gave seed
when used as.males on P. awillaris. The reciprocal cross,” hewever, reveals a further
difference between the two types of hybrid; the 8.1. type fails to set seed with P. aallaris
pollen, while four plants of the s.¢. kind et a partial crop with P. amlleris pollen. One
s.c. plant was unique in failing %o set any seed following thirbeen such poliinations.

All the hybrids set seed after every pollination with the heterozygous P. violacea (83,5;),
but with the exception of one small capsule, they failed as pollen parents in the reciprocal
cross. The homozygous (S,8,) P. vislacen succeseded as pollen parent on all three s.I.
hyhbrids with whick 1t was fried, but in six pollinations on to s.c. hybrids, two on each
of three plants, it gave three failures and three partial sets, i.e. small capsules. In the
reciprocal cross, however, S,8, P. violacea x hybrid, hoth types, i.e. using s.1. and s.c.
as pollen parents, gave seed, with the exception that one capsule out of six was small
when s.¢. pollen was used.

We have seen that the s.I. hybrids are of the constitution 8,8, and the s.c. hybrids.
S,8,, where S, is the allelomorph which P. azlluwris must be presumed o carry. Then
either S, or non-allelomorphic genes contributed by P. amillaris to the hybeid must
weaken the.incompatibility reaction which S, and 8, control; for S,5, sets seed freely
on self-pollination and 8,8, sets some seed. This compatibility cannot be attributed to
the S, pollen being successful in growing down 8,5, and 8,5, styles for two reasons..
In the first place both types of hybrid carry S,, yet show different behaviour, so thab
S, and S; must take some part in the reaction. Secondly, P. guwillaris pollen, which 1s S,
by definition, fails completely on 8,5, styles and gives ouly poor sets on S,S;. The self-
‘compat_ib%}ity of the hybrids is most reasonably attributed, at least in the main, o growth
off the S; and S, pollen, the action of these genes heing weakened by other genes
" originabing from P. azillors. '

The behaviour of the crosses 8.1.% 8.0, and 8.¢. x 8.1, is in full accord with this assuuip-
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tion. Each sets seed freely as would be expected if the behaviowr of the hybrids is con-
ditinned by the acion of 8, and 8,, for one cross is 8;8, x 8,8, and the other 5,8, ¥§,S,.
Jf, on the other hand, hybrid compatibility was due to the growth of S, pallen, thers is
no reason why the cross 8.1. x 8.0. should set more freely than s.1. does after self-pollina-
tion. Tt might, of course, be supposed that hybrid compatibility was dye to the growth
of 8, pollen, the difference between the s.c. and 8.1 classes being due to the different
action of 8, and S, in inhibiting or reducing the growsh of such pollen. This, however,
is a complicating assumption for which there is no external evidence, and is unlikely to
be true because it postulates o sharp difference between two allelomorphs, which other-
wise show qualitatively similar behaviowr, in their reaction $o an allelomorph from a
different species.

The crosses with heterozygous P. wiolaces sxe interpretable on the same hypothesis.
The 8,8, styles of this P. violucea should reject both the Sy pollen of the s.1. hybrids and
the S, pollen of the 5.¢. hybrids, but the reciprocal should be compatible because S, pollen
from P. wiolacea will be successful on S,S, styles while 8, pollen will be successful on
5,8, styles.

The hypothesis, as so far elaborated, imphies a negative behaviour on the part of S,
except for a possible wealeening, effect on the action of S, and 8,. This may, however,
be equally well attributed to non-allelomorphic genes m‘froduced by P. awillards into the
hybrid. The crosses with P. awilluris accord with the hypothesis. P. azillaris pollen is
not successful on either P. wiolacen, heterozygous or homozygous, or on s.I. hybrids. It
is only slightly successful on s.0. hybrids. Clearly both S, and 8,, especially the former,

inhibit the growth of 8, pollen. Equally, S; and S, pollen from P. wiolacea will grow
down the 8.8, style of P. awillaris, though, perhaps owing to the great length of or to
the existence of isolating genes in the latter, it is not always successful. The crosses of
pollen from the hybrids on to P. awilleris are less informative, as sefting could be
attributed to the sole action of S, pollen from the hybrids. Pollen-growth observatious,

made by Mr A. J. Bateman, suggest, however, that, as might be expected, S; and s,

pollen from the hybrids is also successful. Thus 8, pollen is repelled hy both S, and S,

in the styles, but $,8, styles do not repel either 8, or S, pollen. (Pollination of P. awillarts
by P. widlacea is not always successful, bub this may he attiibuted to isolating genes as
will he shown elsewhere,) We may note too that 8, is of wealer action than S,. S, pollen
grows hetter down S,8, styles than does S, pollen down 8,8, styles. This is in accordance
with the observation made in the previous sectlon thet S, pollen 1s perhaps more suc-
cessful than S, pollen in pseudo-compatible pollinations within P. vislacca.

When, however, we turn to the crosses between the hybuids and the 8,8, P. vio-
lacen plant, we find that this simple hﬂvothems i nob in ibself sufficient. The ovosses
S,8, hybrid = 8,8, P. violacea and reciprocal are both fully compatible, as the hypothesis
wouic{ lead us to expech. Also the cross 5,3, hybrid = 8,8, P. viclucea 15 ouly weakly
compatible; but 8,8, P. violaccr » 8,8, hyhnd, set seed Elcchr in five cases oub of six,
the odd case being one of partial compa,tlfnhhv We can make a table showing the action

of 8, in the hybrid and in P. volacca:

