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NOTE 

Throughout t h i s t h e s i s , whenever a cross 

of any k i n d i s mentioned, the f i r s t parent to 

be named i s the female parent. 

I V 



I INTRODUCTION. 

I t has been known f o r a long time t h a t one or 
more of a v a r i e t y of causes may prevent two species 
from h y b r i d i s i n g successfully. Ecological and 
geographical b a r r i e r s are o f t e n s u f f i c i e n t t o prevent 
them from ever having the opportunity i n nature. 
Cain (1944) dliscussed these b a r r i e r s i n d e t a i l . I n mapy 
eases, when two species t h a t are so i s o l a t e d are brought 
together i n c u l t i v a t i o n , the genetic b a r r i e r s between 
them are found to be weak, and successful gene exchange 
can occur. Species t h a t have been i n contact f o r a 
long v/hile under n a t u r a l c o n d i t i o n s , on the other hand, 
have g e n e r a l l y evolved genetic b a r r i e r s t o crossing. 
Between the extremes of f u l l y successful crossing and 
complete f a i l u r e t o cross there are many stagesv 

I f two species are crossed a r t i f i c i a l l y , f a i l u r e 

of the cross can occur i n e i t h e r pre- or post-

f e r t i l i z a t i o n stages. P r e - f e 3 ? t i l i z a t i o n breakdown 

can be a t t r i b u t e d t o one of several causes. Thompson 

(1940) has quoted at l e a s t one example of each of the 

f o l l o w i n g : 



1. F a i l u r e of p o l l e n * t o germinate on the stigma. 
2. Slow growth of the p o l l e n tube i n the s t y l e . 
3. Bursting of the p o l l e n tube. 
4. Death of the p o l l e n tube f o r reasons other than 

b u r s t i n g . 
5. I n a b i l i t y of the sperm t o f e r t i l i z e the egg or 

endosperm nucleus. 
' L A I n some cases there are means of overcoming these 
b a r r i e r s ; by s p l i t t i n g the s t y l e , f o r instance, or by 
the use of hormones. However, even where these aids to 
successful f e r t i l i z a t i o n are used, the h y b r i d s t i l l o f t e n 
f a i l s . Breakdown a f t e r successful f e r t i l i z a t i o n has been 
classed by Thompson ( l o c . c l t . ) i n t o three groups: 

1. Death of the h y b r i d , at any time from a. few-celled 
embryo to a ne a r l y mature p l a n t . 

2. ' F a i l u r e of the endosperm t o develop. 
3. Abnormal development of the endosperm. 

I n the present author's opinion f a i l u r e i s not 
so simply c l a s s i f i e d i n t o c l e a r - c u t groups, but Thompson's. 
d i v i s i o n s give the broad o u t l i n e . Death of the h y b r i d , 
h i s f i r s t group, i s i n many cases d i r e c t l y dependent on 
one of the other two. 



This t h e s i s i s concerned w i t h the phenomenon of 
p o s t - f e r t i l i z a t i o n breakdown, i n p a r t i c u l a r the f a i l u r e 
o f seed to develop t o f u l l m a t u r i t y , or the p a r t i a l 
f a i l u r e t o do so'. 

The phenomenon of p o s t - f e r t i l i z a t i o n breakdown has 
been termed " s e e d - i n c o m p a t i b i l i t y " by Valentine (1953). 
Valentine coined t h i s term i n the course of h i s work on. 
seed breakdown i n the genus Primula.' His work w i l l be 
described i n some d e t a i l i n the h i s t o r i c a l review, 
since i t fomed the basis of the present study. The 
work discussed i n t h i s t h e s i s i s a d e t a i l e d h i s t o l o g i c a l 
study of some of the Primula crosses. An attempt w i l l 
be made t o . e l u c i d a t e the process of seed i n c o m p a t i b i l i t y 
i n the l i g h t of the behaviour of the tissues i n the 
developing seed. 
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I I HISTORY. 

A complete review of a l l the l i t e r a t u r e relevant 
t o the to p i c o f seed "breakdown would occupy a great deal 
of space, and i n f a c t i s unnecessary. Instead, the 
most important hypotheses t h a t have come oUt of former 

work have "been f o l l o w e d , and have been i l l u s t r a t e d w i t h 
b r i e f accounts of the work t h a t l e d to t h e i r proposal* 
Other work w i l l be mentioned i n passing, and the 
b i b l i o g r a p h y w i l l include many relevant papers t h a t w i l l 
not f i n d a. place i n t h i s b r i e f h i s t o r i c a l survey. 

There are tviro obvious omissions; the physiology 
of seed and f r u i t development, which has been adequately 
reviewed by M t s c h (1953) and embryo c u l t u r e , which i n 
recent years has been widely used as a means f o r overcoming 
seed f a i l u r e . This review i s confined to the topic of 
the a c t u a l course of seed development, and to the 
abnormalities t o be found i n h y b r i d seed, since i t i s 
w i t h t h i s t o p i c t h a t we are mainly concerned.' 

Abnormalities i n seed development were noted by 
e a r l y workers, not many of whom attempted to explain t i em.' 
Renner (1914) and R i o r t h (1926) i n Oenothera, Michaelis 
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(1925) i n Spilobium. Sawyer (1925)in I r i s . , and G h r i s t o f f 
(1928) i n Nicotiana a l l noted seed breakdown i n i n t e r s p e c i f i c 
crosses. They also o f t e n fo\ind r e c i p r o c a l d i f f e r e n c e s 
i n these crosses. Those t h a t c a r r i e d out h i s t o l o g i c a l 
s t udies found endosperm abnormalities of varying s e v e r i t y , -
Clausen ( I 9 3 l ) found r e c i p r o c a l d i f f e r e n c e s i n the 
cross i n v o l v i n g V i o l a arvensis and V. rothomagensis. He 
suggested t h a t disturbance of the genie e q u i l i b r i a of 
the endosperm might be responsible. The f i r s t t o formulate 
some sor t of a general r u l e to account f o r r e c i p r o c a l 
d i f f e r e n c e s i n seed development was Thompson (1930 a, b ) . 

Thompson worked w i t h various wheats, crossing 
types which had 14 and 21 chromosomes. When he used the 
21 chromosome wheat as female, the endosperm was plump, 
whereas i n the r e c i p r o c a l cross i t was s h r i v e l l e d . He 
c a r r i e d out a series of experiments which i n d i c a t e d t h a t 
the c o n d i t i o n of the endosperm depends on the seven 
vulgare chromosomes t h a t behave as u n i v a l e n t s , (He used 
T r i t i c i i m vulgare. n = 21 and T, durum, T. dicoccum and 
T. persicum, a l l n = 14). When the endosperm contains 
three sets of the vulgare chromosomes, or none or very 
few o f them, i t i s plump and large,' I t i s plump and small 
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when i t contains two sets, and s h r i v e l l e d when i t i s 
h a p l o i d f o r a l l seven or d i p l o i d or t r i p l o i d f o r a few 
only^' i e . the f a r t h e r the s i t u a t i o n departs from complete 
absence or complete t r i p l o i d y of these chromosomes, 
the more s h r i v e l l e d i s the endosperm. He l a t e r suggested 
as a general r u l e t h a t crosses between species of d i f f e r e n t 
chromosome mambers would be more successful when the 
species w i t h the higher number was used as female, on 
the grounds t h a t the chromosomes t h a t i t possesses and 
the other species lacks w i l l be dup l i c a t e d i n the endosperm, 
whereas i n the r e c i p r o c a l they w i l l only occur once. 

Watkins (192?) came independently to a s i m i l a r 
conclusion, and i n a l a t e r review (1932) surveyed the 
s i t u a t i o n t o date. He supported Thompson's conclusions. 
He suggested t h a t , f o r instance, i n a t e t r a p l o i d - d i p l o i d 
cross, when the t e t r a p l o i d i s used as female, a 4x p l a n t 
i s n o u r i s hing a 5x endosperm and a 3x embryo„ whereas 
i n the r e c i p r o c a l a 2x p l a n t nourishes a 4x endosperm 
and a 3x embryo. I n general the 5x endosperm i n a 4x 
p l a n t develops b e t t e r than a 4x endosperm i n a 2x p l a n t , 
since i t more c l o s e l y corresponds to the normal s i t u a t i o n 
where a 2x p l a n t nourishes a 3x endosperm. (This i s 
i g n o r i n g t h e c o n s i d e r a t i o n of q u a l i t a t i v e f a c t o r s ) . 



This was also the f i r s t suggestion t h a t the r e l a t i o n s h i p 
of the endosperm and mother p l a n t was important. 

His suggestion t h a t the hypothesis could be supported 
by reference to d i p l o i d - a u t o t e t r a p l o i d crosses was 
fo l l o w e d by comments on such crosses i n Saccharum. Musa 
and Datura, but i n none of these cases was i t c e r t a i n 
t h a t f e r t i l i z a t i o n had been successful i n the cross 
using the d i p l o i d .as female. However, the r e s u l t s of 
Gairdner and D a r l i n g t o n , (1932) from such crosses i n 
Campanula p e r s i c i f o l i a , reproduced i n Table I , d i d shed 
some l i g h t on the problem. 

TABLE I . The r e s u l t s of crosses made y/ith d i p l o i d , 
a u t o t e t r a p l o i d and t r i p l o i d p l a n t s of Campanula p e r s i c i f o l i a . 

Cross Capsules Seeds per Percentage Seedlings 
capsule. germination per capsule, 

3h X 4n 10 46 23.9 6,4 
3n X Sn 2 140 10.7 14.5 
2n X 4n 22 76 0,6 0.5 « 
4n X 2n 34 18 • 9,8 1.5 + 
2n X 2n - 325 55.3 
4n X 4n - 130 38,'5 
« 10 seedlings,-7 t'etraploid and 2 d i p l o i d . 
+ 32 seedlings, 8 t e t r a p l o i d , 23 t r i p j o i d and 1 pa r t h -

enocarpic d i p l o i d . 
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This series o f r e s u l t s i s somewhat inconclusive, 
but the germination f i g u r e s suggest t h a t t r i p l o i d seed 
develops b e t t e r i n a t e t r a p l o i d parent than i n a d i p l o i d 
one. The f a c t t h a t t e t r a p l o i d seeds can develop i n a 
d i p l o i d p l a n t i s , however, d i s t u r b i n g . 

Watkins also pointed out t h a t q u a l i t a t i v e , as d i s t i n c t 
from the q u a n t i t a t i v e d i f f e r e n c e s i n these crossed 
species, may be of importance, and he"quoted r e c i p r o c a l 
d i f f e r e n c e s i n crosses between d i p l o i d s as evidence. 
He suggested t h a t i n a l l o p o l y p l o i d s q u a l i t a t i v e and 
q u a n t i t a t i v e d i f f e r e n c e s might modify each other, but 
could not assess the r e l a t i v e importance of q u a l i t a t i v e 
and q u a n t i t a t i v e d i f f e r e n c e s from the evidence then at 
h i s d i s p o s a l . 

His general conclusions were: 
1, A change from the usual q u a n t i t a t i v e r e l a t i o n s of 
embryo, endosperm and maternal t i s s u e can a r r e s t seed 
development. 
2, Development seems to be independent of the q u a n t i t a t i v e 
d e l a t i o n s between the mother on the one hand and the 
embryo and endosperm on the other. 
3, ' Prom t h i s i t seems t h a t seed development depends on 



the q u a n t i t a t i v e r e l a t i o n between endosperm and embryo. 

4, When the chromosome r a t i o of endosperm: embryo i s 

gr e a t e r than 3:2 development i s b e t t e r than when i t i s 

l e s s , 

5I.- Plants of hi g h chromosome number give b e t t e r r e s u l t s 

as females than as males. I n autopolyploids t h i s e f f e c t 

i s s t r a i g h t f o r w a r d , but q.ualitative r e l a t i o n s complicate 

the s i t u a t i o n i n a l l o p o l y p l o i d s . 
These g e n e t i c a l explanations f o r seed f a i l u r e , 

i n terms of chromosome balance i n the tissues of the 
developing seed, d i d not make i t c l e a r how the unbalance 
was r e f l e c t e d i n the tissues,. The f i r s t r e a l attempt 
t o d̂o t h i s was made by Kihara and Nishiyama (1932). 
L a t e r workers have shown reluctance to accept t h e i r 
hypothesis. I t was based on the seed development they 
obtained when they crossed d i f f e r e n t species of Avena, 
n o t a b l y A. s t r i g o s a . a d i p l o i d and A, f a t u a , a hexaploid. 
When the d i p l o i d v/as used as female, e a r l y development 
was more r a p i d than i n the i n t r a s p e c i f i c cross, but 
i r r e g u l a r i t i e s soon appeared, and, the seeds were i n v i a b l e . 
I n the r e c i p r o c a l , development was slower than normal, 
but a few o f the seeds were v i a b l e . 
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I n some respects t h e i r viev/s were the opposite of 
Yfetkins', at l e a s t i n terms of seed set, hut i n terms 
of v i a h i l i t y of seeds t h e i r crosses f i t t e d i n t o h i s 
scheme. They quoted the r e s u l t s of % n g e l s d o r f and 
East (1927) and Y a r n e l l (1931) on Pragaria i n support 
of t h e i r case. 

They found t h a t seed set was o f t e n b e t t e r where 
the female parent had the lower chromosome number than 
i n the r e c i p r o c a l . Germination, on the other hand, was 
e i t h e r worse, or d i d not occur at a l l . They suggested 
t h a t the r e l a t i o n s h i p of the gametic chromosome ntmihers 
i s the g:bverning f a c t o r i n the s e t t i n g of seed. The male 
nucleus, they i n d i c a t e d , can he c l a s s i f i e d according t o 
i t s " s t i m u l a t i v e s t r e n g t h " and they c l a g B i f i e d the 
s t i m u l a t i o n i n t o 'overstrong, noiroal and weaky TOiere 
there was no union of male and female n u c l e i they stated 
t h a t the male gamete had "no a f f i n i t y . " I f the endosperm 
and embryo grow abnormally f a s t , as i n Avena st r i g o s a (2n) 
X A. f a t u a ( 6 n ) , the s t i m u l a t i o n has been overstrong. 
I f growth i s normal, g t i r a u l a t i o n i s normal, and a weak 
s t i m u l a t i o n r e s u l t s i n v/eak growth, A moderate stimulus 
of the female nucleus by the male i s necessary, they 
sumised, f o r normal growth of the seed. Overstrong 
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s t i m u l a t i o n r e s u l t s i n too- r a p i d growth and. subsequent 
f a i l u r e , and a weak stimulus f a i l s to i n i t i a t e a s u f f i c i e n t l y 
r a p i d growth r a t e i n many cases, though occasionally 
such a stimulus can r e s u l t i n near normal hut slow 
development, whereas overstrong s t i m u l i are d e s t r u c t i v e . 
They could f i n d no explanation f o r d i f f e r e n c e s i n 
r e c i p r o c a l crosses between species of the same chromosome 
number. 

•^his hypothesis was severely (and i n t h i s author's 
o p i n i o n , r a t h e r u n f a i r l y ) c r i t i c i s e d by Muntzing (l933')« 
He commented; "as f a r as I know, there i s no d i r e c t 
evidence t o e x p l a i n why a nucleus i n the p o l l e n g r a i n 
w i t h a higher chromosome number than normal should 
"stimulate"' an egg c e l l to more r a p i d d i v i s i o n s than 
normally. This assumption seems to me to be r a t h e r 
g r a t u i t o u s , " Muntzing T/ent on to suggest th a t "plasmatic; 
d i f f e r e n c e s " were responsible, one of the parents being 
a " b e t t e r mother" f o r the h y b r i d seed than the other.' 
He went on to say t h a t the normal balances of three-
t i s s u e s , endosperm, embryo and mother, which are i n 
i n t i m a t e contact morphologically and p h y s i o l o g i c a l l y , 
w i l l be d i s t u r b e d i f the embryo sac i s f e r t i l i z e d by 
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male gametes which have a d i f f e r e n t chromosome number 
from t h a t of the egg c e l l , and suggested " i t i s reasonable 
t o assume t h a t t h i s d i s t u r b e d balance i s the cause of 
d i s t u r b e d embryo and endosperm development and r e s u l t s 
i n bad seeds," I n the present author's opinion Muntzing 
has departed v e r y m l i t t l e from the argument of Kihara 
and Nishiyama, who also s t a t e d t h a t disturbed balance 
between gametes was the cause of f a u l t y development. 
This paper, however, was of some s i g n i f i c a n c e , and we 
s h a l l r e t u r n to i t later,! Subsequent workers found, t i n t 
t h e i r r e s u l t s were s i m i l a r t o those of Kihara and Nishiyama, 
and put forward s i m i l a r explanations. Notable among 
them were Katayama (1933), Wakakuwa (1934) and Ledingham 
(1940), Beasley (1940) obtained s i m i l a r r e s u l t s but 
d i d not attempt t o e x p l a i n them i n t h i s way, Katayama 
used Aegilops and T r i t i c u m , and could not see any r e a l l y 
c o n s i s t e n t r e l a t i o n between chromosome number and seed 
set , or between seed set and germination*' He pointed 
out t h a t w i t h c l o s e l y relatedsspecies q u a n t i t a t i v e 
, r e l a t i o n s would be important, whereas less c l o s e l y r e l a t e d 
species would be more a f f e c t e d by q u a l i t a t i v e d i f f e r e n c e s . 
Excessively f a s t development (progressive abnormality), or 
excessively slow, (regressive abnormality) could both 
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cause seed f a i l u r e . He summed up the possible disturbances, 
q u a l i t a t i v e and q u a n t i t a t i v e , i n t a b u l a r form, showing 
the i n t e r - r e l a t i o n s h i p s of a l l tissues concerned, but 
d i d not state which he thought most important. 