"Pollen from

\
. Biyle of P. wiolacen, 5.5, s.0. hybrid, S.8,

F omolacen, Sy, Fails Tales

8.C. hyhrid, 5,5, Fails Takes
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It is thus the S, pollen from the hybrid which is successful on styles carrying S, rather
than 8,8; styles which are less inhibitory to 8, pollen than 8,8, styles, though there is
a slight weakening of the action of 8, in 8,8, styles. This can be acconuted for if we assume
that the weakened action of 8, in the hyhbrids is due not. to the action of S, but to one
or more non-allelomorphic genes from P. awilleris. S, cannot be present in S, pollen
from the s.c. hybzids, but non-allelomorphic genes can. Furthermore, there must either
be several swch modifying genes, or, if thers is only cone, it must be nearly recessive; for
otherwise 8,8, styles would show as weak an 8, reaction ns does 8, pollen. If, however,
there are several modifying genes, of which S, pollen could carry various combinabions,
gome having a greaber effect on the action of S, than cthers, or if, in the case of & single
gene, it is nearly recessive, the peor compatibility of 8, pollen from P. vislacea on s.c.
hybrid styles can be reconciled with the fully compatible behaviour of 8, pollen from
the hybrid on hoth 8,8, P. wiolucea and 8,5, hybrid styles.

It may be observed, too, that the unicue complete failiwe of P. axillaris pollen on the
style of s.¢. plant 4, also suggests the existence of at least one non-allelomorphic modifier
of the action of 8;, in this case one strgngbhening its repulsion of 8, pollen. This unigue
case cannot be attributed to variation in the S, pollen from P. awillaris used in the
crogses, because the same two P. aaillarss plants were uged to $est all the s.¢. hybrids.

The modified effect of S, pellen from the hybrids is not shown on the style of an.
8.8, P. violacea. Here S, pollen fails whether it came from pure P. violacea or from an
8.c. hybrid. It would thus appear that S, has a stronger action in 8, styles than it
does in 8,8, or 8,8, styles. S; must be supposed o have the property of making S,
inhibit 8, pollen more efficiently in the stylar tissue, even though S, itself has no
noticeable inhibitory effect on &, pollen: It is impossible to say whether S, similarly
strengthens the action of S, in 8.8, styles, as no 8,8, homozygotes have been used in
the experiments, and so no standard of comparisen 1s avaﬂable

An alternative explanation of the results would be to suppose that S, has not the
property of inhibiting the growth of S, pollen, whereas 8, has this property. Then S,
pollen from an s.c. hybrid would grow down an 8,8, style but would be inhibited in an
5,8, style. Reasons have already been given for rejecting this hypothesis, which depends
on the unlike reaction of two otherwise similar allelomorphs to a third allelomorph from
a different species. A further test is, however, possible. On this view, if s.0. pollen is
placed on an 8,8, P. welacea styls, one-half the poilen at most should grow, viz. the
8, pollen. If, on the other hand, pollen is taken from an ¢.1. hybrid all of it should grow,
for neither the S, nor the S, pollen would be inhibited by the-S,8, style. Mr A. J.
Bateman has examined pollen growth following pollinations of these two kinds, and can
find no evidence of a difference of the magnitude which wonld be expected on this view.
Thus we are strengthened in our conclnsion that it is the S, pollen from the s.c. hybrid
which is successful on 8,8, P. wviolaces styles, and that 8, ‘has the effect of reinf orcing
the actlor. of 8, when present in the same style.

5. BEHAVIOUR IN LATER GENERATIONS

The behaviour of the | species hyhrids in relation to one another aud o their parents
is thhs explicable in texms of the following four postulates:

(1) S, and 8, from P. violacen act as oppositional factors of the Nicotiane type.

(iz) The &Helemm Ph 8,, which P. axillers must be presumed to carry, has the negative -
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properties of never growing efficiently down a style containing either S; or 8, or both,
and, of never inkibiting the growth of S; and 8, pollen. .

(i) P. awillaris carries a gene or genes, non-allelomorphic with 8, which mo&iﬁ:’y %he
incompatibility reaction of both 8, and, especially, S, in sbyle and pollen.

(iv) S, strengthens the action of B,, in §,5; styles, in inhibiting the effective growth
of 8, pollen. A

Vexification of these postulates, especially (i) and (iv), was sought from the behaviour
of F, plants and of plants obfained by baclcrossing with the parental species. Of these
“the Fy's are the most informative.

Four types of F, family can be raised, viz. from self-pollination of s.1. hybrids, from
self-polliration of g.¢. hybrids, and from the reciproeal crosses between 1. and s.c.
8.I. plants have the constitution 8,8, and, by hypothesig, should give equal numbers of
8.8, and 8,8, offspring after se}f-polhnatlon A very small proportion of 8,5, offspring
might peﬂlaps ocour, as, even though 8, pollen does not easily grow down 8,85, styles,
self-pollination of 8.1. hybrids does not in any case lead to, full compatibility. Ten such
F, plants, five from progeny of each of 5.1. plants } and 2, were tested by self-pollinating

Table 2
Tested with poilen from
A\

Parent and r : ~
plant no. Setf 5.I. 3.0, P. axillaris P. violacea
5.1. 1 selfed )

1 — i, £ 5, 8 £, f 8, 8

2 £, f T g 8 f 8 8

3 s, 8 s, f 8, p ff s, T

4 8 8 £ f S, & £ f 5, 8

5 — i ¥ s, § 1 8, 8
8.1. 2 selfed

1 p, f P 8,8 f, f g, &

2 7. P i f 5. 8 £, f 5, 8

3 — PP 5 P if 8, 8

4, £ £ 1 4 3 f, t 8, 8

5 — . f s, § i, T s, 8

Iz Tables 2-11 each letler vepresents one pollinated fower. s indicabos o successfud pollination, p a partially
suceessful pollination, and £ o pollination which failed to give seed.
two Howers, crossing two fowers with mlien from s.1. Fy hybrids, two with pollen from
5.0. F, hybrids, two with pollen from P amillaris and t\\r) with pollen fvom 8,5, P. vio-
lacea. The results arve given in Table 2. Two pollinations is a somewhat small numher on
which to hase a conclusion concerning the incompatibiliby of a given cross, becanse fanlty
management could lead to serions misjudgment; bus, ag will be seen later, the total
pollination programipe was large and it was thought morve desivable to try all crosses
with a few flowers sach, than a few crosses on an extenzive scale. Reliance for the de-
tebion of false results must be Placed in the comparative behaviour of single plants with
various kinds of pollen and of dillerent plants with the same pollen. Tz actual practice
very little difficalty was experienced in picking ont the trustworthy vesults. '

In the case of the I, plants from sell-pollinated s.1. hyhrids, P. axillares pollen com-
pletely failed to canse seed sefting. In other words, we must suppose that no 8,8, indi-
viduals were present, ab least swmong the ten plants tested. This is confirmed by the
failure, complete or nearly complete, of 5.1. pollen on all ten plants. ‘s.c. pollen, on the
other hand, was, as might be expected, successful in all cases, only two tests oub of
twenty giving pavtial takes with the rest {ully compatible. Heterozygous P. wiclacea
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pellen is also compatible as would be expected. Not all the ¥, plants were tested by
self-pollination, becanse three were male sterile and one nearly so. The remaining six
consisted of two which failed completely with their own pollen, one which showed very
slight signs of self-compatibility, one which was definitely partially self-compatible and
swo fully self-compatible. If, as best crosses with P. awilluris pollen and s.z. pollen lead
us to believe, no 8,8, plants were present, we must have either fully self-compasible
5,8, plants pr fully self-compatible $;8, plants. The former possibility is the more likely
as the 1. Iy’s ave partially self-compatible; bus, in any case, it is clear that at least
one non-zllelomorphic gene, whose effect is to weaken the action of 8; on 8,8, plants,
must be postulated. If only one were present, it must be nearly recessive, since the
parental .. hybrids were less self-compatible than these F, individuals. It would,
however, appear fhat this gene could not be the same ag the one responsible for weakened
action of 8, in the F, hyhrid, as compared with the pavental P. violaces. The possibility
of several modifying genes will be diseussed laber.

Tahle 3
Tested with polien from
Parent and — : . .
plant no. Self 8.1 2.C. P, awillaris P. wvioltcen
s.0. 3 gelfed:
1 — BP D r 8 8
2 8, 8 ] P .5 D 5 8
3 8,3 5 PP p. £ 8, 8
4 — s, p s, 8 P, D 8,8
5 5,5 s, 8 P £, f 5P
8.c. 4 selfed
1 — s, 8 [ s, T, T £ f 5, §
2 5, 8 s, s g, £ 8, 8 5, 8
3 — s D 5, 8 . p 4, 8
3.0. § selfed
L — s, 8 s, D o, £ g, 8
2 3,8 5 P »Dp p L 5 £

The F, from the self-pollinated s.c. hybrids is less informative (Table 3). Tt is known
that S, pollen is not quite wholly inhibited in S,S, styles, so we may expect S,8,, 5,5,
and S8, plants, thongh the last may be rare. All the plants tested proved to be self-
compatible and all bub two were reasonably compatible with s.c. pollen. All were, as-
might be anticipated, compatible with s.1. and P. violacea pollen. When, however, we
turn to the tests with P. amillaris pollen we see that two plants were clearly compatible
and a number of obhers partially so, whereas s.c. F, hybrids were, at best, only slightly
compatible with this type of pollen. It might be supposed that the two especially com-
patible plants were of the constitution 8,8,, but it so bappens that one of them was .
descended from s.c. plant 4, which, as we saw earlier, was unique among the .0. hybrids
in completely refusing S, pollen from P. amillaris. Furthermore, this same plant set only
one capsule out of two flowers tested wish #.0. pollen. This may be due to aceidental -
mismanagement; bus, coupled with the ancestry of the plant, it strongly suggests that-
the operation of the incompatibility system has changed. The production of a plant
which accepts P. axillaris pollen but partially refuses s.¢. polien in the F, progeny of -
an F, whose hehaviour leads us to expecs no 8,8, individuals is very suggestive of
modifying genes,
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- The remaining Fy’s from g.1. x 8.0, and 8.0, % 8.1. are expected o contain a type absent
from both of the Fy's considered so far, viz. 8;8,. The first of these crosses, 8.I. x 5.C.,
is 8,8, x 8,8, and, since S, pollen has never been ohserved to be effective in 5.1 stiyles,
should give 8,8, and 8,8, plants in equal numbers. The former should fail to set seed
after self-pollination and also after pollination by the s.1. parent. The latter type should
seti seed both after selfing and after crossing with the s.I. parent. Table 4 shows that
five plants set with s.I. pollen and five failed or nearly failed. Where selfing.was possible,
some plants being male sterile, its results agreed with those from the s.1. tests, This
agreement is especially striking in two cases where both self-pollination and pollination
by s.I. nearly, hut not quite, proved incompatible.

Tahle 4
Tested with pollen from
Parents and , & - N
plant no. - Self s.I. 5.C. P, gxillaris P. viclucea
81 3 x8.0. 3
1 p ¥ p. £ £f i f g P
2 f f 1 i f £, f s P
2 S, S S, § E, 8 £ 7 8, &
4 PP p, f £ f £ f g B
] e 5 5 8, 8 P 5, 8
51 1xs8.c.4
1 P: P -] 5, B 8 S 8 5
2 e 5, 8 8,8 if 5, &
3 e I f f £, p,
4 3, 8 5 S 5 P s, p 5, §
-5 o i f £ f f 1 f f

These five plants, which fail ov nearly fail, are thus 8,5, and the other five are 8,5,.
The latter set seed with pollen from s.1. hybrids, 8.¢. hybrids and heterozygous P. violacen
as would be expected. Two of them failed completely with pellen from P. azillaris and
one seb pooﬂv but the remaining two set good capsules—behaviour which was not shown
by the g.c. hybrids of the previous generation, though these were of the same constitu-
tion in 1eoa1r1 to the S gene. Bvidently a recessive modifier or & number of modifiers
have segregated.