Ledingham (1940) crossed Medicago sati v a (4n) w i t h 
a d i p l o i d form of M. f a l c a t a . - I f i t h the d i p l o i d as' female, 
development of the embryo goes on slowly f o r two weeks, 
and though the ovules abort the ovary forma a mature pod. 
I n the r e c i p r o c a l cross f e r t i l i z a t i o n i s delayed and 
endosperm and embryo development i s q u i c k l y arrested. 
However, a few t e t r a p l o i d hybrids are formed, presumably 
from unreduced p o l l e n , and i t was pointed out by Ledingham 
t h a t divergence from normal balance of embryo and endosperm 
was greater here than f o r d i p l o i d hybrids, and y e t these 
t e t r a p l o i d s are f e r t i l e . As p a i r i n g between the chromosomes 
o f the two species i s very good, he dismissed chromosome 
imbalance as being the cause of f a i l u r e . He suggested 
t h a t i f the male had the higher chromosome number the 
r a t e of p h y s i o l o g i c a l a c t i v i t y and c e l l d i v i s i o n seems 
to- be increefsed ,-whereas--in t h e - r e c i p r o c a l the endospam 
and embryo n u c l e i are not stimulated to a s u f f i c i e n t 

r a t e of d i v i s i o n ^ and the developing maternal tissues 
u t i l i s e the a v a i l a b l e n u t r i e n t s , causing embryo abo r t i o n . 
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A l l the cases so f a r mentioned have l e d those-
i n v e s t i g a t i n g them to dwell on the q u a n t i t a t i v e r e l a t i o n s 
of the chromosome complements of the species concerned, 
and several of them have come to the conclusion t h a t the 
stimulus to development imparted by the incoming p o l l e n 
i s the v i t a l f a c t o r i n determining the r a t e and subsequent 
success of seed development. These.we might c a l l the 
" p o l l e n s t i m u l u s " t h e o r i e s , 

A t h e o r y t t h a t has e x c i t e d a good deal of i n t e r e s t 
was t h a t put forward by Brink and Cooper (l940) as a 
r e s u l t of t h e i r studies on Medicago, and l a t e r developed 
by them i n the l i g h t of the evidence provided by other 
groups. For convenience t h i s w i l l be c a l l e d the " n u t r i e n t 
c o m p e t i t i o n " hjrpo the sis',' 

Medicago s a t i v a i s a self-incompatible species, 
fJhen It i s s e l f e d , ovule collapse i s frequent i n the 
e a r l y stages.! The inner integument (endothelium) i s 
normally two c e l l s t h i c k , but i n the s e l f e d seeds i t 
shows marked meristematic a c t i v i t y , and as the endosperm 
degenerates, the inner integument p r o l i f e r a t e s . This 
l o c a l hyperplasia o f maternal t i s s u e they c a l l e d 
"somatoplastic s t e r i l i t y , * " ' 
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Their argument (1940) i s worth quoting f a i r l y f u l l y , 

as i t has been the basis of t h e i r l a t e r ideas, and of 

some other workers hypotheses. 
I n t h e i r discussion of the r e s u l t s obtained i n 

Medicago, they said: " F e r t i l i z a t i o n i n i t i a t e s the 
development of endosperm and stimulates m i t o s i s i n the 
:surrounding maternal t i s s u e s . The ovule springs i n t o 
a c t i v e growth,- V i s i b l e reserves of food soon disappear, 
and development depends on food moving i n from other 
p a r t s of the p l a n t . The c r i t i c a l f a c t o r seems to be 
the manner i n which the translocated food is. shared 
between the endosperm on the one hand and the inner 
integument on the other, and t h i s p a r t i t i o n of n u t r i e n t s 
appears to depend on the r a t e of growth inside and outside 
the embryo sac. I t may be assumed t h a t the synthetic 
processes are e s s e n t i a l l y a l i k e i n the three tissues 
concerned and hence t h a t the same raw m a t e r i a l s are i n 
concurrent demand. Under these conditions of p a r a l l e l 
growth the a v a i l a b l e foods w i l l be shared by the inner 
integument and the embryo sac s t r u c t u r e s i n p r o p o r t i o n 
to the r a t e at which growth i s going on i n the respective 
t i s s u e s . Successful development demands a balanced growth 
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r a t e between the endosperm, the dominant embryo sac 
t i s s u e , and the adjacent maternal t i s s u e , ensuring the 
nourishment of both.!' I f t h i s balance i s upset i n early 
development by f a i l u r e of the endosperm to keep pace 
w i t h the surrounding t i s s u e the endosperm starves and 

collapse ensues. Following cross p o l l i n a t i o n i n a l f a l f a 
the e a r l y endosperm growth r a t e i s higher than t h a t i n 
s e l f e d ovules,, and the higher s u r v i v a l r a t e i s a t t r i b u t e d 
t o t h i s more a c t i v e growth." 

Brink and Cooper regarded the endosperm - maternal 
t i s s u e r e l a t i o n s h i p t o be v i t a l i n seed development, 
and f o r m i l a t e d the hypothesis t h a t the conjugation of 
a male nucleus w i t h the p o l a r - f u s i o n nucleus to form the 
primary endosperm nucleus i s a mechanism whereby the 
p h y s i o l o g i c a l advantages of h y b r i d i t y are conferred 
upon the endosperm, and the more successful development 
f o l l o w i n g c r o s s - f e r t i l i z a t i o n i n a l f a l f a i s due to 
endosperm h e t e r o s i s . 

They went on t o show t h a t t h e i r hypothesis could 
be applied to other groups. (Cooper & Brinlcl940, Brink 
& Cooper 1.941), I n crosses between Nicotiana. r u s t i c a 
and N. g l u t i n o s a , and between ^Petunia violacea and 
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Lycopersicon esculentum, the nucellus i s h y p e r p l a s t i c 
and the endosperm degenerates. I n M c o t i a n a r u s t i c a x 
i t . tabacum they found t h a t the process was less marked, 
hyperplasia o f the nucellus v/as incomplete, and seed 
f a i l u r e was not t o t a l , ^'hey regarded t h i s as a case of 
incomplete somatoplastic s t e r i l i t y . 

Their l a t e r papers need not be r e f e r r e d to i n d e t a i l . 
They i n v e s t i g a t e d f a i l u r e i n Hordeum and Secale (1944) 
and a t t r i b u t e d f a i l u r e i n c r o s s i n g to abnormal antipodals. 

Such f a i l u r e they regarded as being p e c u l i a r to the 
Sramineae. Lycopersicon was t h e i r next subject; they 
used d i p l o i d and a u t o t e t r a p l o i d races of L, p i m p i n e l l i f o l i u m 
and a . d i p l o i d , L. peruvianum. They again (1945) found 
v a r y i n g degrees of inner integument hyperplasia. As 
f a r as crosses between d i f f e r e n t chromosome races of the 
same species were concerned, they a t t r i b u t e d seed f a i l u r e 
t o v a r i a t i o n i n chromosome balance between endosperm and 
mother. Where two d i p l o i d s were concerned, and there 
was no d i f f e r e n c e i n chromosome number, the s i m i l a r 
course of seed collapse was a t t r i b u t e d to a l t e r a t i o n i n 
the p h y s i o l o g i c a l balance between endosperm and mother 
by genome s u b s t i t u t i o n . Both numerical or genie imbalance 
p r e c i p i t a t e the same series o f h i s t o l o g i c a l changes. 
F i n a l l y , they found t h a t t e t r a p l o i d L. p i m p i n e l l i f o l i u m . 



X. d i p l o i d L. peruviegmm was more successful than 
t e t r a p l o i d L. p i m p i n e l l i f o l i u m x d i p l o i d L. p i m p i n e l l i f o l i u m . 
They suggested t h a t here genie and numerical disturbances 
were a c t i n g i n opposite d i r e c t i o n s , tending to cancel 
each other out. This p o i n t s t o the d i f f i c u l t y of 
analysing the causes of seed f a i l u r e when species are 
crossed v;hich d i f f e r both i n genie complement and chromosome 
numberi!' 

I n a review of the problem of seed development i n 
general (1947b) they d i d not make a d e t a i l e d analysis 
of the curr e n t hypotheses. They concluded t h a t the endosperm 
i s v i t a l i n maintaining the l i f e cycle during the earl y 
stages of development of the seed, nursing the young 
embryo and t a k i n g over i t s f u n c t i o n s i n ea r l y l i f e . 
They also suggested t h a t the double c o n t r i b u t i o n t h a t 
i t gets from the maternal parent weights the endosperm 
g e n e t i c a l l y i n favour of i t s mother, and f u r t h e r t h a t 
i t s t r i p l o i d c o n d i t i o n might have some p h y s i o l o g i c a l 
s i g n i f i c a n c e . F i n a l l y they suggested t h a t the secondary 
f e r t i l i z a t i o n confers the p h y s i o l o g i c a l advantage, of 
h y b r i d i t y on the endosperm i n the competition f o r 
n u t r i e n t s w i t h the maternal p l a n t s 
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They concluded by p u t t i n g forward some suggestions 

f o r f u t u r e work. The speculated on whether the em.bryo 

ever plays any p a r t i n seed f a i l u r e ; whether the antipodals 

are important i n any group other than the ̂ ramineae; 

whether there are any sp e c i a l metabolites involved i n 

seed development, and whether the endosperm, when abnormal, 

can a f f e c t s t r u c t u r e s outside the seed. 

Their approach was purely h i s t o l o g i c a l , and t h e i r 
conclusions were based solely'"on h i s t o l o g i c a l evidence. 
More r e c e n t l y t h e i r hypotheses have been c r i t i c i s e d by 
several workers, and i n general the n u t r i e n t competition 
.hypothesis has not gained m.uch acceptance^' Fagerlind 
(1948) has a t t r i b u t e d ' s e e d f a i l u r e i n Rosa to 
somatoplastic s t e r i l i t y " i i ' Seamish (l955) traced a 
s i m i l a r course of breakdov/n i n various crosses i n v/hich 
SPlanum demissum (2n = 72) was p o l l i n a t e d by various 
d i p l o i d s . Endosperm f a i l u r e was accompanied by over­
growth o f maternal t i s s u e . Other workers have found 
such maternal overgrowth, but have not a t t r i b u t e d i t 
t o n u t r i e n t competition. 

There are two other main l i n e s of thought, one of 

which i s based on the conclusion t h a t p h y s i o l o g i c a l 



disturbances are responsible f o r seed f a i l u r e , and 
the other on the importance of g e n e t i c a l r e l a t i o n s h i p s . 
The c h i e f champions of the p h y s i o l o g i c a l approach have 
been Blakeslee and h i s school, who have worked almost 
e x c l u s i v e l y on Datura. The g e n e t i c a l explanation has 
been used by Stephens (1942), Howard (1947) and Valentine 
(1947 et seq..) Valentine's work l e d t o the present 
i n v e s t i g a t i o n , and so consideration of the genetic approach 
w i l l be l e f t u n t i l the end of t h i s review',' 

Such terms as " p h y s i o l o g i c a l unbalance" and 
"chemical r e g u l a t i o n " had been used r a t h e r i n d i s c r i m i n a t e l y 
by some workers. The f i r s t papers on the topic from 
Blakeslee's school d i d not c a r r y t h e i r consideration 
much f u r t h e r ^ but they l a i d the foundations f o r the 
l a t e r development of the ideas that.they put forward, 
and they deserve b r i e f mention i n t h i s context". They 
were themselves preceded by a decade of g e n e t i c a l and 
p r e - f e r t i l i z a t i o n s s tudies, which w i l l not be brought 
i n t o t h i s discussioni! 

Sansome, Satina and Blakeslee (1942 a, b) discussed 
a s e r i e s of incompatible species crosses and d i p l o i d -
a u t o t e t r a p l o i d crosses. I n the cross t e t r a p l o i d x 
d i p l o i d f e r t i l i z a t i o n i s the r u l e , the endosperm develops 
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t o a c e r t a i n extent, but i t s eventual degeneration i s 
f o l l o w e d by e n d o t h e l i a l p r o l i f e r a t i o n . I n the r e c i p r o c a l 
the frequency of f e r t i l i z a t i o n i s l e s s , but when i t is. 
successful the behaviour of the young seed i s e s s e n t i a l l y 
s i m i l a r to t h a t of the t e t r a p l o i d x d i p l o i d . I n 
incompatible species crosses development goes a l i t t l e 
f u r t h e r , but the same type of breakdown p a t t e r n i s 
fo l l o w e d , Blakeslee and h i s c o l l a b o r a t o r s were at a 
lo s s t o account f o r the breakdown of a l l three: types 
of cross and the s i m i l a r i t y of i t s course i n each case. 
Q u a n t i t a t i v e changes i n e i t h e r d i r e c t i o n as w e l l as 
q u a l i t a t i v e changes a l l have the same e f f e c t . The 
n u t r i e n t supply i s not blocked by the hyp e r p l a s t i c 
endothelium. They could say no more than t h a t they 
thought the e a r l y stages were c r i t i c a l , and t h a t there 
might be some r e l a t i o n t o chemical r e g u l a t i o n . 

Sachet (1948) as a r e s u l t of a series of crosses 
i n v o l v i n g s i x species of Datura, noted s i m i l a r patterns 
o f breakdown, and also pointed out t h a t w i t h i n a s i n g l e 
capsule d i f f e r e n t ' rates of development and sometimes 
v a r i a t i o n s i n the p a t t e r n of breakdown can occur. Her 
hypothesis was t h a t the f o r e i g n p o l l e n tube may b r i n g 
some sub stance ••.•or substances i n t o the ovules, i n e i t h e r 
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too: great or i n s u f f i c i e n t q u a n t i t y , or a precursor which 
may induce the exaggerated oi i n s u f f i c i e n t formation of 
such substances w i t h i n the ovule. I n i n t e r s p e c i f i c 
crosses there jwould be differences, between the substances 

of the d i f f e r e n t species, and i n d i p l o i d - p o l y p l o i d 
crosses a d i f f e r e n c e i n q u a n t i t y . Sachet suggested' 
enzyme r e l a t i o n s as a possible f u r t h e r e f f e c t t h a t 
might- be unbalanced-i^ 

Sachet r e f e r r e d to some work by % i t e & Braun (l942) 
who had shown t h a t tumours a r i s e on sunflower p l a n t s 
i n o c u l a t e d w i t h the bacterium Phytomonas tumefaciens. 
These tumours are f r e e of b a c t e r i a and o f t e n a r i s e a 
long way from the o r i g i n a l i n o c u l a t i o n . „ Further; 
i m p l a n t a t i o n of these tumours i n t o healthy p l a n t s 
induced more tumours on them, V/hite & iBraun compared 
these tumours w i t h animal cancers. Sachet made the 
suggestion t h a t the overgrowth of the endothelium i n 
Datura might be due to a s i m i l a r f a c t o r . 

Sanders (1948) made a series of crosses w i t h f o u r 
Datura species., and came to the conclusion t h a t v a r i a t i o n 
w i t h i n a s i n g l e capsule v/as environmental. She pointed 
out t h a t some of her r e s u l t s were explicable by Brink 

-22-



and Gooper's t h e o r i e s , but others were not. 
Swanson, La v e l l e & Goodgal (1949) t r e a t e d young 

developing seeds of Tradescantia w i t h 2,4 d i c h l o r -
phenoxyacetic a c i d . The e a r l i e r i n development i t was 
app l i e d the more e f f e c t i v e i t was. I t g r e a t l y reduced 
endosperm development, the chalazal region of the 
integument d i s i n t e g r a t e d , the seeds collapsed and then 
the nucellus and integuments broke down. They a t t r i b u t e d , 
the endosperm f a i l u r e d i r e c t l y t o the e f f e c t o f the grsDwMi 
r e g u l a t o r . 

The discovery t h a t l e d to the most promising l i n e 
o f work was made by Rappaport, Satina & Blakeslee (1950a). 
This was the presence of so-called "ovular tumours" i n 
incompatible species crosses i n Datura. The endotheliiam 
i n such crosses p r o l i f e r a t e s and penetrates i n t o the 
embryo sac to form ti;imour t i s s u e . Satina, Rappaport 
& Blakeslee (l950) described them i n more d e t a i l . Instead 
of the normal degeneration of the e n d o t h e l i a l c e l l s , 
they p r o l i f e r a t e and i n many cases entirely-absorb- the . 
embryo-sac contents. They sometimes incorporate embryos 
w i t h i n them, these embryos being i n v i a b l e . I n a few 
cases they- found t h a t capsules contain two types of seed. 
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those with tumours, and others i n which the endothelirmi 

d i s i n t e g r a t e s and the embryo-sac i s swollen with a large 

amount of j e l l y - l i k e substance, 

A f u r t h e r discovery was that seeds from s e l f i n g s 

have decreased s t a r c h and i n c r e a s e d f a t and aleurone 

du.ring embryo development, whereas the reverse holds f o r 

incompatible c r o s s e s . The l a c k of f a t and aleurone could 

be explained by the absence of endosperm i n which they 

normally appear. The excess of s t a r c h suggests l a c k or 

i n h i b i t i o n of the enzyme which converts i t . 

They o f f e r e d two explanations f o r these phenomena. 

F i r s t l y , there might be two substances involved, one 

s t i m u l a t i n g growth of endothelium and tumour t i s s u e and 

the other i n h i b i t i n g the embryo and endosperm, or there 

might be one substance doing both','' They observed that 

ingrowths of maternal t i s s u e had been recorded by 

Renner (1914) i n Oenothera; M i c h a e l i s ( l 9 2 5 ) i n Epilobium; 

Brink &. Cooper (1940) i n Medic ago; Kostoff (l928) i n 

N i c o t i a n a and Cooper (1945) i n LycopersiconJ and that 

there i s no fundamental d i f f e r e n c e i n seed breakdown 

between these and Datura. 

They went on to quote the success of embryo c u l t u r e 
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techniques as evidence of the importance o f the maternal 
t i s s u e i n development, but added tha t none of the 
previous workers had adequately explained why the maternal 
t i s s u e s should be favoured over the embryo. 