The 8,5, plants of this F, show Lwo remarkable properties. Tn the first place they
refuse to sot with pollen from the s.c. hybrids, though their 8,8, sisters sef with the
same pellen. Just as was ahserved in the case of the cross of .c. hybrid on to 8,8, and
S,8, P. vidlacen, described in the previous section, S, is strengthening the action of the
S, allelomorph. There’can thus be no doubt that 8, and S, display this peculiar relation,
which shows that they must govern some ‘common reaction, as well as the veactions hy
which they differ.

The other remaxkable properby of the 8,5, F, plants is that they set seed more or less
readily after pollination with 8,8, P. viclacew. Thus the 8,8, system in the F, is internally
efficient. though it shows move pseudo-compatibility than dees P. violacea, but it is, 80
to speak, out of phase with the 5,8, system of P. viclacea. The same ncompadbihility
allelomorphs are at work but they operabe in a somewhat different way. We must assume
that this is due bo wodilying genes.

The reciprocal ¥ from €.0. % 8.1 is also expected 0 contain 8,8, plants together with
8,8, and perhaps also a few 8,8, and S,8, in the first of the two progenies tested. The
ten plants tested From Fy's of this kind (Table 5) are less helpful than those from the
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veciprocal cross. Only two of them fail with s.1. pollen, one of which also nearly fails
with s.c. pollen and with its own pollen. This must he an 8,8, individual, and it agrees
with what we should expect from a plant of this constitution by refusing P. awillaris
" polien but partially sefting with P. wiolaceq pollen. The remaining plants ave difficuls to,
clastify as all set more or less well with all the pollen tiied except, in some cases, with
that from P. ezillaris. Only the last plant in the table seems exceptional in refusing to
set with its own pollen; but an exceplionsl fallure always raises the suspicion of mis-
managed pollination. The second plant which fails with s.1. pollen was not tested with its
own pollen but is ecompatible with s.c0., and so is most likely of the constitution S;8,.

Table 5
Tested with polien from

Parents and .
plant no. Self 8.1 8.C. P. axmdlaris L. violacea
3.0, 3 %81 3
1 g, 8 g, 8 3 PP g, 8
2 3, B 3, 3 8, 3 i 8,8
3 8, 8 5 P s P 5,8
4 s, & 5 3 5 P BB 5.8
5 3, 8 P g, 8 FA 9, 8
sodxsrl
1 — £ f s f, f s, 8
2 p, § I p, £ £ £ s, £
3 3, 8 5, 8 s, 8 D, p g, 8
4 8, 8 s, p %, 8 8, 8 g, 8
5 i f 8, 8 i p 8, & . s, 8
Table 6
Tested with pollen from
Parents and - A \
plant no. Self .. s.c. P.gzillaris P. violacen
P. azillaris x 5.1, 3
1 5, 8 g P 8, 8 8, 8 £
2 8,8 »nP s, p. 8, 8 £, £
3 5, 9- 3, p 8, 8 n I o
4 5,8 mp 5, 8 8, 8 p. £
5 S, 8 P, % 8 8, 8 £
P. azillaris xs.1. 1 -
I 5,8 5, 8 5, 8 8 8 8 p
2 s, 8 P, P o, P 5, 8 B1
3 s, 8 B P , S + £
4 S, 8 JSE 3 8 g, 8 f f
3 S, 8 e 8 5 8 8§ o f

No certain conclusion can be drawn from the rest, except that they do not fully conform
to any simple scheme hased on the interrelations of S,, 8, and S,. Modifiers are pre-
sumably at work. '

Progenies were also tested from the crosses P. awillaris x 8.1 and P. awillars x s.¢.
(Tables 6, 7). These requive litle comment. All hut one plant set well with P. amillarts
pollen, and even this exceptional individual gave a partial set. All set wish their own
pollen and gave a poor set or no seb at all with P. violaces pollen. Reagonably good sets
were obtained from all with s and s.¢. pollen. In fact they behave very nearly like
P. awillaris itself; for, it will be remembered, shongh S,8, styles permit the growth of
S, and S, pollen, crosses of P. azillaris by P. vinlacea do not always seb seed. The back-
cross to P. awillaris would appear $o have introduced so many modifying genes that the
incompatihility allelomaorphs if present have lergely ceased to be opetative, ‘
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The hackcrosses with hetercaygous P. violocen were all made with the parent specles .
as gnale. The cross 8,8, (hybrid) x 8.8, (L. viclacea) iz expected fo give 8,8, and 5,8,
plants in egual numbers, just as was the cross 8.1, x 8.¢. Thus the results of this hackoross
form a test of the interpretation of the Fy. Applying the same criteria ag with the F,,
viz. the failure to set after self-pollination and after pollination by ¢.i., we find that
four plants fall into the category 5,8, the ofher six being 8,8, (Table 8). Furthermore,
we find, esactly as hefore, that the 8,8, plants fail with pollen from s.c. hybrids, though
the 8,5, plants set with the same pollinator. In fact the only difference, a very shght
one, is that none of the S,8,’s set freely with P. awillaris, whereas plants of this con-

Tahle 7
Tested with pollen from
Parents and —~ - —
plant no. Self 5.1 8.C. P. axilloris P violacen
P. azillaris »8.0. 3 :
1 8, 8 5 P 8, 8 8, 8 f, £
2 5, 8 P ] 8, § i f
3 s, 5 s, P P 5 8 i1
4 8 8 P: D 5 8 8 8 £
5 5, 8 PP 5 P g 8 i1
P.azillaris «s.0. 4 :
1 E, & 5 8 g, 5° 8, 8 if
2 8, s PP ‘s, 8 s, 8 £ 1
3 g 8 P 5 8 5, 8 51
4 s, 8 PP 8 P g 5 1, f
5 ] PP . P 5, 8 £
Table 8
Tested with pollen from
Parents and . —
plant no. Self 5. 5.0, P. azilloris P. violacea
51, 3 % P, violacea (S,5;)
1 — L f L f Lt £, f
3 2.7 8 8 D f, f 5 &
3 £ 1f £ 7 i f f, f £, f
3 5 8 8 B 5, § e d 5, 08
5 — 5 8 8 i, s, P
5.1. 1 x P, violacea (5,5,;)
1 —_— 8, 8 8§ 5 £, f » P
R f L i f f, f P
3 »p By 5 P ». L 5 5
A 5 8. P 5, & jis) 5, &
5 £ 1 £, [ £1f £ 1 s, 8D,

stitution in the K, did seb seed. This is guite in keeping with the supposition, made on the
basis of the #'y results, that P. awillaris cazries modifiers reducing the efficiency of 8, in
inhibiting 8, pollen; for the more genes from P. woleces that an 8,8, plant carries the
less chance there is of P. gzilluris pollen being successful in its styles. We may observe
also that, as before, pollen from heterozygous F. wiclucea causes seed: setfing om the
reconstituted S,8, planis; but, again as would be expected on the modifier view, these
sets arze less frequent and less complete thaw those observed with the F, plants. ,

A backeross of 8.1 byhrids with pollen from the homozygous (S,8,) P. violaces should
give exactly the same results as the backeross with pollen from heterozygous P. violacea.
The five plants tested bear oub this view as far as the tests go. Only one 8,5, plant
seems to be present (Fable 9).
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The backeross of 8.0. by Leterozygous P. violacea is 8,8, x 8,8, and so should give
equal numbers of 5,8, and $,S, plants. These are move difficuls to diseriminate than
are 5,8, and S,8,. The ouly reliable test is that 8,8, should accept pollen from s.c.
hybrids which 8,8, plants will, as we have seen, reject. One 8,8, and nine 8,8, may
be recognized by this means (Tahle 10). All ten should fail with their own and with
s.. poilen; as 8,8, plants reject or nearly reject S, pollen, unlike 8,8, whick accepts

Table 9

Tested with pollen from

Parents and ; \
plant no. Self S.1. 5.0 P. axillaris P, violacea

$.1. 1 = P, wvioluces (S:8,)

1 8, 8 5,8 5, 8 L f 8, &
2 e £ f P 51 s, 8
3 — g 5, 8 i, 3, B
4 — 8, 8 8 s £ f 5, &
5 B, D 8, 5 3,5 k£ PP
Table 10
i ‘ Tested with pollen from
Pavents and - ; .
plant no. Self 8.1 8.0. P axillaris P, wiclacen
5.0. 8 % P. wiolacen (3,5,) ‘ ‘
1 ' £ f £ F L & f £ £
32 i f f, £ g p £ f g, 8
3 ff o, £ [, f £F 8, 8
4 B £, f L if 8, 8
5 P f, [ »f £ f 8, 8
5.0. 4 x P. viclacen (3,5}
1 : — £ £ f £f B
3 £ £y £ 1 £f B
3 — p, f £ £ £, £ 8, 8
4 £t i, f it f, f ot
5 — f f, f f, f [
Table 11
Tested with pollen from
Parants and - .
plant no. Self -5 4 8.0, P. avilloris P. violacen
5.¢. 3 x P. wiolacen (8,5,)
1 f, £ S, 5 5, 8 £ £ 9,8
2 — D s, P £ f 8,8
3 f f s, 8 s, P £ f 5, 8
4 — 5 8 B P £ 8, S
5 £ f 8 8 s, 85 p £ £ s, f
6 —_— g 5 5, 5 - L E 5, 8
7 £ 5, P P £ f 5, 5
8 — s 5, 8 £ £ o
¢ — 5, 3 s, £ £ £ 3,3
10 e 8, 5 s, P f f 3,

S, pollen from hybrids. This expectation is borne out. No plants accept P. awillorts
poilen, but the $,8, plants accept pollen from heterozygous P. wiclacen rather better
than do the 8,8, plants in the 8.1, backeross. Whether the difference is significant is
difficult $o say, and perhaps it chould not be stressed. ,
The backeross of 8.c. by homozygous P. viclacer was only partially successful, bub
terf plants obtained in this way were tested (Table 11). The cross 5,8, x S,8, should :
give equal numbers of 8,8, and $,8, plants. No 8,8, are expected, and so no plant:
should fail with g.1. pollen. None, in fact, do,fail. The four plants tested with their own.-
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pollén fail, but this way have little significance as male sterility, complete and partial,
wagrife in this family. We may note that male sterility is wmore common in those families
which have more P. wvioluces genes. It is not found in the backeross with P. awillpris.
Evidently small upsets of the incompatibility mechanism are apt to lead to male sterility.
The ten plants all fail to set seed with P. azillarss pollen, but all set well with hetero-
zygous P. vrolaceq, apart from one odd failure. This, of course, accords with expectation,

One of the crucial tests of the hypothesis is that, while 8.1 should give, exactly the
same classes of progeny when backerossed by P. vtolaceq pollen from both homozsygous
and heterozygous plants, this is not expected of s.¢. % P vraluces. The results described
above show clearly that this is the case, the differences in the lather crosses being of the
kinds expected.

Thus we see that the fowr assnmptmns necessaxy 0 acéount for the behaviowr of the
F1 plants, erossed inter se and with their parents, are vegularly horne out by the behaviour of
the plants obfained in F, and in the various backerosses. The interprefation is confirmed.