A v a r i e t y of d i f f e r e n t treatments was t r i e d i n an 
attempt t o prevent embryo a b o r t i o n i n these crosses. 
They t r e a t e d the p o l l e n and the ovaries, they i n j e c t e d 
v a r i o u s substances i n t o the ovaries, and sprayed the 
p l a n t s w i t h d i f f e r e n t e x t r a c t s . None had any e f f e c t . 
They found on the other hand t h a t tumour tissues and 
embryo sac e x t r a c t s from incompatible ovules i n h i b i t e d 
c u l t u r e s of normal Datura embryos. 

The obvious approach now was t o study the e x t r a c t s 
from the tumours, and Rappaport, Satina & Blakeslee (1950b) 
d i d t h i s . They extract e d a water soluble, thermostable 
substance, which i n h i b i t e d and eventually k i l l e d embryos 
i n c u l t u r e i l Their t e s t s of the substance i n d i c a t e d t h a t 
i t was u n r e l a t e d t o auxins^ 

I n j e c t i o n of aqueous s o l u t i o n s of t h i s substance 

i n t o normal ovules caused i n h i b i t i o n * Ebctracts from the. 

i n h i b i t e d ovules i n h i b i t e d a f u r t h e r set, and t h i s process 

could be repeated three times, suggesting t h a t the 

i n h i b i t o r was s e l f - d u p l i c a t i n g . 
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U l t r a v i o l e t absorption spectra revealed the presence 
of nucleic acids i n the extracts; however selfed Datura 
ovules contain about six times as much of the same substance 
as do ovules from incompatible crosses. Injections of 
extracts of embryo-sac contents of selfed ovules, of 
commercial RWA and DNA into ovules of incompatible 
crosses f a i l e d to retard embryo abortion* KWAand DNA 
In h i b i t e d embryo growth i n selfed D. stl^amonium ovules. 
However, i t was demonstrated that embryo-sac contents 
of D. stramonium and D. meteloides both contain nucleic 
acids, whereas those of the incompatible hybrid betv/een 
them do not, though these acids strongly i n h i b i t embryo 
growth,; They concluded that although nucleic acids 
i n h i b i t embryo growth i n a similar way to tumour extracts, 
they are probably not al i k e i n t h e i r action,' 

Rietsema, Satina & Blakeslee (1955) studied the 
ef f e c t of indole-S-acetic acid on Datura embryos. I t 
i n h i b i t s them very strongly i n v i t r o . They showed that 
the endosperm of D. stramonium contains auxin, and 
they suggested, that embryo growth may be related to the 
auxin content of the endosperm; further some factor also 
present i n the endosperm regulates auxin i n h i b i t i o n i n 
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v i v o . The absence of t h i s auxin i n h i b i t o r i n t h e i r i n 
v i t r o cultures could explain the embryo i n h i b i t i o n caused 
by aux:in i n such cultures* . 

Their work continued on similar l i n e s , Paris, 
Rietsema, Satina and Blakeslee (1953) investigated the; 
effec t s of amino acids, and found that the addition of 
a-mixture of these to cultures stimulated growth, 
Rifetsema, Satina & Blakeslee (19|4) made extracts from 
ovules of the cross D, inoxia x D, ddiscolor, and these 
i n h i b i t e d seeds of D, stramonium. They showed that the 
i n h i b i t o r i n the extract i s i d e n t i c a l with indole 
3-acetic acid. 

At t h i s stage the work, with many questions l e f t 
unanswered and controversies l e f t unre.solved, was 
abandoned with the death of Blakeslee, I t i s to be hoped 
that t h i s l i n e of attack on the problem of seed f a i l u r e , 
i n many ways the most promising, w i l l be resumed. 

Other workers who invoked physiological phenomena 
i n explanations of t h e i r results, sometimes somewhat 
vaguely, include Modilewski (1945, 19-50); B r i t t e n (l950) 
and Buell (1953); Zlebur & Brink (1951) and Pieczer (1952) 
have carried out embryo culture experiments that have 
a bearing on the problem. 
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Before turning to a consideration of the genetical 
hypothesis, there i s one further theory that need be 
only b r i e f l y considered, Eany workers have suggested 
that the embryo may play a part i n seed f a i l u r e , but 
there has been l i t t l e evidence i n support of t h i s . 
Weaver (1955, 1957) d'educed from the results of crosses 
between d i f f e r e n t species of Gossypium that the hybrid 
embryo sometimes has an adverse effect on the endosperm. 
His evidence f o r t h i s i s that i n some cases the egg 
c e l l i s apparently not f e r t i l i z e d , and when t h i s occurs 
the endosperm develops very welT* I t seems also that 
the near-normal endosperm i n the embryo-less seeds 
stimulates embryo growth i n adjacent degenerating 
seeds; He could not show t h i s to occur i n every cross, 
and i t i s the only evidence that supports the thesis 
that the embryo i s active i n seed f a i l u r e . 

The genetical hypothesis, which w i l l now be discu^ssed, 
i s rather an attempt to explain the genetic relationships 
of species involved i n crosses than to explain the 
basic causes of f a i l u r e . They are, however, intimately 
related, and the l a t t e r may be to a greater or lesser 
extent dependent on the former. 
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Stephens (1942) was the f i r s t to attempt to explain 
the r e s u l t s of species crosses i n terms of the "strengths" 
of the genomes involved. These "strengths"' are not 
necessarily correlated with chromosome numbers. His 
arguments are of some importance and are therefore 
dealt with f a i r l y f u l l y here. His lead was important 
i n that i t enables us to suggest possible explanations 
of the relationships i n crosses betv/een d i p l o i d species. 

His material was an a r t i f i c i a l t e t r a p l o i d of 
Gossypium arboreum (Nl4), which he crossed with several 
w i l d diploids;. I t i s rather male s t e r i l e , but when used 
as female,, f e r t i l i z a t i o n always occurred except i n crosses 
wi t h G-. t h u r b e r i . The f a i l u r e of the pollen of t h i s 
species to f e r t i l i z e the ovule of the t e t r a p l o i d was 
at t r i b u t e d to some physiological factor not operating 
i n the other species, and i s outside the scope of our 
present discussion» 

Stephens started with the assumption that the 
important relationship i n seed development i s that 
between the endosperm and the zygote, and set out to 
show how his results emphasized t h i s importance. Crosses 
between the d i p l o i d Nl4 and w i l d diploids are incompatible, 
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whereas crosses between t e t r a p l o i d N14 and w i l d diploids 
. give up to 100^ compatibility.' Denoting the F14 genome 
. by 'n' and "the w i l d d i p l o i d by 'm', the tissue relations 

of these two crosses are, respectively (endosperm : embryo) 
2h + m : n + m and 4n + m : 2n -f m. Thus quantitative 
differences i n cytological balance between endosperm and 
zygote are associated with the differences i n compatibility. 
On the other hand, d i p l o i d N14 seldom shows less than 
complete v i a b i l i t y , whereas, as already stated, d i p l o i d 
N14 X w i l d d i p l o i d i s inviable.: Here the r a t i o s are 
respectively 3n : 2n and 2n + m ,: n + m. Here there 
are q u a l i t a t i v e but not quantitative differences. 

I n the d i p l o i d Nl4 selfed and the t e t r a p l o i d selfed 
the endosperm : zygote r a t i o i s 3:2 and f e r t i l i t y i s 
100^, I n t e t r a p l o i d x d i p l o i d and the reciprocal, both 
i n f e r t i l e , the r a t i o s are respectively 5:3 and 4:3. Thus 
the normal r a t i o i s intermediate, deviations i n either 
d i r e c t i o n leading to decreased f e r t i l i t y . I n interspecific, 
hybrids t h i s normal balance i s also upset, and to account 
f o r t h i s Stephens introduced his concept of genetic 
"strength." 

He. argued that i f t h i s endosperm : zygote balance 
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was r e a l l y the v i t a l one, it.should be possible to 
tabulate his results on the basis of the size of the 
deviation above.and below the normal "provided i t i s 
possible to take account of the differences i n "strengths" 
between d i f f e r e n t genomes."' 

Stephens constructed a tab^-e of results, which i s 
reproduced here. I t can be seen from t h i s table tli a t 

ible .2. The relalion. between endosperm : zygote ratio and compatibilili/ 

in diploid and telraploid N 14 crossen 

Percentage 
viability 

0 

Below 20 
20^0 
40-60 
60-80 

Above 80 

100 

80 
60-80 
40-60 
20-40 

Below 20 
0 

Type of cross 

Tctraploid N 14 (?) x diploid N 14 (o) 
Tetraploid N 14 (?) x G. davidaoiiii (J) 

Tetraploid N 14 ($) x stocksii {^) 

Tetraploid N 14 (?) xarmourianvm ((J) 
Tetraploid N 14 (§) x aridum (<J) 
Tetraploid N 14 (?) x sturtii ((J) 
Tetraploid N 14 (?) xraimondii {^) 
Diploid selfed, tetraploid selfed 

Tetraploid N 14 (?) x hirsutum {3) 
Tetraploid N 14 (?) x barbadense (<?) 
Diploid N 14 (?) x wUd diploid ((J) 
Diploid N 14 (?) X tetraploid N 14 ((J) 

Endosperm/zygote Quantitative Adjiistetl ratios 
ratios (» i=2n) 
")»! : 3n 5 : 3 5 : 3.( = l f . - ) 

4ii+m : 2n + JH .-.: 3 3 : 2( = l-.0) 

4« + m 2n +»« 5 : 3 3 : 2 ( = 1-50) 

4n + 7H 2)1+7n .-> : 3 3 2 ( = l-50) 
4n + VI 2n +m -): 3 3 2( = l-.0) 
4» + m 2n + m r, : 3 3 2 ( = 1-50) 
in + m 2n +m ->: 3 3 2 ( = 1-50) 

3n 2n 3 : 2 3 2 ( = l o0) 

5n + m : 3n +»i 3 : 2 7 : 5 ( = 1-40) 
5n + m :3n+ni 3 : 2 7 : o ( = 1-40) 
2n + TO : n + W 1 3 : 2 4 :3 ( = 1-33) 

• 4n : 3 « 4 : 3 4 : 3 ( = 1-33) 

instead of the crosses f a l l i n g into three f e r t i l i t y 
groups corresponding to r a t i o s of.,5:3, 3:2 and 4:3, 
a l l crosses containing the w i l d genome 'm' with the 
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exception of t e t r a p l o i d Ki4 x G, davidsonii occur i n 
lower q.uantitative r a t i o groups than t h e i r f e r t i l i t i e s , 
warrant, i e . i n the cross d i p l o i d N14 x w i l d d i p l o i d , 
v/here the r a t i o i s 3:2, f e r t i l i t y i s zero, whereas i n 
the cross t e t r a p l o i d Nl4 x w i l d d i p l o i d , where the r a t i o 
i s 5:3, lOOfo f e r t i l i t y i s obtained, 

Stephens obtained an estimate of the r e l a t i v e 
"strength" of the 'm' genome of G. raimondii by equating 
the endospem : zygote r a t i o of the cross: t e t r a p l o i d N14 x 
G, raimondii with the normal selfed d i p l o i d r a t i o , since 
both were lOOfo f e r t i l e . Thus: 

4n + m:2n + m = 3n:2n 
then m =: 2n. 

Similarly when the ra t i o s of the cross: d i p l o i d H"l4 x 
w i l d d i p l o i d are equated with those of d i p l o i d N14 x 
t e t r a p l o i d N14: 

2n + m:n + ra = 4n:3n 
then m = 2n 

Inserting m = 2n i n the table, i t w i l l , be seen, 
( l a s t column) c l a r i f i e s the r e l a t i o n between f e r t i l i t y 
and endosperm:zygote r a t i o , though there are s t i l l some 
anomalies. 
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Stephens has agreed (personal communication) that 
t h i s hypothesis could be equally well applied using the 
r a t i o between endosperm and maternal tissues rather than 
endosperm:zygote r a t i o . The significance of t h i s w i l l 
be evident l a t e r , 

How^d (1947) was the next to use t h i s concept of 
"genetic strength," He measured seed size i n crosses 
between d i p l o i d and autotetraploid Nasturtium o f f i c i n a l e 
and a l l o t e t r a p l o i d N. uniseriatum. The autotetraploid 
has a seed f e r t i l i t y 44:% that of the d i p l o i d , and i t s 
seed weight i s 138% that of the d i p l o i d . 

Table 3. Seed types obtained from a series of crosses 
i n Nasturtium (Howard, 1947). 

Large f u l l , seeds. The three se l f p o l l i n a t i o n s 
Small f u l l seeds, N. uniseriatum x 2n N. o f f i c i n a l e 

4n N. o f f i c i n a l e x N, uniseriat\im 
Large empty, seeds, 2n N. o f f i c i n a l e x N. uniseriatijm 

N, uniseriatum x 4n N. o f f i c i n a l e 
q r r , o T T ^rr,^+.r o ^ ^ ^ ^ ^n X 4n N, o f f i c i u a l e Small empty seeds. ^ 2^ o f f i c i n a l e 

Howard's results show various types of seed, and 
at f i r s t there seems to be no r e l a t i o n between d i f f e r e n t 
crosses. Howard suggested that N, uniseriatum has a 
"physiology of seed production" intermediate between 
those of the d i p l o i d and autote;traploid N. o f f i c i n a l e . 
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The genome of uniseriatum--was calculated to have a 
"strength" of 1.41 as compared with 1.0 for N. o f f i c i n a l e . 
1. uniseriatum i s a t e t r a p l o i d , and we might therefore 
expect i t s "strength" to be 2.0, but Howard has suggested 
that i t has evolved part way toward the d i p l o i d condition. 

Using t h i s value, and those of 1.0 and 2.0 f o r the 
d i p l o i d and autotetraploid H. o f f i c i n a l e respectively, 
the endosperm : embryo ra t i o s of the crosses can be 
calculated. Howard worked them out and arranged them 
i n order of ascending values. 

Table 4. The endosperm : embryo ratios i n various 
crosses i n Nasturtium ( a f t e r Howard 1947) 

Cross Endosperm: Type of 
embryo r a t i o . seed. 

2n X 4n N.,officinale 1.30 - small empty 
2n N. o f f i c i n a l e x N. iiniseriatum 1.41 large empty 
N. uniseriatum x 4n N. o f f i c i n a l e 1.42 large empty 
2n X 2n N. o f f i c i n a l e 1.50 large f u l l 
4n X 4n N, o f f i c i n a l e 1.50 large f u l l 
K. uniseriatum selfed • 1.50 large f u l l 
4n N, o f f i c i n a l e x N. uniseriat\im 1.58 small f u l l 
N. uniseriatum x 2n N. o f f i c i n a l e 1.59 small f u l l 
4n X 2n N. o f f i c i n a l e 1.67 small empty 

The results of arranging the rati o s i n ascending 
order are presented i n Table 4, and i t w i l l be seen that 
the allotment of an intermediate value to N. uniseriatim 
does make f o r a l o g i c a l c l a s s i f i c a t i o n of the results. 
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Valentine's work on Primula provided the ' • y.vv ^ 

basis f o r the present study, and w i l l be examined i n 
some d e t a i l . The section Vemales of the genus Primula 
has three B r i t i s h representatives, P. vulgaris (the 
primrose), P. e l a t i o r (the oxlip) and P. veris (the 
cowslip). There are other European members of the 
Section, which do not concern us, 

Valentine made a l l the possible crosses between the 
three species, and found that i n every case f e r t i l i z a t i o n 
i s successful and seed development begins. He foiind, 
however, that the crosses produced very d i f f e r e n t tsrpes 
of seed, both i n size and i n contents. Their "seed 
c o m p a t i b i l i t y " d i f f e r s ^ . The types of seed clearly 
vary according to the d i r e c t i o n i n which a par t i c u l a r 
cross i s made. With each pairi n g , i f the cross i s made 
i n one d i r e c t i o n the seeds are small and generally well 
f i l l e d w i t h endosperm, whereas i n the reciprocal they 
are often as large as normal seeds, but are usually 
empty or sparsely f i l l e d . The results can be' arranged 
i n order of decreasing success of the cross, and the 
order i s the same on both sides of normal. The results 
are shovm i n Table 5̂  
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Table 5. Results of crossing three species of 
Primula ( a f t e r Valentine 1954) 

Cross: Maternal mean seed % seeds with Highest % Genetic 
parent f i r s t . length* embryo at germ'*'̂ . Ratio 

adjusted. maturity. recorded. R 

P.veris x P.elatior^'' 17.5 0-10 0.5 1.28 
!?» v e r i s x P .vulgaris 25.5 90 37.0 1.36 
P.vulgaris x P . e l a t i o r 23.0 90 64.0 1.385 

I n t r a s p e c i f i c 40.0 100 100.0 1.50 

P . e l a t i o r x P.vulgaris 37.5 20-40 39.0 1.65 
P.vulgaris x P.veris 39-irO 0-15 0 1.69 
P . e l a t i o r x P.veris 37.0 0 0 1.90 

* 25 units = 1mm. 

Valentine a l l o t t e d "genetic values" to the genomes 
of the three species. At f i r s t he considered, as had 
Stephens, that the r e l a t i o n between endosperm and embryo 
governed seed f a i l u r e or success, but l a t e r he revised 
t h i s view and in c l i n e d to the view that the r e l a t i o n 
between endosperm and maternal tissue was more important. 

He gave the name ""Type A" to seeds that ase of 
small size. These seeds occur when the end<osperm : 
maternal tissue r a t i o i s less than normal. The less 
extreme type A seeds have a f a i r quantity of endosperm, 
and even extreme types, such as P. veris x P. e l a t i o r . 
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sometimes contain a l i t t l e endosperm. Type B seeds 
are produced byithe reciprocal crosses. R i s greater 
than normal, and the seeds are almost as large as normal 
seeds. Even the less extreme deviants, however, are 
often empty, and the extremes are a l l empty or nearly 
so at maturity. 