6. TEE EVOLUTION OF THE INCO"\IPATIBTLIT& SYSTHM

The operation of gametic mcompamblhty IE[lHlleS the existence of a minimum of three
allelomorphs ‘at the controlling S locus; for all individuals must he heterozygous, and
heterozygotes of the same constitution are mteymoompa’uble Oxnce a system of at least
three allelomorphs is established, the number should*tend to grow by mutation, hecause
sach new allelomorph has an advantage over the pre-existing more widespread members
“of the series. When, however, there are many allelomorphs relative to the population
size, the frequencies of some of them become so low that they will be lost by zandom
extinetion. Thus the number maintained in a population is dependent on the mutation
rate, inclnding immigration, and on the population size (Wright, 1939).

The critical stage iv the development of a gametic incompatibiliby system is clearly
the establishment of the first three S allelomorphs. Hast (1929) has supposed that
incompatibility allelomorphs accumulate in & self-compatible species, ander cover of the
compatﬂmhtv allelomorph, until 2 sufficient number exist, when the incompatibility
system is brought into being, by segregation, in a fally developed state. Though this
could happen in Nicotsana Langsdorffi, where pollen carrying the compatibility allelo-
morph, §;, can grow dgwn a style carrying any of the incompatibility allelomor phs, 118
clearly impossible in Petuniz. S, pollen functions poorly, il ot all, on any hut 8,8, styles.
We must suppose that the incompatible species arose from a compatible ancestor, since
a mubation to S, in P. winlzcen would be eliminated immediately ; but we cannot postulate
that it arose in the way Bast suggests hecause a mutation to 8; or S, in a population
otherwise homogeneous for 8, would have the eflect of malring the mutant 1dividual
vivtnally female sberile. Bven in the case of Nicolzana, where mutant incompatibility
allelomerphs could persist under cover of the compatibility allelomorph, it iz doubtful

whether they would so persist; for the pollen carrying S,, ete.,, would be at a disad-
vantage as compared with that carrying S;. It could not function in any style carvying
the same incompatibility geve. This disadvantage would increase as the incompatibiliby
allelomorph spread in the population.

It wight be supposed that S, say, would sometimes persist and even spread in such
a population by virtue of the fact that plants carrying 8, would be somewhat more
crosshred than those of the constitution 3:5;, crossbred plants being supposed to have
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on. the average a Hfter genotype than inhreds. Since, however, it cannot be supposed
that the advantage of outbreeding arises suddenly, ab the same time as the 8, nubtafion
oscurs, this view demands that the self-compatible species has persisted for some time
while waiting, so o speak, for mubations snitable for converfing ib into the fitber in-
compmtlblc type. This seems to be highly improbable, ag, indeed, is the sudden rise of
a marked advantage in outhrecding. Tt certainly must be presumed that outerossing is
advantageovs in incompafible specigs, for otherwise any suitable mutant compatibility
gene would soon oust its incompatibility allelomorphs; but it is much more reasonable
to suppose that the change in external conditions, acting directly or through change in
population size, to which thc increased advantage of oultbreeding is attributable, arose
gradually.

Hence an incompatibility sysbem cannot be sup posed to come into being, by segrega-
tion or by any other means, in perfect form. It must develop stowly, each allelomarph
gradually showing a stronger incompatibiliby reaction as the changing conditions gradually
favonred incveased outbreeding. The system of breeding is an adaptive character and
must be stpposed to show the same kinds of selective change as any. other :deptwe

chavacter {Mather & de Winfon, 1941; Mather, 1943).

Such a gradual transition from self-compatibility to self-incompatibility could be
brought about in two ways. First, it may be achieved by the replacement of the com-
patibility gene by weak incompatibility allelomorphs, which in their turn give way to
somewhat stronger incompatibility allelomorphs, and s0.0n. The existence of incompati-
Lility allelomorphs having different strengths is well known. For example, 8,5 in Nicotiana
18 80 weak that a homozygous plant will set seed quite readily with its own pollen, while
other allelomorphs in the same species seldom, if ever, permit pssudo-compatibility. In
Petumie Sy and S, differ in this- very way, too. There is no evidence that development
by replacement of this kind has ocouwrred, but it iz clearly a possibility, even though,
perhaps in some ways, not a highly likely one. Allelomorphic replacement cannot in any

case be regarded as proceeding to the extreme, for otherwise S$,; would have long ago
disappeared from Nicoiiona.

The second way in which an incompatibility system might develop'is by the selection
of non-allelomorphic genes which modify the strength of the reaction controlled by the
3 allelomorphs. The evidence for the existence of s,uch modifiers is extensive. In crosses
between the cultivated dntirrhinum majus and refated wild species Tseng (1938) found
a non-allelomorphic gene for self-compatibility, Brieger (1930) has described such genes
m Nicotiana Sanderae, which is a gaxden form of hybrid origin. .He was able to isoiate_
one major modifier and was of the opinion that a number of minor modifiers also existed.
Wergin (1936) and Harland & Atteek (1933) found evidence of such modification in
Pemrmw as we have already seen,

The present results allow us $o go somewhat further in the analyszs of the incom-
patibility system. Three allelomorphsLSl, S,-and S,, were segregating in the maberial,
and their general properties were established. But it was necessary to postulate non-
allelomnorphic genes affecting the following reactions at least:

(1) The growth of 8, pollen, from s.c. hybrids, in 8,8, and S,3, styles

{2 The growth of 8, pollen in 8,3, styles.

(3) The growth of S, polien ou ¥, plants in their own styles, probably of the consti-
tution 8,8,.
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(4) The growth of S, pellen in F, styles of constitution 8,8, and 3,S,.

(5) The growth of 8§, pollen in 5,5, plants from the cross s.1. x P. violacea.

(6) The growth of 8, and S, pollen in the styles of 8,5, having various origins.>

Some of these various results could perhaps be ascribed to the action of a single gene,
but the complexity and number of the various modifications strongly indicates a number
of such non-allslomorphic modifiers. To take two specific examples, S, pollen from
8.1, hybrids grows better in 8,8, styles than does S; pollen down the S8, styles of
P. violacea, while Sy pollen from F, plants can grow better still; and S, andfor S, pollen
from P. wiolaceq grows poorly in 8,5, styles within P. viclaces, but grows better in 8,S,
stylés ‘of plants from the backeross s.I.x P. violzcen and best of all in 5,8, styles
of some F, plants. Such results could be explained in terms of single modifying genes,
but such genes must have very special properties. They are, however, just the type of
result to be expected if & number of genes, each having a small effect, were at wotk.
In other words, the evidence strongly suggests that the self-compatible P. azillaris carries
a number of modifying genes which individually and collectively weaken the action of
the incompatibility system of P. violacea to varions degrees.

When 8, and 8, are transferred to P. awillarts, by appropriate crosses, it would appear
likely that they cease to control any incompatibility reaction at all. The modifiers of
the self-compatible species have removed the reaction which the S ailelomorphs control.

~The existence of an incompatibility reaction is thus polygenically determined, and its
strength is under polygenic control. The $ allelomorphs only control the direct working
of the reaction once it is established. They are merely switch allelomorphs. Thus the rise
of outhreeding, depending on' the operation of incompatibility allelomorphs, would be
due to selection of the polygenic combinations controliing the strength of the reaction.
There might also, of course, be some selection of allelomorphs at the S locus according
0 their efficiency of action with the existing polygenic background.

Though it is perhaps oo much to say that the Petunie crosses have proved that the
strength of the incompatibility reaction is under polygenic control, it is clear that they
are well in keeping, and, indeed, strongly suggest such an interpretation. And this view
enables us to see exactly how incompatibility systems develop. In so far as the rigour
of the incompatibility reaction is polvgenicaliy contvolled, it may show any strength
between complete compatibility and complete incompatibility. The system can show a
gradually increasing efficiency as external conditions gradually favour more rigorous
outhreeding. The change from compatibility to incompatibility will be smooth and will
occur when circumstavces favour such a change, and to the extent that circumstances
favour it. The same S aliefomorphs can operate the mechanism at every stage, but the
incompatibility that they control will change smoothly in the way that only such
chayacters as arve under polygenic control can change.” Furthermore, as soon as conditions
favour the rise of an incompatibility sysbem, it can begin to develop, for one of the niost
strtling properties of polygenic variahiliby is that it can exist as potential variability in the
genotype, having bub little phenotypical effect, Thus self-compatible species can caxry
all the polygenes necessary for the development of an incompatibiliby system, if condi-
tions showld favour one (see Mather, 1941, 1943). Buch a development would be slow, as
the release of polygenic variability from the potential to the free state is slow, though it
would presumably he speeded up by the development of incompatibility (Mather, 1943);
but then extersal conditions would be changing only slowly, and polygenic change,
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though slow, can proceed to great lengths, because large amounts of variabiliby can exist
in the potential state.

On this polygenic view we must anticipate that relabed species will frequently have
well-developed incompatibility systems depending on the same S allelomorphs, but
differing in the polygenic combinations on which the efficient action of the switch allelo-
morphs depends; for selection to maintain polygenic balance will proceed independently
in the species, and these will in consequence digress in their polygenic combinations
(Mather, 1943). On intercrossing two such related zpecies we should expect that ve-
combination between the highly selected polygenic combinations, now hrought together
for she fiest time, would desiroy their balance and lead to a more or less complete break-
down in the efficiency of the incompatibility mechanism (Mather, 1941). Pseudo-con-
patibility wounld oceur in the F, and later generations. This i exactly what appears fo
happen in Nicotiana Sunderae. The incompatible species N. wlate and N. Forgetiona
rarely show pseudo-compatibility and then only under special circumstances; but
N. Sanderae, which is a hortienlbural “species’ derived by hybridizasion of N. alafe and
N. Forgeticng, frequently shows proncunced pseudo-compatibility (Brisger, 1930).

Different polygenic combinations will thus be capable of giving a variety of incom-
patibility systems with the sarme S allelomorphs. We have seen how, in Pelune, two or
more incompatibility systews of different strengths can be built up all having 8, and 8,
from P. wiolaces, bub with different mixtures of polygenes from the two parents. JReT:
then found that S; and S, operate less efficiently hetween systems than they do within
systems. The polygenes are determining the system, the S allelomorphs merely control
its direct working. Thus within & system 5, and S, can ghare some proioer‘oy not ghared
by either allelomorph when it is operating with a different system of polygenes. The be-
haviour of 8;, as compared with 8,, in strengthening the action of S, in Pefunia is further
evidence of this phenomenon. So we can see that allelomorphs having little if any effect
on the breeding system in a compatible species can be built up into an efficient ncom-
patibility system by selection of polygenes which affect all the S allelomorphs alike. It
18 not necessary to suppose that each allelomerph has its own specific polygenic teodifiers.

On this view, if is clear that any new allelomorphs at the S locus, arising by mutation
from pre-existing allelomorphs, would immediately be effective in operating the incom-
patibility system. There would be no necessity for selection of modifiers to enable them
to work efficiently, for shis selection would already have taken place in the development:
of the system depending on the original allelomorphs. If one adopted some alternative
interpretation of the development of an incompatibility system, sich as the allelomorphic
replacement view, or the view that each allelomorph had its own specific modifiers, this
conclusion would not follow. We should then expect that at least some mutant allelo-
nrorphs would not operate effi ficiently until sufficient time had elapsed for them to he
rendered efficient. Or, on the replacement view, they might never be efficient. Inefficient
allelomorphs, whether they were ineficient hecause of their own nature, or hecause of
their failure to work eiBciently in the existing polygenic background, would doubtless
eltimately be eliminated by selection, only the efficient ones remaining, and then if
would be difficult to distinguish such a system from that in which all new allelomorphs
were immediately efficient. Bug clearly the latber would be the more advantageous as Fu
would involve less Joss of efficiency immediately affer mutation at the S loous.