The calculations f o r genetic r a t i o (R) are made 
from the genetic "values"' that Valentine a l l o t t e d to 
the genomes of the species, He chose values of 1.0 f o r 
P. e l a t i o r . 1,3 f o r P. vulgaris and 1,8 f o r P, veris. 
He derived these values on the grounds that: 
(a.) The evidence from the crosses suggests that the value 
f o r P. vulgaris i s intermediate between that of P. veris 
and that of P. e l a t i o r . 

(b) P, vulgaris appears to be more similar to P. e l a t i o r 
than to P, veris.' 
(c) they of f e r a convenient basis on which to compare 
t e t r a p l o i d s . 

I t must be emphasized that these are arbitr a r y . 
values, selected as a result of the data obtained from 
crossing the species, and although Valentine has found 
them to work e f f e c t i v e l y , they have not been actually 
demonstrated to represent the si t u a t i o n precisely^ 



Valentine has more recently (1956) discussed the 
result s he obtained from using the liybrids as parents 
i n crosses with each other and i n backcrosses to the 
parents. Taking the genetic value of a hybrid to be 
intemediate between i t s parents, he has calculated 
the genetic r a t i o s of the products of such second crosses, 
and f i t t e d them into the sequence, and i n the majority 
of cases the type of seed that would be expected has i n 
fa c t been produced, thus confirming that the genetic 
values are to some extent representing the,true 
relationships of the species. He has made an attempt 
to establish the genetic basis of the values. He has 
shown that genetic value i s controlled by more than one 
gene, and given evidence that more than two genes are 
concerned i n the control of seed contents. 

¥/ithout more detailed evidence, Valentine could 
not speculate too deeply on the causes of seed f a i l u r e , 
but he has suggested that type A seeds may result from 
a general slowing down of developmental processes, and 
type B seeds from a stimulation and non-synchronization 
of stages. This i s a f a i n t echo of the proposals put 
forward by Kihara and Nishiyama (1932). 
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The hypotheses of Stephens, Howard and Valentine 
are a l l , i n a sense, l o g i c a l descendants of that of 
Watkins (1932) who f i r s t suggested that the numerical 
r e l a t i o n s of the genomes might be important i n d i p l o i d -
polyploid crosses, Valentine's use of the maternal : 
endosperm tissue r a t i o rather than that of the zygote 
and endosperm springs from Muntzing's. (-1933) suggestion 
that t h i s must be the v i t a l relationship. 

This b r i e f and necessarily incomplete review has 
been so arranged as to follow the main trends of thought 
on the problem of seed incompatibility. Most other 
workers have come to similar conclusions to one or other 

of those outlined. 
I t would, I think, be valuable here to b r i e f l y 

summarize the main conclusions discussed. After 
tdesLC^r-ibing the results obtained i n the present study, 
I s h a l l discuss them i n the l i g h t of these hypotheses, 
. and comment on t h e i r v a l i d i t y , not only to the case of 
Primula,,but also to the problem of seed incompatibility 
as a whole. 

There are f i v e main li n e s of thought, and they 

can be siLmmarized as follows: 
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1. The Pollen Stimulation hypothesis. 
This, as stated by Kihara and Nishiyama (1932) 

emphasizes that the stimulation imparted to the young 
seed by the pollen that has i n i t i a t e d i t s development 
i s of v i t a l importance. An overstrong stimulus can 
cause development to be too rapid, breakdown ultimately 
ensuing, and a weak stimulus i n i t i a t e s such a slow rate 
of development that many seeds f a i l to reach maturity. 
Seed set i s generally better with a strong stimulus, 
but germination i s better when the stimulus i s weak, 

2. The Nutrient Competition hypothesis. 
The propounders of t h i s theory. Brink and Cooper 

(l940) believe that seed development i s dependent on 
the balance of nutrient metabolism between the tissues 
w i t h i n the embryo sac, notably the endosperm, and those 
outside, i n p a r t i c u l a r the nucellus or the inner integrament, 
They were led to t h i s conclusion by the fact that seed 
breakdown i s so often accompanied by gross hypertrophy 
of the maternal tissue, apparently at the expense of 
the endosperm, 

3. The Physiological Unbalance hyioothesis. 
I t i s d i f f i c u l t to give a clear-cut summary of t h i s 
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hypothesis, but the l i n e of thought that most of i t s 
followers have put forward i s that i n hybrid seed there 
i s some dislocation of chemical regulation, Blakeslee 
and his collaborators have most successfully tackled 
the problem from t h i s angle, and they have indicated 
that indole 3-acetic acid i s one of the substances most 
concerned. 

4, The Embryo Control hypothesis. 
Though i t has often been suggested that the embryo 

may a f f e c t the course of seed development, very l i t t l e 
evidence has been forthcoming. Weaver (l957) has 
shown that hybrid endosperm can develop i n the absence 
of the embryo, and on the basis of t h i s has att r i b u t e d 
seed f a i l u r e i n the cross concerned to the hybrid, 
embryo. 
5. The Genetic Value hypothesis. 

This i s less an attempt to explain the causes of 
breakdown than an e f f o r t to explain the genetic basis 
of species differences that i n i t i a t e f a i l u r e , •'•he 
f a i l u r e of i n t e r s p e c i f i c crosses i s interpreted i n terms 
of the quantitative relations of the genomes of the 
species concerned, and of the tissues i n the seed. 
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Grosses •between p l a n t s of d i f f e r e n t chromosome numbers, 

and crosses betY/een d i f f e r e n t species w i t h the same 

chromosome niunhers can both be explained i n t h i s way, 

the l a t t e r on the assumption t h a t genomes of d i f f e r e n t 

species may have d i f f e r e n t "genetic strengths" or 

"genetic values", the nature of which i s obscure. 

The one other hypothesis, which need not concern 

us f u r t h e r , was t h a t put forward by Brink and Cooper 

(,1944) to e x p l a i n the f a i l u r e of c e r t a i n cereal crosses. 

This involved the antipodals as the cause of f a i l u r e . 

The idea has been opposed since, and i n any case the 

phenomena they observed appear to be confined to the 

'^ramineae. 
These hypotheses have, i n the i n t e r e s t s of some 

k i n d of order, been a r b i t r a r i l y separated, but i t 
would be a t t r i b u t i n g to any one of them more than 
ife proposer d i d to suggest t h a t they were intended to 
be complete explanations of seed i n c o m p a t i b i l i t y . They 
are a l l i n t e r - r e l a t e d to some extent, and are c e r t a i n l y 
not t o be considered mutually exclusive a l t e r n a t i v e s . 

They are attempts to e x p l a i n some aspect of the problem, 
and what i s needed now i s a synthesis of the d i f f e r e n t 
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approaches to give a comprehensive p i c t u r e . Without 

a great deal more evidence t h i s i s unlikely to "be 

achieved. 

I n the discussion t h a t w i l l f o l l o w the r e s u l t s 
an attempt w i l l "be made t o commence such a synthesis^ 
An incomplete p i c t u r e can "be composed, and a possible 
explanation of seed f a i l u r e i n v o l v i n g more than one of 
the hypotheses o u t l i n e d a"bove w i l l he suggested. 
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I I I . MATERIALS AMD METHODS. 

The p l a n t s used i n t h i s work were from the 
c o l l e c t i o n maintained at Durham "by Professor D.H. 
Val e n t i n e , and were of B r i t i s h o r i g i n . They were 
grown i n pots out of doors and "brought i n t o an i n s e c t -
p r o o f greenhouse when re q u i r e d , a f t e r removing any open 
f l o w e r s . The greenhouse was unheated. 

Emasculation has been found to "be unnecessary i n 
the ]b,i!ig-styled " p i n " p l a n t s , since insect v i s i t o r s v/eie 
excluded. THe s h o r t - s t y l e d "thrum" p l a n t s were emasculated 
by the removal of the c o r o l l a - t u b e , c o r o l l a and stamens 
before the anthers were mature* 

The crosses were made i n three successive years, 
•1954/5/6. F i x a t i o n s were made of u n p o l l i n a t e d ovules, 
and then of young seeds at i n t e r v a l s a f t e r f e r t i l i z a t i o n . 
A f t e r p r e l i m i n a r y runs i t was decided t h a t f i x a t i o n s 
would be made 10 and SO days a f t e r p o l l i n a t i o n , and 
t h e r e a f t e r at f o u r day i n t e r v a l s . 

I n the f i r s t season the seeds were f i x e d i n 
Karpechenko under reduced pressure, and i n f i l t r a t e d 
by means of a chloroform - ejbhyl alcohol method. 
This r e s u l t e d i n severe shrinkage, so i n the succeeding 
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seasons another method was adopted. ( I am indebted to 
Dr. Sophie Satina, l a t e of Smith College, Northampton, 
Massachusetts, U.S.A. f o r the d e t a i l s of t h i s method). 
The young capsules were c a r e f u l l y s p l i t a t the apex, 
t o ensure r a p i d p e n e t r a t i o n of the f i x a t i v e to the 
ovules or.-young seeds,. The f i x a t i v e used was F.A.A. 
(85 cc. e.thyl a l c o h o l 70^ : 5cc. commercial f o r m a l i n : 
5cG. g l a c i a l a c e t i c a c i d ) . I n f i l t r a t i o n was ef f e c t e d 
by means of a normal b u t y l alcohol series, '^he 
r e s u l t s obtained from t h i s method were f a r more 
s a t i s f a c t o r y . 

Sections were cut at 1 ^ on a r o t a r y microtome, 
and mounted s e r i a l l y . They were stained e i t h e r i n 
Heidenhain's i r o n haematoxylin, or i n sa f r a n i n and 
f a s t green (Maheshwari 1939). The l a t t e r s t a i n was 
p a r t i c u l a r l y u s e f u l f o r showamg the stinicture of the; 
integuments. 

Measurements were made of seed and embryo lengths 
w i t h a micrometer eyepiece, as large a sample as possible 
being measured. Drawings v/ere made w i t h the a i d of a 
camera l u c i d a . 
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IV. THE CROSSES. 

I n order t o o b t a i n an understanding o f the course 
of development i n h y b r i d seeds i t i s necessary f i r s t 
t o have a p i c t u r e o f normal development i n i n t r a s p e c i f i c 
crosses, and to use t h i s as a basis f o r the comparison 
o f the hy b r i d s . For reasons o f r e a d a b i l i t y d e t a i l e d 
d e s c r i p t i o n s of the h y b r i d seed development are included 
i n an Appendix, and i n t h i s s e c t i o n b r i e f o u t l i n e s only 
o f development are included. Together w i t h the tables -
summarizing development, i l l u s t r a t i o n s and graphs of 
seed and ovule l e n g t h , they should enable the reader t o 
grasp the d i f f e r e n c e s between normal and abnormal seeds 
w i t h o u t reference t o f i n e r d e t a i l s . 

The development of the seeds of the three species 
i s , apart from minor v a r i a t i o n s , very s i m i l a r . The main 
d i f f e r e n c e s are i n t i m i n g and f i n a l seed s i z e ; the l a t t e r 
would be expected t o be v a r i a b l e i n any case, w i t h i n 
c e r t a i n l i m i t s . Between development of seeds on thrum 
and p i n parents there appears t o be l i t t l e or no -
d i f f e r e n c e . 

A diagrammatic r e p r e s e n t a t i o n of-an.unpollinated 
ovule i s shown i n F i g . 1. (p.46'). The names which 
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Pig, 1. Diagrammatic representation of an i i n p o l l i n a t e d 

ovule of Primula (x approx 250). 

a: Outer integument 1. b: Outer integument 2. 

c: Inner integument 1. d: Inner integument 2, 

e: Chalazal region, f : Chalazal poSket. g: Micropyle, 
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P i g . 2. Graphs of a: Increase of seed l e n g t h w i t h time, 
b: Increase"of embryo length w i t h time, lengths are 
i n a r b i t r a r y u n i t s . 

C O W S L f P 

OXLIP 

T O 40 
TIME IN DAYS AFTER POLLINATION 

C O W S L I P 

O X L I P 

P R I M R O S E 

to 40 
T IHC IN DAYS A P T C R POLLINATION 
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have been i n d i c a t e d on t h i s diagram f o r the various 
t i s s u e s w i l l be used henceforth when r e f e r r i n g to them. 
The graphs i n Figs. 2a and B (p47) show the p a t t e r n of 
increase of seed and embryo lengths i n the three species. 
The graph of seed l e n g t h i n d i c a t e s the di f f e r e n c e s 
observed i n seed size between the •'species. 

The f o l l o w i n g d e s c r i p t i o n r e f e r s to Primula v e r i s . 
but could be equally w e l l applied to e i t h e r of the other 
species,' The development of P. v e r i s has been described 
by Dahlgren (1916) i n some d e t a i l , w i t h p a r t i c u l a r 
reference to p r e - f e r t i l i z a t i o n stages. 

The ovules are anatropous, arranged on a f r e e 
c e n t r a l placenta. They have two integuments ( f i g l ) . 
The outer integument consists of two la y e r s , each one 
c e l l t h i c k ; the outermost consists of c u b i c a l c e l l s which 
c o n t a i n l a r g e amounts of brown pigment, '-̂ 'his c o l o u r a t i o n 
i s due t o tannins (Decrock 1901). The inner of the two 
la y e r s ( o u t e r integument 2) i s a single l a y e r of cubical 
c e l l s w i t h dense contents. 

The inner integument also has two l a y e r s . Inner 
integument 1 may have from 3 - 6 layers of c e l l s w i t h 
dense contents, whereas inner integroment 2 i s a single 
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l a y e r of ta n n i n c o n t a i n i n g c e l l s . The nucellus i s 
ephemeral, so the embryo sac i s i n contact w i t h t h i s 
l a y e r from an e a r l y stage. The l a y e r has been given 
some misleading t i t l e s i n the past, i n c l u d i n g "tapetum" 
and " n u t r i t i v e l a y e r " . Brink and Cooper c a l l e d i t the 
"endothelium" I n t h i s account i t w i l l be c a l l e d "Inner 
integument 2" This presupposes no special functions 
foif the c e l l s . 

A f t e r f e r t i l i z a t i o n the zygotic d i v i s i o n i s . delayved, 
and a f t e r i t has occurred grov/th i s slow ( f i g 2b, p. 47), 
Dahlgren has counted over 1000 endosperm n u c l e i i n an 
embryo sac i n which the zygote had not divi d e d . He 
s t a t e s t h a t the primary endosperm nucleus remains adjacent 
t o the egg apparatus a t i t s f i r s t d i v i s i o n ; a f t e r the 
d i v i s i o n one daughter nucleus,migrates i n the t h i n 
cytoplasmic l a y e r towards the chalazal end of the embryo 
sac, the other remaining i n i t s o r i g i n a l p o s i t i o n , A 
l a r g e number o f f r e e endosperm n u c l e i a r i s e , the f i r s t 
few d i v i s i o n s being simultaneous. 

Since the process of n o m a l development i s to be 
used as the basis f o r comparison of the hybrids, i t i s - ^ r 
described i n more d e t a i l here than the others. The tabites 
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which summarize development i n a l l the crosses can be 
used t o give a p i c t u r e of any one t i s s u e at a p a r t i c u l a r 
stage, t o f o l l o w one t i s s u e through a l l stages, or t o 
see the s t a t e o f a l l tissues at one stage. 

The outer integument goes through a period of-veiy 
r a p i d growth i n the e a r l y stages of development i n the 
normal seed, and by 20 days a f t e r p o l l i n a t i o n the outer 
integument 1 c e l l s have elongated outwards, t h e i r outer 
surfaces becoming rounded, (they w i l l l a t e r form the 
n-umerous p a p i l l a e on the "surface of the mature seed). 
Thickeh(i.:ng: of the inner surface of outer "integument 1 
commences before the 20th day, and continues h e r e a f t e r . • 
by 24 dgys the c e l l s of .the outer integtraient 2 show a 
t h i n l a y e r di? t h i c k e n i n g on t h e i r inner w a l l s , extending 
up the l a t e r a l w a l l s . (Fig.6 p, 5 l ) . ' This t h i c k e n i n g 
increases s t e a d i l y , about h a l f - f i l l i n g the c e l l s by 
the 36th day, and almost completely f i l l i n g them at 
44 days ( F i g . 8 p.51)., 

Inner integuments 1 and 2 \mdergo much more marked 
changes. The p i c t u r e i s one of progressive degeneration 
of f i r s t inner integument 1 and then inner integument 2, 
Inner integument l , by 20 days, has a l l but the outermost 
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Pigs, 3-8. Sections of integuments of P. v e r i s . x 340. 
Outer integument uppermost i n each case, 3: u n p o l l i n a t e d 
ovule, 4: 10 days, inner integument showing e a r l y 
signs of breakdown., 5: 20 days, f u r t h e r breakdown 
apparent, 6: 24 days, thickening of outer integument 2 
beginning. 7: 32 days, thickening increasing, inner 
integument nea r l y f u l l y degenerated, 8: 44 days, 
t h i c k e n i n g n e a r l y complete, inner integument a t h i n 
l a y e r o f c e l l d e b r i s . 
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l a y e r of c e l l s d i s i n t e g r a t i n g ( P i g . 5, p . 5 l ) and inner 
integtiment 2 shows signs o f breakdown by t h i s time, 
reakdown i s l e s s r a p i d i n the chalazal region than 

elsewhere. At 28 days the inner integument 1 i s comple t e l y 
reduced to c e l l d e b r i s except a t the chalaza, and inner 
integument 2 i s i n an advanced s t a t e of degeneration, 
the c e l l s being f l a t t e n e d and i r r e g u l a r . At 44 days the 
i n n e r integument 1 has broken down even i n the chalazal 
r e g i o n , but inner integument 2 p e r s i s t s to a s l i g h t 
e x t e n t . The r e s u l t of t h i s degeneration of the inner 
integument i s t h a t the mature seed i s l i n e d w i t h a t h i n 
dark l a y e r of c e l l d e bris, between the contents of the 
embryo sac and the outer integument. 

The endosperm i n the e a r l y stages i s a t h i n l a y e r 
o f cytoplasm l i n i n g the seed c a v i t y , w i t h a r a p i d l y 
i n c r e a s i n g number of f r e e n u c l e i . C e l l formation begins 
between 20 and 24 days a f t e r p o l l i n a t i o n , commencing 
on the outside w i t h a s i n g l e l a y e r ; successive layers 
being b u i l t up on the f i r s t t o give rows of c e l l s . 
C e l l f ormation i s most r a p i d i n the chalazal region, 
and t h i s i s not unexpected since the p a r t of the endosperm 
i n t h i s region w i l l be the f i r s t t o receive n u t r i e n t s . 
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The seed i s l o o s e l y f i l l e d w i t h endosperm by about 
36 days (Fig.22 p. 57), and i t becomes more c l o s e l y 
packed a f t e r t h i s . The presence of o i l d roplets i n 
the endosperm i s apparent between about 40 and 44 days, 
the amount r a p i d l y increases from t h i s time on. 

The embryo, as Dahlgren pointed out, gets o f f to 
a very slow s t a r t , and remains i n the one-jswo c e l l e d 
s t a t e u n t i l about 20 days a f t e r p o l l i n a t i o n , and then 
begins a more r a p i d growth. From being 4 c e l l e d at 24 
days i t i s 64 c e l l e d a t 28 days, and then grows even 
more r a p i d l y , s t a r t i n g to elongate by the 40th day. 
Cotyledons have appeared by 44 days. Further 
e l o n g a t i o n f o l l o w s , and food m a t e r i a l s accumulate, 
( F i g 2b, p.47; 9 - 18, p, 54). 

The o v e r a l l p i c t u r e of development i n the normal 
seed i s one of a primary phase of r a p i d l y growing 
integuments, which i s followed by a period of intense 
endosperm a c t i v i t y ; accompanied by degeneration of 
the i n n e r integument, and f i n a l l y the sudden access 
of a c t i v i t y by the embryo, which undergoes a period 
of r a p i d growth and d i f f e r e n t i a t i o n at the expense 
of the endosperqi. Against t h i s background must be viewed 
the developmental p a t t e r n of the h y b r i d seeds. 
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F i g s , 9-18, Embryos of P, v e r i s i n l o n g i t u d i n a l section. 
(9 - 14 X 390, 15 - 18 x 90), 9: 10 days, 10: 20 days, 
11: 24 days. 12: 28 days. 13: 32 days. 14: 36 days. 
15: 36 days. 16: 40 days. 17: 44 days. 18: 60 days. 

10 

o 
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I n any one of the species there i s a good deal o f 
v a r i a t i o n between seeds i n the same capsule, and between 

• d i f f e r e n t capsules on the same p l a n t or d i f f e r e n t p l a n t s . 
These d i f f e r e n c e s are not l i k e l y t o a f f e c t the problem 
w i t h which we are concerned very much. They are probably 
caused i n p a r t by minor d i f f e r e n c e s i n f e r t i l i z a t i o n 
time; a l l ovules i n a capsule are not' l i k e l y to be 
simultaneously f e r t i l i z e d . Those which are f e r t i l i z e d 
f i r s t w i l l get ofif t o a b e t t e r s t a r t than the r e s t , and. 
the d i f f e r e n c e between them w i l l probably be enhanced by 
the a b i l i t y of the older seeds to compete f o r n u t r i e n t s 
more e f f e c t i v e l y , between d i f f e r e n t p l a n t s , some gen e t i c a l 
and environmental v a r i a t i o n would be expected. 
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Figs 19 - 21. L o n g i t u d i n a l -sections of seeds of 

Primula v e r i s (Figs 19 & 20 x 75, 21 x 48). 

19: 10 days, inner integument showing signs o f 

breakdown, endosperm a n o n - c e l l u l a r l a y e r w i t h 

f r e e n u c l e i . 
20: 24 days,•endosperm becoming c e l l u l a r , outer 

integument 2 becoming thickened. 
21: 32 days, inner integument almost completely 

absorbed. 
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Pigs 22 - 23. Longitudinal sections of seeds of P, v e r i s . 
( f i g . 22 X 48, f i g , 23 x 25) . . 

22; 36 daysy inner integument completely fl a t t e n e d . 
Endosperm now f i l l s seed, embryo s t i l l small and 
spherical, 

23: 60 days, %dosperm packed.with reserve foods, 
emhryo f u l l y elongated. Integuments hardened. 
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The hybrid' seeds. 

Valentine's c l a s s i f i c a t i o n of the hybrid seeds 
i n t o two groups, type A and type B has'already "been 
mentioned. Each pair of species, when crossed i n one 
d i r e c t i o n produces type A seed, and i n the reciprocal 
cross type B seeds are formed. The species pairs are 
here considered together, since i n t h i s way the results 
of reciprocal crosses can he immediately compared. 
Af t e r the three species pairs have heen considered, 
the characteristics of type A and type B seeds w i l l 

"be summarised. 
Crosses involving tetraploids have heen described 

separately, as they are i n a d i f f e r e n t category. I t 
i s convenient to discuss them i n the l i g h t of the species, 
crosses. There are two types of crosses involving 
autotetraploids: Crosses between diploids and t h e i r 
autotetraploids, and crosses between diploids of one 
species and autotetraploids of another. Their 
significance w i l l become evident l a t e r , and w i l l be 
commented upon i n the discussion. 
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1. p. e l a t i o r and P. vulgaris. 
The crosses involving these two species are those 

which produce seeds v/hose ggnetlc rat i o s are the 
least d i f f e r e n t from normal ("normal", here and i n 
the rest of t h i s thesis refers to the-'seeds produced 
"by intTaspecific matings.) I n conBiderihg each species 
p a i r , the type A cross w i l l "be descri"bed f i r s t , 

A, Primrose x Oxlip (P.vulgaris x P. e l a t i o r ) . R = 1.385. 

integuments. Outer integ-ument 1 i s s l i g h t l y less 
thickened than normal. Outer integument 2 i s l a t e r 
than normal i n s t a r t i n g thickening (28 days as against 
24) and has i t l a i d down more slowly. Inner integument 
1 i s less rapid i n i t s degeneration, complete breakdown 
being delayed u n t i l a f t e r 44 days. The inner integument 2 
shov/s most marked differences from normal. Even at 10 
days i t iS' rather thick (Plg. 24, p.60) and i t becomes 
progressively thicker as development proceeds, especially 
i n the chalazal ™r%gion, where there may be two layers 
of c e l l s . (Pigs 25, Pi60, 26, p.61). , I n the more mature 
seeds the inner integument 2 may occupy about one t h i r d 
of the seed cavity (Pig. 26) but i n others i t i s less 
extensive (Pig. 2^7). 
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p. vulgaris x P. e l a t l o r developing seeds (x. 80.) 
Pig. 24. 20 days. Inner integument''2 showing-
signs of hypertrophy already. Endospem has 
rather few nucl e i , embryo minute. Note that 
inner integtmient i s especially t h i c g i n chalazal 
region. . 
Pig. 25. 40 days. Inner integument 2 very t h i c k , 
especiaily i n chalazal region,- Inner integument 1 
not yet f u l l y degenerated. Endosperm showg-some • 
i r r e g u l a r i t y , and does not yet f i l l seed, %nbryo 
s t i l l small, very deeply staining. 
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Pig. 26. 44 days. Inner integument 2 thickening most 
pronounced i n chalazal region, N̂ ote looseness of 
endosperm; deep staining material i n the i n t e r s t i c e s . 
Pig. 27. 48 days, ' Seed of type with rather less over­
developed integument, endosperm more regular, embryo 
better developed, much food material present. 
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Endosperm development i s rather slow, c e l l wall 
formation begins l a t e and the c e l l s are irre g u l a r i n -
shape, and are not i n the rows that are seen i n normal 
seeds-. The seed i s not f u l l y f i l l e d u n t i l about 44 days 
af t e r f e r t i l i z a t i o n , despite i t s smaller size. Pood 
material i s less rapid i n i t s accumulation, but i n the 
nearly mature seed the endosperm i s not highly abnormal. 
The embryo i s delayed somewhat, and occasionally i s 
d i s t o r t e d (Pig 27). 

Two types of seed can be distinguished, one of which 
shows rather more severe overgrowth of the inner 
integument (Pig. 26) and the other with less hypertrophy 
arid correspondingly more rapid endosperm and embryo 
growth (Pig. 27). ' 

The seeds from t h i s cross have, then, a r e l a t i v e l y 
normal outer integument, a greatly overdeveloped 
inner integument, and a slow-growing but not very 
abnormal endosperm and embryo. There are two types, 
one more severely hypertrophied than the other. 
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B. Oxlip X Primrose (P. e l a t i o r x P. vulgaris) R = 1»65 
integuments. . Outer integument 1 does not become 

very much thickenedj^i and even i n the mature seed i s 
flimsy. Outer integTmient 2 i s less rapidly thickened 
than normal, but the process i s complete by 48 days. 

Inner integuments 1 and 2 degenerate slowly, 
being f u l l y broken down by 32 days. 

embryo sac. The endosperm shows very marked 
abnormalities i n t h i s cross. The seeds can be classed 
i n t o two groups on an endosperm basis. I n neither class 
do c e l l walls appear u n t i l the 32nd day, but by t h i s 
time one tsrpe i s quite extensive and c e l l u l a r , the other 
small i n quantity and non-cellular. There are scattered 
large nuclei i n each type, and vacuoles are present, 
both these nuclei and vacuoles are more prominent i n 
the non-cellular endospenp, which begins to degenerate 
a f t e r about 40 days (Pig. 31. lower seed). The other 
groupc of seeds, i n contrast, goes on to maturity (Pig. 31 
upper seed). They contain a moderate amoiint of endospem, 
and a healthy embryo. 

I n contrast to the type A seed, these have nearly 
normal integuments, and either very poor endosperm and 
embryo, or r e l a t i v e l y w e l l developed one. Graphs of 
seed and embryo lengths are shown i n Pig. 32,(P. 67), 

i:^4^^ 



P. e l a t i o r x P« vulgaris. Pigs 28 - 30 x 80, Pig. 31 x 56, 

Pig.. 28. 10 days. Integuments r e l a t i v e l y normal. 
Endosperm dense and deeply staining, embryo larger 
than at t h i s age i n normal seeds. • 
Pig. 29. 20 days. Inner integuments p r a c t i c a l l y 
disappeared. Endosperm.with large nuclei and vacuoles. 
This seed i s of the more abnormal type. 
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,Pig. 30. 36 days. Inner integuments now a t h i i i layer 
of. c e l l remnants. Endosperm siparse, with scattered 
large n u c l e i . Embryo s t a r t i n g rapid growth. -This 
seed i s of the more normal type. 
Pig. 31. 40 days. Seeds of both types represented i n 
t h i s photograph. The upper.seed i s of the more normal 
type, and w i l l develop to maturity,' Note presence of 
scattered large n u c l e i . Lower seed contains dense . 
endosperm, which i s beginning to degenerate. Note 
that there i s l i t t l e difference between the integuments 
of the two types of seed. 
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Pig. 32. Graphs of (a) seed l e n g t h and (h) embryo length 

increase w i t h time. P. e l a t i o r ( E ) ; P. v u l g a r i s (V); 

P. v u l g a r i s x P. e l a t i o r (V x E ) and P. e l a t i o r x 

P. v u l g a r i s ( E x V). Scales f o r seed and emhryo lengths 

i n a r b i t r a r y u n i t s . 

SEED 
LENGTH 

EMBRYO 
LENGTH 

ms 
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2. P. v e r i s and P. v u l g a r i s . 
I n the two crosses i n v o l v i n g these species the 

d e v i a t i o n of R from 1.5 i s l i t t l e greater than t h a t 
of the previous crosses; on these grounds one would 
not expect the seeds to he very much more ahnormal. 
Valentine's germination f i g u r e s show, however, t h a t 
i t i s a considerahly less successful cross than t h a t 
"between P. e l a t i o r and P, v u l g a r i s , since the 
germination when P. v e r i s i s the femaie.'is only 37% 
and i t i s n i l i n the r e c i p r o c a l , 

A, Cowslip K ^rimrose. (P, v e r i s x P. v u l g a r i s ) . 
integuments. The outer integument i s a l i t t l e 

more delayed i n development, thic k e n i n g being completed 
a few days l a t e r than i n the normal seed. Inner 
integument 1 has degenerated by the 44th day. As i n 
the P. v u l g a r i s x F, e l a t i o r seeds, inner integiiment 2 
i s abnormally t h i c k , but although the thickening i s 
s i m i l a r i n e a r l y stages, i t i s d i s t r i b u t e d more 
evenly than i n t h a t cross. I t i s not so grossly 
thickened, and instead of being mainly concentrated 
i n the chalazal region, i t extends round the whole 
of the seed (Pigs. 35 & 36, p.72). I n a d d i t i o n the 
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c e l l s are compressed i n t o a compact la y e r , and are 

not so large and apparently a c t i v e as i n the previous 

type A seed. 

embryo sac. The endosperm shows signs of c e l l w a l l 

f o r m a t i o n g u i t e e a r l y i n development, but the actual 

growth r a t e of the endosperm i s slow, and even i n 

the most w e l l developed seeds i t b a r e l y f i l l s the 

c a v i t y . Pood m a t e r i a l has begun to accumulate by 

the 44th day, but not a l l . t h e seeds are so advanced 

by t h i s time. 
The embryo i s again apparently dependent on the 

growth r a t e of the endosperm f o r i t s own rate of 
development, as i t s size i n a l l cases i s p r o p o r t i o n a l 
t o the state of the endosperm. 

This cross produces seed of the general type A 
p a t t e r n , but i t d i f f e r s from t h a t of the previous 
cross i n t h a t the thickened c e l l s of the inner 
integument are evenly d i s t r i b u t e d , instead of being 
much more concentrated i n the chalazal region. At 
any stage there i s a: great range of v a r i a t i o n from 
r e l a t i v e l y well-developed t o r a t h e r poorly developed 
seed. 
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p. v e r i s X P. v u l g a r i s . A l l x 80. 

Pig. 33: 24 days. Outer l a y e r of inner integument 1 
s t i l l present, inner integument 2 t h i c k e r than normal. 
Endosperm i s s t i l l small. I n q u a n t i t y , and the embryo • 
i s minute. 

Pig, 34: 36 days. Inner Integument 1 s t i l l p e r s i s t i n g , 
inner integument 2 now a w e l l - d e f i n e d t h i c k l a y e r . Note 
commencement of t h i c k e n i n g i n outer integument 1,. 
Endosperm somewhat shrunken, but embryo beginning 
r a p i d growth. 

-71 A-



-71-



•3uiq.BSuox8 TfxptdBj: ST oJlJ.qv.i9 aqq. puB *xBij:9q.8iu pooj j o 
itq.Tq.UBnb BySUtBq.uoo q.nq *8sooi 9xq.q.xi B S I lirjodsopus 
at[i' •sq.usum.S9q.ux asq.no puB asi?Bi q.somsiTux psus:iIox-qq. 

9Tl% uss/Aq.sq. dBS B uuoj oq. qSnous 3uoi psq.sxsj:sd 
I q.usuinSsq.ux asuux q.Bqq. OSIB 9q.0M q.usiunS9q.ux 

J9UUX JO Suxu93{oxi{q. U9AS sqq. 9q.oj>i •s.^Bp Qf :92 ' S f i 

•ust[q.Susx oq. SuxuuxSsq OiSaqius q.nq 'SuxuxBq.s ilxssusp 

puB us>iunji[s..luasdsopua- •psq.OBduioo g q.usuin3sq.ux asuux 

*xmop .U93[0j:q MOU T q.usiimSsq.ux j s r a i i •Sitsp of- '32 'ST iS 



-72-



. O'O 
PI 

5 Ci O 
•o o 
§*> SrH 
O 9 O U •D O 
§§

m t< O 9) 

o • 

5 a •rt« a So o o o. « to 
O f ĉ o 
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B, Primrose x Cowslip (P. v u l g a r i s x P. v e r i s ) R = 1.69 

integuments. Outer integument 1 barely becomes 
thickened at a l l , , and the c e l l w a l l s remain t h i n and 
f l i m s y , forming an i n s u b s t a n t i a l l a y e r (Pigs. 39 & 40, 
p. 7 6 ) . The thickening.of:the outer integument 2 i s very 
slow i n developing, and i r r e g u l a r , the net r e s u l t being 
thatfe the outei? integument i s very f l i m s y . The inner 
integtmient breaks down r a p i d l y , the process being complete 
by the time the seeds are 28 days o l d , .with the exception 
of the chalazal region. 

embryo sac. There i s a good deal of v a r i a t i o n i n . 
endosperm development, but even i n the most str o n g l y 
developed i t i s small, i n q u a n t i t y and very abnormal i n 
appearance. I n many seeds ( P i g . 38, p. 7'S) the endosperm 
r s p i d l y degenerates, leaving a s t r u c t u r e l e s s , u n i d e n t i f i a b l e 
mass of t i s s u e i n the seed. C e l l w a l l formation i s 
ge n e r a l l y delayed u n t i l about 40 days have passed. The 
embryo at 48 days i s s t i l l a minute spherical s t r u c t u r e 
i n the best seeds, and probably does not go much fu r t h e r 
than t h i s . 

The r e s u l t of t h i s cross i s to produce large seeds 
v/ith b o t h underdeveloped integuments and contents. G-raphs 
of seed and embryo l e n g t h are i n . Pig. 4 1 , p. 7!?:. 
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p. v u l g a r i s x P. v e r i s . P i g . 37 x'150-i Pigs, 38 & 
'39 X 80; Pig 40 x 56. 