It is Dot to be supposed that, once an incompatibility system has developed, the speCIBS'
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will always find it advantageous to maintain such a mechanism indefinitely. Indeed, it
hassbeer shown (Mather, 1943) that inbreeding and inbreading mechanisms nob infre-
quently supervene in outhreeding species. 1t is lilely that this has happened in some cases
of authreeding by gametic incomnpatibility. dntirrhinum majus is self-compatible, bus most
if not all of its wild relatives are incompatible. It is then not without significance that
self-compatibility in Antirrhvnwmn magus is dependent on a single non-allelomorphic major
modifier, which suppresses the action of the S allelomorphs. Although the rise of the
‘ outbreeding system depends on pelygenic modification, once established its action may
. be vitiated by & much simpler genetical change. This also has been the case in the
heteromorphic incompatibility system of Primula (Mather & de Winton, 1941), where,
once the heterestylic mechanism has been built up, a homossylic inbreeding mechanism
can supervene by a change in the switch gene. It is the mechanism, not the direction,
* of mating control which must arise by gradual polygenic selection. Once such control is
established by polygenic change, it can be put to various uses by relatively simple ad-
justiient of either switch geme or some major non-allelomorphic modifler, to give out-
breeding or inbreeding or a mixture of the twao.

7. SUMMARY

Incompatibility is classified according to whether it' depends directly for its action on
morphological variation (leteromorplic incompalibility) or not (homomorphic incompati-

bilety}. The latter type is again divisible into gemetic and asygotic according to whether it
ig the genotype of the male gamete, or that of the zygote producing the male gamete,
whose relation to the constitution of the zygote producing the female gamete determines
the reaction,

Self-compatibility in an otherwise gametically incompatible species may depend on
compatibility allelomorphs of the incompatibility genes, or on non-alielomorphic modifi-
cation. The latter kind, leading fio pseudo-compatibility, is assosiated with a hybnd
origin of the individuals behaving in this way or of their ancestors.

Incompatability in garden Petunias depends on a series of 8 allelomorphs of the kind
desexibed in Nicotiana and Veronica, but is often complicated by non-allelomorphic
modifying penes. The cause of this complicated inheritance is 4o be sought in the origin
of the horticultural strains from kybrids bem ecn the self-compatible Petunic axilloris
and the self-incompatible . violacea.

P. awillaris was crossed with a single plant of F. wolacea, which was shown to carry
two S allelomorphs, 8, and 8;, controlling a characteristic and wncomplicated gametie
inconipatihility reaction. The species cross only succeeds with P, aadllores as female. It
gives bwo types of offspring in equal numbers, one freely self-compatible (s.0.) and the other
nearly sell-incompaiibie (5.1.). These clasges are vespectively 8,8, and 3,8, , where 5, is the
allelomorph of 8y and S, that P. earllaris must be presumed to carry. A homozygous,
5,8, plant of £. violucen, when crossed on to P. axilleris gave only £.0. progeny.

Crosses hetween s.0. and 8.7, are compatible both ways. Both bypes set seed with
pollen from 8,8, P. veolacen, bub give no seed in the reciprocal cross. Both are compatible
as pollen parents on to F. quallards, but no sced is set on .1, plants, aud only very liitle
oun 8.¢. plants, when they are polinated hy I’ awddloris. Poilen from 8,8, P. wiolacea
gives a full set on s.1. plants, but nearly fails ou s.0. plants. Pollen from both types of
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hybrid gives seed when used in the reciprocal eross, though s.c. pollen is slightly less
compatible that =.1. pollen.

The results ar¢ exphicable in terms of the four assumptions:

(1) Sy and 8, act as oppositional factors of the Nicotiana type.

(2) 'S, never gives efficient pollen growth in any style containing 'S, or S,, but never
inhibits the growth of S, or S, pollen.

(3} Petunsq azillaris conta.ins a gene or genes, non-allelomorphic with 8, which weaken
the incompatibility reaction of 8, and, especially, S,.

{4} When present in the same style, S, strengthens the action of S, in inhibiting
the growth of S, pollen from s.¢. hybrids.

The behaviour of plants in the vavious kinds of F, and in backcrosses with both
parental species verifies these postulates and, also shows that $,8; individuals of different
origin may be markedly self-incompatible and vet set seed fajrly freely when intercrossed.

Incompatibility systems cannot come into being, either by segregation or any other
means, in perfect form. They, must arvise gradually, as changing external circumsbances
favour increased outbreeding. This gradual change is brought aboub by the selection of
polygenes controlling the strength of the reaction, so that the move is from full self-
compatibility throungh the various degrees of parfial incompatibility o fall incompati-
bility. ’

P. awllaris and P. violucea differ in the polygenes which they carry, those of the
former species changing and weakening the action of the S allelomorphs on which the
operation of incompatibility in the Iattw species depends. The S allelomorphs act only
as the switch on which the immediate working of the system depends. The efficiency of
the incompatibility system of controlled cuthreeding depends on the polygenes which
determine the behaviour of all the S allelomorphs. The occurrence of more pseudo-
compatibility in the hybrid Nicotiana Sanderge than is found in either of its parent
species is predictable from this polygenic view.

Self-compatible protospecies may be supposed o contain all the polygenic variability.
necessary for the development of an incompatibility system at such time as external
circumstances favour such a development. Once a controlled outbreeding system, de-
pending on gametic incompatibility or some other means, has heen developed by poly-
genic selection, it may be changed fo give controlled inbreeding by simple genetical
adjustment of the switch gene or of a major non-allelomorphic modifier. This appears to”
have happened in Anigrrhinum majus, which is a self-compatible species n a group
otherwise self-incompatible.

1 am indebted to Miss P. M. J. Bdwardes for making many of the test pollinations,
and bo Miss N. Hdgar for testing the progeny of Petunic awillaris x S,8, P. violacea.
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