Pig. 37: 10 days. Integuments appear f a i r l y norm.al 
at t h i s stage, -Endosperm tenuous w i t h few n u c l e i , 
Note embryo near micropyle, and the vascular supply 
sweeping behind the c h a l a z a l region to the chalazal 
pocket, , • 

Pig, 38: 40 days. Complete degeneration o f embryo 
sac contents, and collapse o f the t h i n and under­
developed integuments. This type- of seed i s f a i r l y -

f r e q u e n t . 
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P i g , 39: 40 days. Even i n the more f u l l y developed 
seeds the endosperm i s sparse and i r r e g u l a r , and the 
embryo i s a-minute sphere. Note the extreme f l i m s i n e s s 
of the integuments o f these seeds, ; 

Pig, 40: 48 days. One of the b e t t e r developed seeds. 
The endospkorm i s semi-degenerate, and the embryo, not. 
seen here, i s b a r e l y l a r g e r than t h a t i n f i g . 39; 
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Pig, 4 1 , Graphs of (a) seed length and (b) embryo length 

increase w i t h time, P, v e r i s (Ve)j P. v u l g a r i s ( V ); 

P, v e r i s x P. v u l g a r i s (Ve x V) and P, v u l g a r i s x 

P. v e r i s (V X Ve). Scales f o r seed and embryo lengths 

i n a r b i t r a r y u n i t s . 
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p. v e r l s and P. elatior> 
These are the extreme species crosses, whose devisbion 

of R from normal i s greatest, and germination figures 
are lowest. 
A. Cowslip X. Oxlip (P. veris x P. e l a t i o r ) R = 1.28, 

integuments.. The outer integ-ument i s slow i n the 
laying down of thickening, hut i n the mature seed-is a 
substantial layer, which i s , however, surpassed "by the 
inner integument. As i n the other type A seeds, inner 
integument 1 i s slow i n degenerating, and inner integument 
2 i s very th i c k , the thickening heing evenly distributed, 
and the c e l l s resembling those i n Primrose x '.Qxlip. 

(Pigs, 44;' & 45, p. SL')» Collapse of the seeds usually 
takes place by about 44 days. 

embryo sac. The endosperm i s slow i n growth, small 
i n quantity, and contains few c e l l s . I t begins to 
degenerate a f t e r about 30 days, and the embryo, which 
by t h i s time i s a small sphere, persists f o r a long time 

afterwards (Pig. ^ s ) . 
This cross produces a more extreme type A seed 

than previously, but with a similar pattern of growth, 
followed by early breakdown and collapse. 
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p. v e r i s x P. e l a t i o r . Pig. 42 x 150; Pigs 43 -
45 X 80. 

Pig. 42: •: 10 .days. Inner integument 1 barely 
s t a r t i n g to degenerate, .inner integument 2 already 
shov/ing signs of hypertrophy. Endosperm very . . 
tenuous with few nuclei. 

Pig.'43: 20 days. Collapse has occTirred very 
early i n t h i s seed, and the endosperm has already, 
been reduced to a few degenerate remains. 
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Pig. 44: 28 days; This was about the maximum • 
endosperm development seen i n t h i s cross. I t i s 
composed of i r r e g u l a r c e l l s , and i t i s d i f f i c u l t 
to distinguish the nuclei. Note that the embryo 
i s r e l a t i v e l y well grown. Cells of inner 
integument 2 are large and apparently active. • 

Pig. 45: 28 days. The endosperm i s s t i l l pBEsisting' 
a f t e r the degeneration of the endosperm i n t h i s 
seed. Note the'resemblance of inner integument 2 
to that I n P, vulgaris x P, e l a t i o r . (Pigs. 24-27, 
pages 60-61). 
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B, Oxlip X Cowslip. (P» e l a t i o r x P. v e r i s ) . R = 1,90 

% e seeds from t h i s cross are variable, but .the 
•basic pattern of breakdoTO i s , similar i n a l l of them. 

integuments. Outer integuments !• and 2, though 
flimsy, are more f u l l y thickened that i n Primrose x 
Cowslip. Inner integument 1 rapidly degenerates, and 
i s followed more slowly by inner integument 2. The 
l a t t e r layer i s occasionally more persistent, however, 
(Pig 49, p. 85; Pig 53, p, 86), 

embryo sac. The endosperm shov/s a l l the abnormalities 
of the other type B crosses, only more severely. I t 
never becomes more than a t h i n , vacuolated layer, 
r a r e l y c e l l u l a r , and with i r r e g u l a r nuclei. Breakdown 
i s rapid, and the seeds often contain quantities of 
un i d e n t i f i e d amorphous material; possibly unu t i l i s e d 
food materials, "^he embryo i s minute, and degenerates 
with the endospergi. 

The seeds from t h i s cross have integuments that 
are not markedly abnormal, but grossly aberrant endosperm, 
and a t i n y embryo. They mark the extreme of type B 
seeds among the i n t e r s p e c i f i c crosses. 

Graphs of seed and embryo length i n t h i s cross 
and i t s reciprocal are i n Pig. 54, p. 87), 
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P> e l a t i o r x P, v e r i s . Pigs 46, 47 & 50, x- 80; 
Pigs 48, 49, 51-53 x 56. 

Pig, 46: 20 days. I n t h i s section part of the 
endosperm i s s-een i n surface view*. Note that there 
are many nu c l e i ; development has .been rapid i n i t i a l l y . 
The nuclei are large and very densely staining. . 

Pig, 47; 28 days. Endosperm already showing signs 
of degeneration. The embryo i s at about i t s maximum 
size here, and soon breaks down. The c e l l s of outer 
integument 2 are commencing thickening. 

Pig, 48: 36 days. The integuments here' are rather 
flimsy, and the endosperm, though c e l l u l a r , i s small 
and shows large nuclei and vacuoles. 
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Pig. 49: 36 days. The integuments are more normal i n 
t h i s seed, and the endosperm has reached the greatest 
development seen i n t h i s cross, but i t i s vacuolate and 
unhealthy i n appearance. The embryo i s a minute sphere. 
Note the traces of amorphous substance near the chalazal 
regio.n.. • . • 

Pig, 50: 40 days. This seed, smaller than the majority, 
shows extreme abnormalities. The inner integuments form 
a large, tumour-like mass, and the embryo sac contents 
have completely disappeared. This i s possibly an 
unpollinated ovule stimulated to grov/th by adjacent 
developing seeds. 

Pig. 51: 44 days. The endosperm here i s rapidly 
degenerating. Note the .much large 'amounts of amorphous 
matter i n the chalazal region. This i s possibly unused , 
food material4 - .i 
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Pig, &2: 48 days. This seed i s i n an advanced state 
of degeneration, and i s abnormal even f o r t h i s cross. 

Pig, 53:. 48 days. A more t y p i c a l seed at t h i s stage, 
The outer integ-oment 2 i s we l l thickened,, the inner 
integument i s f u l l y degenerate, and the endosperm has 
deteriorated to a few scrappy remains. 
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Pig. 54, Graphs of (a) seed length and (b) embryo length, 
increase with time. P, veris (Ve); P. e l a t i o r ( E ) ; 

P. ve r i s x P. e l a t i o r (Ve x E ) and P. e l a t i o r x 
P. veris ( E x Ve). Scales f o r seed and embryo lengths 
i n a r b i t r a r y u n i t s , ( f s i g n i f i e s death). 

SEED 
LENGTH LEN&TH 
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Autotetraploids. 
Grosses involving autotetraploids are of considerable 

i n t e r e s t , and can throw a good deal of l i g h t on-the problem 
of seed f a i l u r e . The results "briefly summarised here 
w i l l he discussed l a t e r . The species used f o r the three 
crosses, 4n x 4n; 4n x 2n and 2n x 4n was P, veri s . 

Tetraploid x Tetraploid, 

Development i n the autotetraploid follows a similar 

course to that i n the d i p l o i d , hut this-.seeds, reach..maturity-

s i owly, 
integuments. These d i f f e r l i t t l e i n development and 

appearance from those of the d i p l o i d . I f anything the 
thickening of outer integument 2 i s completed more 
rapi d l y . Degeneration of the inner integuments goes on 
at about the same rate as that i n the diploid,(Pigs. 
55 - 58, pages 90 - 91). 

embryo sac. The endospem i s slower i n growth than 
i n the d i p l o i d , and i t has scattered through i t a few 
large nuclei. Such minor i r r e g u l a r i t i e s might be 
expected--in an autotetraploid. The embryo i s correspondingly 
less r ^ p i d i n i t s growth. The seeds at maturity are 
larger and more variable than those of the d i p l o i d , and 
there are not many i n each capsule. 
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p. v e r i s . I'etraploid x Tetraploid. A l l x 55. 

Pig. 55: 32 days, endosperm s t i l l a single layer of 
c e l l s except i n the chalazal r i g i o n . (compare the 
d i p l o i d at the same stage, Fig. 21, p. 56.) 

Fig 56: 36 days. Endosperm now f i l l s the seed, and 
the emhryo i s s t i l l f a i r l y small. Note scattered^ 
large nuclei i n the endosperm. 
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Fig 57: 40 days. The endosperm i s a l i t t l e i r r e g u l a r , 
and the embryo i s at about the same stage as a 36 day 
embryo i n the d i p l o i d , ' Outer integument 2 nearly 
completely thickened, 

Pig, 58: .44 days. Embryo' now rapidly lengthening. • 
Prom t h i s time on development continues as i n the 
d i p l o i d , . 
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A. Tetraploid x Diploid. (P. ve r i s ) R = 1,25. 

The genetic r a t i o of the seeds from t h i s cross i s -
the lowest yet encountered, and would lead'one to.expect 
seeds with extreme type A characteristics. 

integuments. Outer integument 2 does develop a certain 
amount of thickening, hut i t iS not completed. Inner 
integument 1 breaks down, hut the outermost layer tends 
to p e r s i s t , the c e l l s having shrunken contents, however. 
Inner integument 2 shows extreme hypertrophy at f i r s t , 
and then the c e l l s begin to show undirected growth, forming 
tumouiJ-like ingrowths i n the embryo-sac cavity (Pigs 59-
64, pages 94-5). 

These seeds are very small, but occasionally larger 
ones develop. These, however, resemble type A seeds, 
and have degenerate contents. 

embryo sac. OPhe endosperm can be seen i n early stages 
as a tenuous cytoplasmic layer containing very few nuclei. 
By 20 days i t has v i r t u a l l y disappeared, i t s place having 
apparently been taken by the tumour-like ingrowths from 
the inner integument. 

These seeds are thus of extreme type A developmental 
pattern, with the additional feature that the inner 
integument 2 becomes malignant i n growth. 
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Tetraploid x Diploid, (P. v e r i s ) . Pig. 62 x.56; 
Pigs, 59-61, 63-64 x 80). 

Pig 59: 10 days. Closely resembles seeds of P. veris x 
P, e l a t i o r at t h i s stage ( c f . Pig. 42, p. 80). Inner 
integument 2 showing signs of a c t i v i t y . 

Pig, 60: 20 days. Inner integioment 1 slowly breaking 
down. Some c e l l s of inner Integument 2 producing 
cancer-like ingrowths. Contents of embryo-sac have 
disappeared. 

Pig, 61; 24- days. Thickening of. outer integ-ument 2 
just commencing,' I n t h i s seed a teYf scraps of endosperm 
residue remain. 
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Pig, 62: 28 days. The majority of the c e l l s of inner 
integument 2 have now produced structureless ingrowths. 
No contents are discernible i n the seed cavity. 

Pig, 6'3: 32 days. Collapse has occurred. Note that 
the thickening i n outer Integument 2 has barely 
progressed. Many of the inner integument 2 c e l l s 
have broken down i n t o an amorphous mass. 

Pig. 64: 40 days. Occasionally seeds of t h i s type are 
produced, much larger than the res t , but with a greatly 
hypertrophied inner integument -2, and degenerate contents. 
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Diploid X Autotetraploid (P. veris) R = 2.0. 
The genetic r a t i o of the seeds from t h i s cross i s 

higher than the highest of the in t e r s p e c i f i c crosses, 
and i s at the extreme type B range. 

* 

integuments. The outer integument i s more robust than 
the i n t e r s p e c i f i c type B seeds, but s t i l l less so than 
normal. Outer integument 2 i s f u l l y thickened by 44 days. 
Inner integument 1 i s slow i n degenerating, and inner 
integiiment 2 persists as a rather thick layer i n the 
chalazal region, while breaking down elsewhere, 

embryo sac. The endosperm rapidly disappears, few 
traces being v i s i b l e a f t e r 28 days. The embryo i s minute, 
but i t persists f o r a while a f t e r the disappearance of 
the endosperm. The seeds usually collapse by about 
the 40th day. Occasional seeds are foimd that are not 
so extremely type B (Pig. 67, p.98). 

The seeds produced from t h i s cross are, then, what 
would be expected from the high- value of R, ^hey are 
of an extreme type B developmental pattern, though they 
have s l i g h t variations from the in t e r s p e c i f i c type B 
seeds. 

Pig. 68, p. 99, shows graphs of seed and embryo 
length i n P. v e r i s , i t s autotetraploid and the crosses 
between them. 
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Diploid X Tetraploid (P. ve r i s } Pig 65 x 150, 
Pigs 66 & 67 X 80. 

Fig. 65: 10 days. Here inner integuinent 2 i s thick. 
The endosperm has more nuclei than that of the 
reciprocal at t h i s stage. 

Pig. 66: 32 days. The majority of seeds have p a r t i a l l y 
or completely collapsed. This i s a t y p i c a l seed at 
t h i s stage. 

Pig. 67: 36 days. Some seeds have a less degenerate 
inner integument 2 ( c f P. e l a t i o r x P. v e r i s ) . 
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Pig. 68. Graphs of (a) seed length and (b) embryo length 
increase with time, P. veris d i p l o i d (2n); P. veris 
t e t r a p l o i d (4n); t e t r a p l o i d x d i p l o i d (4n x 2n) and 
d i p l o i d X t e t r a p l o i d (2n x 4n). Diploid omitted from 
embryo length graph f o r sake of c l a r i t y (see Pig. 54, 
p. 87). Scales f o r seed and embryo lengths i n arb i t r a r y 
u n i t s . ( t s i g n i f i e s death). 
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p. v e r i s d i p l o i d and P. e l a t i o r t e t r a p l o i d . 

We have seen t h a t seeds from the crosses "between 
the t e t r a p l o i d and d i p l o i d of a sin g l e species show 
the extreme manifestations of type A and type B crosses. 
The hearing t h i s has on the genetic value hypothesis 
w i l l be discussed l a t e r . Further manipulations of the 
genetic r a t i o can he made hy combining p o l y p l o i d s of 
one species w i t h d i p l o i d s .of another. The a u t o t e t r a p l o i d 
of P. e l a t i o r was crossed.as male and female w i t h the 
d i p l o i d P. ver i s > The genetic value of P. e l a t i o r i s 
1.0, and t h a t of i t s t e t r a p l o i d , i f i t i s twice the 
d i p l o i d , w i l l be 2.0. P. v e r i s has a genetic value of 
1,8. This i s q u i t e close t o the 2.0 o f the a u t o t e t r a p l o i d 
P. e l a t i o r . and thfi..genetic r a t i o R of e i t h e r of the 
crosses w i l l not be f a r from the normal value of 1.5. 
I t s s i g n i f i c a n c e w i l l be discussed l a t e r . 

V alentine has also made these crosses and tested 
germination of the seeds. He found t h a t none of the 
seeds from the cross w i t h t e t r a p l o i d o x l i p germinated, 
but t h a t a moderate percentage of those from the 
r e c i p r o c a l germinated to produce t r i p l o i d p l a n t s . 
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p. e l a t i o r t e t r a p l o i d x P, v e r i s d i p l o i d . Pig 73 x 56; 

Pigs 69-72 & 74 X 80. 

P i g . 69; -20 days. Inner integument 2 already t h i c k , 
endosperm very tenuous, w i t h small embryo. Note t h a t 
Mere (as i n a l l other type A seeds) the ch a l a z a l pocket 
i s not occluded. 

Pig. 70:. 24 days. Inner integument 1 has degenerated. 
•The endosperm i s degenerating, but the embryo i s growing. 

Pig. 71: 32 days. One of the few seeds of second type. 
Thickening of inner integument 2 not.so marked, embryo 
w e l l developed, i n a poor endosperm. 
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Pig, 72: 32 days. Endosperm has completely gone, 
but the embryo i s s t i l l growing> apparentIjr at the 
expense of the integuments. 

Pig. 73: 44 days. An anomalous seed, which contains 
a large embryo surrounded by s t r u c t u r e l e s s j e l l y - l i k e 
substance. ( c f , Blakeslee e t a l ) . 

Pig. 74: 52 days, '^he embryo i s now q u i t e l a r g e , but 
i s enveloped by a seed coat so t h i c k and hard t h a t i t 
has s p l i t i n s e c t i o n i n g . 
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integument, u n t i l i t appears at a l a t e stage to "be 
completely surrounded by integument ( F i g . 74, p. 104.) 

The l e s s common type of seed does not f o l l o w a 
course of development t h a t i s so extreme. The seeds 
groY/ r a p i d l y , and inner integument 2 i s less hypertrophied. 
Many of these seeds show signs of collapse by about 28 
days, but some p e r s i s t , and the oldest seen, 32 days 
o l d , i s shovm i n Pig. 71, p. 103. I t s integument i s 
s i m i l a r t o t h a t of type B seeds, and i t s endosperm i s 
of moderate q u a n t i t y and r a t h e r i r r e g u l a r . The embryo, 
though q u i t e l a r g e , i s not healthy i n appearance. 

One or two seeds are of a s t i l l more unusual type, 
and are of i n t e r e s t i n t h a t they resemble some noted by 
Blakeslee et a l (1950) i n c e r t a i n crosses of Datura. 
They have a w e l l developed outer integument, a t h i c k 
i n n e r integument 2, and a large embryo surrounded by 
a mass of s t r u c t u r e l e s s j e l l y - l i k e m a t e r i a l t h a t f i l l s 
the seed completely. The seeds of t h i s type are much 
l a r g e r than the others from the cross. ( F i g . 73, p. 104). 

The seeds t h a t are t y p i c a l l y produced i n t h i s cross, 
though o f type A as expected, are much more extreme 
than the genetic r a t i o would suggest. 
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p. v e r i s d i p l o i d x P. e l a t i o r t e t r a p l o i d . R = 1.56. 

The genetic r a t i o R suggests t h a t seeds from t h i s 
cross w i l l be of type B. There i s less v a r i a t i o n 
among the ovules than i n the r e c i p r o c a l , 

integuments. The outer integument i s less t h i c k 
than normal; i n f a c t i s s i m i l a r to t h a t of most type B 
seeds, having a f l i m s y outer l a y e r and a slowly 
thickened inner l a y e r * Thickening of outer integument 
2 i s completed by about 52 days. 

Inner integuments 1 and 2 both degenerate r a p i d l y , 
and by the 36th day both la y e r s have been com^pletely 
broken down. 

embryo sac. The endosperm develops very slowly, and 
does not become c e l l u l a r u n t i l about 40 days (Pig 76, p. 108), 
At 44 days i t i s about 2 c e l l s t h i c k , and then i t grows 

ver y r a p i d l y , f i l l i n g the seeds by 56 days. Some seeds 
collapse p a r t i a l l y , but continue to develop. The.endosperm 
resembles tha t of a moderate type B seed, being large 
c e l l e d and i r r e g u l a r w i t h scattered large n u c l e i , ^^e 

embryo grows r a p i d l y when the endosperm s t a r t s i t s main 
p e r i o d of growth. The product of t h i s cross i s a type 
B seed, very much of the q u a l i t y t h a t the genetic r a t i o 
would lead one t o expect. 
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p. v e r i s d i p l o i d ,x P. e l a t i o r t e t r a p l o i d . 
P i g . 75 X 80; Pigs 76-78 x 56. 

Pig. 75: • 20 days. Not a great deal has happened, 
apart from an increase i n , s i z e . The inner integuments 
are s t i l l n e a r l y i n t a c t . - The endosperm i s very tenuous 
and the embryo contains about f o u r c e l l s . 

Pig. 7.6: 40 days. The inner integuments are now 
a compacted l a y e r of c e l l d e b r i s . The endosperm has 
j u s t become- c e l l u l a r , s t i l l .oiilj'" c o n s i s t i n g of a 
s i n g l e l a y e r , and the embryo i s a small sphere. 
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Pig. 77: 56 days. P a r t i a l collapse has occurred i n 
t h i s seed, but the integument i s r e l a t i v e l y strong, and 
the embryo i s the l a r g e s t found at' t h i s stage. 

Pig, 78; 56 days. Here there i s more endosperm; 
note the s c a t t e r e d large n u c l e i , and the i r r e g u l a r 
nature of the .tissue. The integument i s f l i m s i e r i n 
t h i s seed. Elongation of the embryo has commenced. 
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Seed development: The manor fe a t u r e s . 

Type A seeds. 

As the genetic r a t i o gets smaller, the main trends 
apparent i n type A seeds become more marked. They are: 

1. A slowing down of growth i n the outer integument, 
and a lessening of the r a t e of d e p o s i t i o n of thickening. 

2. Excessive growth of the inner integument 2, 
(endothelium),, r e s u l t i n g i n a l a y e r t h a t i n the more 
extreme cases i s as t h i c k as the r e s t of the integiaments 
together. There i s a tendency f o r t h i s l a y e r t o be 
e x t r a t h i c k i n the chalazal region, but occlusion of 
the chalazal pocket has hot been observed, 

3, A r e d u c t i o n i n the endosperm, progressively greater 
as the genetic r a t i o becomes l e s s , 

4, A corresponding r e d u c t i o n i n embryo size and growth 
r a t e 

Type B seeds. 
These show a s i m i l a r progressive abnormality w i t h 

increase i n the genetic r a t i o , the type of breakdown 

being, however, very d i s s i m i l a r to t h a t of type A seeds. 

The main trends are: 
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1. A l a c k of t h i c k e n i n g and consequent f r a g i l i t y of the 
outer integument. 

2. A l e s s r a p i d than normal breakdown of the inner 
integument, 

3. A lessening of the q u a n t i t y , and a great d e t e r i o r a t i o n 
i n q u a l i t y of the endosperm, even i n the l e a s t extreme 
type B seed. The endosperm contains vacuoles and large 
s c a t t e r e d n u c l e i , 

4. An embryo which i n a l l but the l e a s t extreme cross 
i s r a r e l y found to have progressed beyond the small 
sphere stage. 
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V> THE PROBLEMS. 

Many problems are raised by t h i s study, and not 
a l l can "be adetgjiately dealt with here. Those which 
are of most importance and interest are: 

1. Genetic value. Valentine made measurements of seed 
size and weight, and estimates of seed contents, the 
in t e r s p e c i f i c crosses, and l a t e r the crosses involving 
hybrids, being considered. From his results he was 
able to arrange the crosses i n order, and he derived 
his hypothesis of genetic values, by means of which he 
was able to explain the results. Do the h i s t o l o g i c a l 
r e s u l t s confirm h i s , and do they support the hypothesis 
of genetic values? 
2. The h i s t o l o g i c a l investigation has shown that the 
abnormalities that occur i n the hybrid seeds are t o t a l l y 
d i f f e r e n t i n the reciprocal crosses; the whole pattern 
of seed development i n type A and type B seeds d i f f e r s . 
What i s the explanation f o r this? 
3. The differences between two species are presumably 
q u a l i t a t i v e . The differences between a d i p l o i d and i t s 
autotetraploid are quantitative. Yet the cro.sses between 
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the d i p l o i d and i t s autotetraploid produce seeds whose 
developmental pattern i s s t r i k i n g l y similar to that of 
seeds from i n t e r s p e c i f i c crosses. What i s the correlation 
"between these two types of cross? 
4» P. ve r i s and P. e l a t i o r are almost completely 
incompatible; germination of the seed rarely succeeds., 
and very few w i l d hybrids have been found. I f , however, 
the chromosome niimber of P. e l a t i o r i s doubled, i t can 
be used as male parent i n the cross with d i p l o i d P. veris 
and produce a good percentage of viable seed» The 
development of t h i s seed i s not f a r removed from normal. 
What bearing does t h i s f a c t have on the problem of 
seed incompatibility? 
5, There is'a good deal of v a r i a t i o n between seeds i n 
the same capsule, and between those i n dil^ferent capsules, 
both on the same and d i f f e r e n t plants. I n the majority 
of crosses, there i s a wide range of va r i a t i o n , but i n 
P. e l a t i o r x P. vulgaris two d i s t i n c t types of seed 
are . found. These two tj'pes are present i n the reciprocal 
cross also, but here they are less easily discerned. 
Both the questions of seed v a r i a t i o n and the two types 
i n t h i s cross need some comment. 
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6, F i n a l l y , the cause of developmental abnormalities 
needs elucidation. Do our results allow an explanation 
f o r the breakdown of these seeds, either along the 
l i n e s suggested by previous workers, or by'.the proposal 
of a new hypothesis? Related to t h i s i s the whole 
problem of seed incompatiMlity, i t s occurrence i n 
d i f f e r e n t groups and i t s evolutionary importance. 
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VI DISCUSSION. 

A. The hypothesis of genetic value. 
Valentine's c l a s s i f i c a t i o n , on a genetic basis, of 

the seeds obtained from hybridization i n Primula has been 
described i n an e a r l i e r section (pages 3 5 - 3 8 ) . He 
a l l o t t e d each of the three species genetic "values" 
which were based on his results, and then showed that 
the genetic " r a t i o " ( r a t i o of genetic values of the 
endosperm and maternal tissue) of a hybrid could be 
a guide to the sort of seed one could expect. The 
furt h e r the genetic r a t i o deviates from the normal 
value of 1»5, the less successful i s the cross. 
He also showed that they type .of seed produced depends 
upon the d i r e c t i o n of the cross. When the genetic r a t i o 
i s less than 1,5, seeds are produced that he termed 
tye A, and when i t i s higher, the seeds formed, are, by 
Valentine, termed type B. 

Prom these beginnings, Valentine predicted that 
crosses which involved hybrids as parents would produce 
seed that could by i t s characteristics be f i t t e d into 
h i s c l a s s i f i c a t i o n i n positions indicated by genetic 
r a t i o s . This prediction, was confirmed. 
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As a study of the results suiranarised i n the 
previous section w i l l show, the d i v i s i o n into two 
types observed by Valentine i s reflected i n every 
stage of development of the seeds. The h i s t o l o g i c a l 
characteristics of type A and type B seed have been 
described. Of p a r t i c u l a r relevance i s the fact that 
the greater the deviation of the genetic r a t i o from 
normal, the more severe are the abnormalities i n the 
developing seed. Without any of Valentine's data, i t 
would have been possible to arrange the hybrids i n order 
of increasing abnormality, and the order would have been 
i d e n t i c a l with h i s . 

Valentine had not carried out any crosses between 
diploids and t h e i r autotetraploids, so there was no 
indication, of what sort of abnormalities might be found 
i n seed from such crosses, except that afforded by the 
genetic r a t i o s . I f i t i s assiimed that doubling the 
chromosome number of a species doubles i t s genetic value 
as w e l l , the genetic r a t i o of the d i p l o i d x autotetraploid 
cross w i l l be 2,0, and that of the reciprocal w i l l be 
1.25, I f these r a t i o s are rej^ated to the type of seed 
produced, the d i p l o i d x t e t r a p l o i d should produce seeds 
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that are extreme type B, and the reciprocal should give 
extreme type A seeds. 

On pages 89 - 100 (Pigs. 5 5 - 6 7 ) these two crosses 
and the c o n t r o l , t e t r a p l o i d x t e t r a p l o i d , are described. 
I t w i l l be seen that the seeds from the t e t r a p l o i d x 
t e t r a p l o i d cross are almost perfe c t l y normal i n t h e i r 
development. There are small abnormalities, but no 
more than would be expected. On the other hand, the 
t e t r a p l o i d x d i p l o i d seeds show the characteristics of 
type A seeds i n a more extreme form than i s displayed 
i n any of the i n t e r s p e c i f i c crosses, and the reciprocal 
cross produces extreme type B seeds. 

This cross involves parents whoeecdifferences are 
purely quantitative, yet the course^of development of 
t h e i r offspring i s similar i n almost every respect to 
that of seeds from wide i n t e r s p e c i f i c crosses. This 
f a c t gives strong support to the genetic value hypothesis. 

The autotetraplold has been used here to produce 
genetic r a t i o s as f a r removed from normal as possible. 
The next step i s to use i t to produce ratios as near to 
normal as possible, thus reducing quantitative differences 
to a minimum, while at the same time using d i f f e r e n t 
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species i n order to r e t a i n q u a l i t a t i v e differences. 
I f t h i s can be done, then i f q u a l i t a t i v e and quantitative 
differences are of the same nature i n Primula, they 
should cancel out and produce r e l a t i v e l y good seed. 

The genetic value of P, e l a t i o r i s 1.0. An 
autotetraploid w i l l have a r a t i o of 2.0, assuming, as 
we did before, that i t i s doubled together with the 
chromosome number. This value i s not very d i f f e r e n t 
from that of d i p l o i d P. v e r i s , which i s 1.8. Crosses 
between d i p l o i d P. verls and t e t r a p l o i d P. e l a t i o r 
w i l l produce genetic rat i o s as follows: 

Tetraploid P. e l a t i o r x d i p l o i d P. veris 1.45 type A. 
d i p l o i d P. v e r i s x t e t r a p l o i d P. e l a t i o r 1,56 type B 

Neither of these r g t i o s i s f a r from normal. I f we 
put these two crosses i n t h e i r place i n the table of 
genetic r a t i o , we can forecast that i n both cases the 
seeds should be nearly normal. This i s on q.uantitative 
grounds. Any deviation from the expected path of 
development should be due to the qualitative differences 
between the two species. I t can be. argued that unbalan; e 
between parents of d i f f e r e n t chromosome number w i l l 
also affect the r e s u l t . 
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The development of the seeds from these two crosses 
i s described i n pages 101 - 110, (Pigs, 69 - 78), 
•fche results of these cfosses indicate that i t is. not 
only genetic value that i s determining the course of 
seed development i n Primula. However, i t i s important 
to note that the attempt to balance the genetic values 
has resulted i n a p a r t i a l success i n overcoming the 
b a r r i e r s present between these two species, % e n the 
d i p l o i d P, veris i s female parent seed development i s 
variable, but a certain number of good seeds are produced, 
(and germination tests made by Valentine have shown that 
about 50% of the seeds from t h i s cross germinate). Eie 
r e s u l t i n the reciprocal cross i s not so successful, 
and f o r a possible explanation of t h i s i t i s necessary 
to r e c a l l the i n t e r s p e c i f i c crosses. 

I n the type A seeds from i n t e r s p e c i f i c crosses, 
inner integument 2 i s hypertrophied. I n P, vulgaris x 
P, e l a t i o r t h i s i s very marked, and i t i s as prominent 
i n P. veris x P, e l a t i o r . I n the t h i r d type A seed, 
however, P, v e r i s x P. vulgaris, the hypertrophy i s 
less severe. The two crosses i n which i t i s most 
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prominent, then, are tliose involving P. e l a t i o r . I t i s 
possible that the genome of P. e l a t i o r i s exerting an 
influence that i s greater than that suggested by i t s 
genetic value. I f t h i s i s so, then when i t i s present 
i n double quantity as i n the cross between t e t r a p l o i d 
P, e l a t i o r and d i p l o i d P«- v e r l s , the effect i t exerts 
w i l l be f a r greater. This may account f o r the unexpected 
abnormality of t h i s cross. 

The crosses involving the t e t r a p l o i d P. e l a t i o r 
and d i p l o i d P, v e r i s , though not very successful, do 
lend a c e r t a i n amount of support to the genetic value 
hypothesis, since despite the q u a l i t a t i v e differences, 
and the possible chromosome unbalance, the balancing of 
the genetic values does allow the production of a certain 
amount of viable seed. 

Our results indicate that Valentines genetic value 
hypothesis i s not without foundation. I t must be emphasized 
here, though, that none of the three protagonists of 
t h i s hypothesis, Stephens, Hov/ard and Valentine, have 
claimed that i t explains the phenomenon of seed incomp­
a t i b i l i t y . I t merely provides the genetical basis f o r 
an explanation. • 
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B. Seed va r i a t i o n . 
Variation i n most of the crosses appears to be 

continuous. I n the crosses'between P. e l a t i o r and 
P, vulgaris, hov/ever, two types of seed can be distinguished. 
Valentine could only distinguishethem when P. e l a t i o r 
was the female, and i n fact they are much more cle a r l y 
seen here than i n the reciprocal, but the present 
investigation has shown that they do occur i n that 
cross. Unfortunately i t was not possible to estimate ' 
the proportions of the two types of seed. 

Since Valentine found about 25̂'" sound seeds i n the 
cross P, e l a t i o r x jP, vulgaris, he could put forward a 
simple genetic explanation f o r the phenomenon. I n each 
of the three species of Primula, uniformly- sound seed 
is. produced i n i n t r a s p e c i f i c crosses. This indicates 
that each species i s homozygous f o r genes con t r o l l i n g 
. genetic value, and hence that a single type of seed 
should predominate. Now i f both P, e l a t i o r and P, vulgaris 
are heterozygous f o r one gene c o n t r o l l i n g genetic value, 
a 3:1 r a t i o would be obtained i n the PI, giving 
approximately 3 empty seeds to 1 sound seed. He had to 
then . assume that t h i s gene was effective only when 
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R was 1,65, and not effective when i t was 1.5 as i n the 
in t r a s p e c i f i c cross, or 1.36 as i n the reciprocal. This 
assumption may be unnecessary i n the l i g h t of the 
segregation into two tjrpes of the seed from the 
reciprocal cross. There i s s t i l l no evidence to 
indicate what the real basis of t h i s segregation i s . 

I t i s doubtful whether there i s a satisfactory 
explanation of the v a r i a b i l i t y between seeds, 
especially that w i t h i n a single capsule. However, 
the point i s worth a l i t t l e of our attention. 

No two seeds i n any capsule are l i k e l y to be 
genetically i d e n t i c a l . I n in t r a s p e c i f i c crosses t h i s 
i s of l i t t l e importance, since the vast majority of 
seeds are vigorous and reach maturity, but i t may 
have some effect i n i n t e r s p e c i f i c crosses, where some 
of the seeds are going to f a i l . 

Minor environmental differences, both between and 
wi t h i n capsules, may have some effect on seed 
development. One of Blakeslee's co-workers, Sanders (1948) 
was of the opinion that environmental differences; 
temperature, l i g h t , moisture etc., both at the time 
of p o l l i n a t i o n and afterwards might be responsible f o r 
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many seed f a i l u r e s i n Datura, and that v a r i a t i o n between 
reciprocal crosses i s related to conditions i n the 
immediate v i c i n i t y of the embryo i n the seed. I t i s 
un l i k e l y that her f i r s t suggestion merits serious 
consideration, but i t does serve to point out the possible 
imiDortance of environmental v a r i a t i o n , 

' One environmental factor that I think may be 
of some importance i s competition f o r nutrients between 
seeds w i t h i n a single capsule. After p o l l i n a t i o n of 
a flower has taken place,, pollen grains w i l l probably 
not a l l germinate at the same time, nor w i l l they grow 
at the same rate, and t h i s means that not a l l the ovules 
w i l l be f e r t i l i z e d simultaneously. I t may be that i n 
some cases an i n t e r v a l of a day or tv:o may elapse between 
the f e r t i l i z a t i o n of the f i r s t and last seeds,' The same 
result s w i l l ensue i f there are two successive pollinations, 
the f i r s t with i n s u f f i c i e n t pollen to f e r t i l i z e a l l the 
ovules. The f i r s t seeds to begin development w i l l have 
\̂  s t a r t on the l a t e r ones that w i l l probably always be 
maintained^ and w i l l claim a more than aver;age share of 
the available nutrients. This w i l l be unimportant i n an 
in t r a s p e c i f i c cross, apart from seed size v a r i a t i o n , biit i n 



i n t e r s p e c i f i c crosses i t may have a much more profound 
e f f e c t . 

I t seems l i k e l y that a seed which p o t e n t i a l l y 
has the capacity to develop to a viable maturity has 
to reach a ce r t a i n stage i n development beyond which i t 
w i l l successfully reach maturity, ^ f i t f a i l s to pass 
t h i s point, i t w i l l f a i l . I t i s conceivable that tv/o 
seeds of similar p o t e n t i a l i t i e s may have d i f f e r e n t 
h i s t o r i e s ; one f a i l i n g and one succeeding, because one.' 
of them gets o f f to a better s t a r t than the other. I n 
crosses where the number of seeds that develop to 
maturity i s very low, t h i s may be a c r i t i c a l factor 
i n s u r v i v a l , P, veris x P, e l a t i o r i s a cross which 
r a r e l y produces viable seed. I n such a cross very minor 
environmental factors may make a l l the difference 
between success and f a i l u r e . 
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G, The main l i n e s of thought on seed incompatibility. 
Before considering the possible causes of seed 

f a i l u r e i n Primula, the hypotheses put forward by 
previous workers to explain seed breakdown, and 

t h e i r v a l i d i t y both to the case under discussion, and 
to t h e i r own res u l t s , should be examined c r i t i c a l l y , 
I have already pointed out that none of them.have 
claimed to be complete explanations, and that they 
are linked inmmany ways, but they are conveniently 
separated in t o f i v e main li n e s of thought. 

The genetic value hypothesis has already been 
discussed, and i t , least of a l l , attempts to explain 
the mechanism of seed breakdown. I t can be used as 
a basis f o r such an explanation, and w i l l be so used 
l a t e r i n t h i s discussion. The vast majority of work 
i n t h i s f i e l d has centred on h i s t o l o g i c a l investigations, 
and so i t i s not surprising that three of the remaining 
hypotheses are d i r e c t l y based on such investigations, 
and the fourth developed from a follow-up of early 
h i s t o l o g i c a l work. 
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The suggestion f i r s t put forward by Kihara and 
Nishiyama (1932); the "pollen stimulation" hypothesis, 
has been severely c r i t i c i s e d , notably by Muntzing (l934), 
and I think i t i s because some workers have f a i l e d to 
discriminate between rapid development and good seed 
set on the one hand, and v i a b i l i t y of seed on the other. 
I t i s perhaps unfortunate that the way i n which they 
presented t h e i r results gives the impression that the 
most successful cross i s that i n which the male parent 
has a higher chromosome number than the female. I t i s 
more successful as f a r as rate of development i s concerned, 
but the reciprocal i s more successful where v i a b i l i t y 
i s concerned, and t h i s i s the important factor i n the 
production of a hybrid plant. % a t they did i n fact 
establish was that i n the cases they studied, more 
viable seeds were produced when the female had the higher 
chromosome number, and t h i s meant that t h e i r cases f e l l 
i n t o l i n e with the general rule proposed by Watkins (1927) 
that crosses of t h i s type would bd more successful. 

Their basic premise was that the pollen entering 
the ovule v/ould exert a certain stimulus to growth and 
development. Pollen of high chromosome number would 

-127-



impart a greater stimulus than that of low chromosome 
number. Their own results supported t h i s claim, and 
indicated that the stimulus could be too high; so high 
that i t i n i t i a t e d an excessively rapid rate of growth 
and eventually caused f a i l u r e . The work of Katayama 
(l933) and Ledingham (1940) supports t h i s hypothesis, 
but i n other cases of crosses involving parents of 
d i f f e r e n t chromosome ntmiber, there i s no evidence f o r 
such stimulation, ( I n some cases the lack of such 
evidence may be due to f a i l u r e to look f o r i t ) . The 
nature of the "stimulation" that the pollen imparts i s 
not clear, and Sachet (1948) i s one of the few workers 
i n t h i s f i e l d who have speculated upon i t . She suggested 
that the pollen brings some substance, either d i r e c t l y , 
or as a precursor, int o the ovule at f e r t i l i z a t i o n , 
Increased or reduced quantities of t h i s substance could 
have d i f f e r e n t effects on the young seed, as could 
a l i e n substances. Such alterations of quantity or 
nature of the substance might retard, accelerate or 
unbalance development of the young seed. I n the absence 
of f u r t h e r evidence i t i s impossible to be any more 
precise than t h i s . 
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The n u t r i e n t competition hypothesis was f i r s t 
put forward "by Brinlc and Cooper, as an explanation 
o f the phenomena they observed when making s e l i ^ and 
c r o s s - p o l l i n a t i o n s i n Medicago s a t i v a . When t h i s 
species i s s e l f e d most of the ovules abort,, and a 
h i s t o l o g i c a l i n v e s t i g a t i o n revealed t h a t there i s 
gross hypertrophy 6f the n u c e l l u s , w i t h a consequent 
o c c l u s i o n of the chalazal pocket, '-̂'he endosperm 
appears to he starved and collapse ensues. They termed 
t h i s process "somatoplastic s t e r i l i t y " , and then 
sought to apply the hypothesis to i n t e r s p e c i f i c crosses. 
They observed s i m i l a r phenomena i n several d i f f e r e n t 
groups; i n some cases i t i s the nucellus, i n some the 
inner integument t h a t i s hypertrophied. I n most of 
these cases occlusion of the chalazal pocket does not 
occur, and Brink and Cooper suggested t h a t they were 
manifestations of "incomplete somatoplastic s t e r i l i t y . " 

Though the concept o£ somatoplastic s t e r i l i t y has 
not gained mich acceptance, and indeed Brink and Cooper 
soon modified t h e i r hypothesis i n the l i g h t of f u r t h e r 
evidence, i t i s a p i t y t h a t some subsequent ?/orkers 
have f a i l e d to d i s t i n g u i s h between somatoplastic 
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s t e r i l i t y as Brinlc and Cooper o r i g i n a l l y defined i t , 

and competition f o r n u t r i e n t s . Somatoplastic s t e r i l i t y 

i s the phenomenon of "blockage of the n u t r i e n t supply 

t o the endosperm hy hyperplasia o f maternal t i s s u e , 

w i t h subsequent f a i l u r e of the endospergi. Endosperm 

and maternal t i s s u e may compete f o r n u t r i e n t s without 

such a hlockage o c c u r r i n g , and t h i s appears to he 

much more f r e q u e n t l y the s t a t e of a f f a i r s . 

Brink and Cooper almost c e r t a i n l j ^ r e a l i s e d t h i s , 

and they p r e f e r r e d l a t e r t o e x p l a i n seed f a i l u r e i n 

terms of success or f a i l u r e of the endosperm to compete, 

and corresponding abnormal development of the maternal 

t i s s u e . This i s not somatoplastic s t e r i l i t y . 

The p i c t u r e t h a t comes out of t h e i r ideas i s 

one of endosperm and maternal t i s s u e v i g o r o u s l y competing 

f o r the a v a i l a b l e n u t r i e n t s . The endosperm i n a normal 

seed maintains a s l i g h t advantage over the maternal 

t i s s u e , hut i n crosses i t loses t h a t advantage through 

genomic unbalance, and f a i l s to compete f o r the a v a i l a b l e 

food m a t e r i a l s . The n o n - u t i l i z e d food i s d i v e r t e d to 

the integuments, producing the hypertrophy observed 

i n so many cases. 
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This i s a p l a u s i b l e hypothesis, but i t leaves many 
gaps, and i t cannot be applied to a l l groups. Primula 
i s one of the groups t h a t does not f i t i t too w e l l . 
I n the h y b r i d seeds, hj'-perplasia of maternal t i s s u e 
occurs i n Type. A seeds only, but- not i n type B. I f 
t h i s i s due to f a i l u r e of the endosperm to compete, 
one would expect t h a t the endosperm would be sparse i n 
type A seeds, and w e l l developed i n type B, I n f a c t the 
opposite i s t r u e . Seeds from a cross such as P. v u l g a r i s 
X P> e l a t i o r , which have a very much overdeveloped inner 
integument, have a w e l l developed endosperm, whereas 
those from the r e c i p r o c a l cross have integuments t h a t 
are l e s s w e l l developed than normal, and very sparse 
endosperm. 

The t h i r d hypothesis o f h i s t o l o g i c a l o r i g i n i s t h a t 
of Weaver ( l 9 5 5 ) , who places the r e s p o n s i b i l i t y f o r seed 
f a i l u r e on the embryo, at l e a s t i n c e r t a i n crosses. 
The general consensus of opinion has been t h a t the 
embryo plays l i t t l e p a r t i n seed f a i l u r e . This would 

c e r t a i n l y seem to be the case i n Primula, where the 
success of the embryo appears t o be completely dependent 

-131-



on the endosperm,, at l e a s t u n t i l i t reaches a size 
at v/hich i t i s capable of supporting i t s e l f . By t h a t 
time the development of the seed has reached a stage 

?/here i t s f g t e has already been decided. Embryo 
c u l t u r e work has shown t h a t an embryo must be at 
a c e r t a i n stage before i t can successfully be grown 
i n c u l t u r e a f t e r e x c i s i o n . I t i s possible t h a t w i t h i n 
the developing seed, i f the embryo reaches a c e r t a i n 
l e v e l o f development, i t can continue to grow even i f 
the endosperm f a i l s . This i s suggested by the occurrence 
of l a r g e embryos i n seeds which are empty of endosperm, 
i n the cross P. e l a t i o r t e t r a p l o i d x P. v e r i s d i p l o i d . 

Weaver based h i s hypothesis on the f a c t t h a t 
when he crossed d i f f e r e n t species of Gossypium,seeds 
were occasionally produced t h a t contained a f u l l endosperm 
but no embryo. F a i l u r e was general i n t h i s cross, and 
so the i n d i c a t i o n s were t h a t the embryo was responsible. 

The main argument against the suggestion t h a t the 
embryo i s responsible f o r seed f a i l u r e i s t h a t embryos 
can be excised from seeds t h a t normally f a i l , and grown 
t o m a t u r i t y on c u l t u r e media. Once removed from the 
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surrounding t i s s u e s they are able to develop. This 

would suggest t h a t i n the f a i l i n g seed the embryo i s 

being retarded by the other t i s s u e i n the seed, and not 

t h a t i t i s causing seed f a i l u r e . 

H i s t o l o g i c a l i n v e s t i g a t i o n s are necessarily l i m i t e d 

i n the amount of i n f o r m a t i o n they can give us. They 

are e s s e n t i a l to enable us t o determine what changes 

are going on i n the t i s s u e s of the seed, but they 

cannot t e l l us the mechanism behind these changes, 

% r e fundamental i n v e s t i g a t i o n s should f o l l o w , and 

u n f o r t u n a t e l y only one group has been studied i n 

d e t a i l from the biochemical p o i n t of viev/. 
Blakeslee and h i s associates obtained a great 

deal of i n f o r m a t i o n from t h e i r h i s t o l o g i c a l work, but • 
there were attempts f a i E l y soon to e x p l a i n the ; 
r e s u l t s i n terms of the biochemistry of the seed. 

(Sachet, 1948). The discovery of so-called "ovular 
tumours" was the decisive f a c t o r t h a t launched them 
on the hunt f o r the t o x i c f a c t o r s i n the abnormal 
seed. E x t r a c t i o n from these tumours of various 
substances was c a r r i e d out, and a f t e r one or two 
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f a l s e s t a r t s i t was established t h a t the substance t h a t 

appears t o be most a c t i v e i n seed f a i l u r e i s indole 

3-acetic acid. Further i n v e s t i g a t i o n has i n d i c a t e d 

t h a t amino-acid r e g u l a t i o n may be important ( j . Rietsema 

personal communication). 

I t i s not p o s s i b l e t o say at t h i s stage whether 

the f i n d i n g s of t h i s grouprof workers are applicable 

t o other cases, such as Primula,, and a great deal more 

work along these l i n e s i s needed before we can say 

anything decisive about the processes going on w i t h i n 

the developing seed. 
I t becomes i n c r e a s i n g l y obvious t h a t without 

:a great deal mssre i n f o r m a t i o n than we have at our disposal, 
i t i s impossible t o f i n d a s a t i s f a c t o r y explanation 
f o r seed i n c o m p a t i b i l i t y . A l l . t h a t can be done a t t h i s 
stage i s t o suggest a possible mechanism behind the 
f a i l u r e of h y b r i d seed i n Primula, and to hope tha t 
new l i n e s of a t t a c k w i l l be opened up i n the near f u t u r e . 
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D. Seed i n c o m p a t i M l i t y i n Primula 

i . The nature of "genetic values." 

I n attempting to formulate an hypothesis to 
e x p l a i n seed f a i l u r e i n Primula. I s h a l l make the 
assumption t h a t the existence ( j f "genetic values" or 
"genetic strengths" i s , i f not proven, at l e a s t l i k e l y . 
I t would seem the place to make some speculations as 
to the nature of genetic values. What i s the d i f f e r e n c e 
between two species of d i f f e r e n t genetic value? I n the 
answer to t h i s question may l i e the key to the whole 
problem of the r e l a t i o n s h i p of q u a l i t a t i v e and q u a n t i t a t i v e 
d i f f e r e n c e s between species, 

A possible clue to the answer i s the s i m i l a r i t y of 
seed f a i l u r e i n d i p l o i d - a u t o t e t r a p l o i d crosses t o t h a t 
i n i n t e r s p e c i f i c crosses. I t i s not unreasonable to 
assume t h a t the production of s i m i l a r types of breakdown 
i s caused by s i m i l a r p a r e n t a l d i f f e r e n c e s . 

Howard (1947), discussing the crosses he made w i t h 
I^asturtium. suggested th a t the a l l o p o l y p l o i d l i n i s e r i a t u m 
had a "physiology of seed production" intermediate 

between those of d i p l o i d and a u t o t e t r a p l o i d IT. o f f i c i n a l e 
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and t h a t i t had reached t h i s state by evolving p a r t of 

the way toward the d i p l o i d c o n d i t i o n . This does not seem 

u n l i k e l y . Nor does the opposite process, th a t i s , the 

e v o l u t i o n of a d i p l o i d toward, the p o l y p l o i d c o n d i t i o n . 

I f we assume, t h a t of the three species w i t h which 
we are concerned, the nearest to the d i p l o i d state i s 
P, e l a t i o r , then on t h i s hypothesis the primrose, 
(P, v u l g a r i s ) has evolved some way toward the p o l y p l o i d 
c o n d i t i o n , and the cowslip (P. ver i s ) h a s gone f u r t h e r . 
A l t e r n a t i v e l y , i f P, v e r i s i s nearest to the o r i g i n a l 
c o n d i t i o n , P, v u l g a r i s and P, e l a t i o r have evolved toward 
the:.haploid s t a t e . 

A possible explanation of the method of such 
e v o l u t i o n i n one d i r e c t i o n or another would be i n terms 
of l o s s or d u p l i c a t i o n of genetic m a t e r i a l . The pl a n t s 
of h i g h genetic value may have large amounts of genetic 
m a t e r i a l , i n t h e i r n u c l e i , l a r g e r than those of low 
value. This s i t u a t i o n could be brought about i n two 
ways. I f the e v o l u t i o n has been from the d i p l o i d 
toward the p o l y p l o i d s t a t e , the increase i n genetic 
m a t e r i a l could be due to the a c c r e t i o n of a large number 
of minute d u p l i c a t i o n s , each of minor e f f e c t , but together 
b r i n g i n g the genetic complement near the p o l y p l o i d state without 
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an a c t u a l increase i n chromosome number. The a l t e r n a t i v e 

p o s s i b i l i t y , t h a t o f e v o l u t i o n tov/ard the h a p l o i d state 

by gradual loss of genetic m a t e r i a l seems less l i k e l y . 

There must be a l i m i t to such l o s s . The t r u e answer 

may l i e between these two a l t e r n a t i v e s . P. v u l g a r i s 

could be nearest the o r i g i n a l d i p l o i d s t a t e , and P. v e r i s 

and P. e l a t i o r would then have evolved i n d i f f e r e n t 

d i r e c t i o n s , one by the a d d i t i o n and the other by the 

l o s s of genetic m a t e r i a l . 

I f t h i s i s the s o r t of process t h a t has occurred, 

the s i m i l a r i t y i n seed type between o f f s p r i n g of i n t e r ­

s p e c i f i c crosses and d i p l o i d - a u t o t e t r a p l o i d crosses i s 

more e a s i l y explained. I n t e r s p e c i f i c d i f f e r e n c e s can 

be considered i n q u a n t i t a t i v e terms. The purely 

q u a n t i t a t i v e d i f f e r e n c e s w i l l , be modified by the 

q u a l i t a t i v e d i f f e r e n c e s betv/een species, but w i l l 

l a r g e l y i n f l u e n c e the course of development of h y b r i d 

seed. 

I f t h i s explanation of i n t e r s p e c i f i c d i f f e r e n c e s 

i n q u a n t i t a t i v e terms i s accepted, the problems of seed 

i n c o m p a t i b i l i t y i n Primula are more e a s i l y encompassed. 
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i l . A possible explanation. 
The main problem c o n f r o n t i n g us i n our attempt 

t o e x p l a i n the Primula r e s u l t s i s the d i f f e r e n c e between 

type A and type B seeds. The presence o f such great 

d i f f e r e n c e s i n the seeds from r e c i p r o c a l crosses i s 

uncommon. I f we can assume, hov/ever, t h a t d i f f e r e n c e s 

i n genetic value are equivalent t o dif f e r e n c e s i n 

p l o i d y , the explanation i s made less d i f f i c u l t . I n 

almost every case t h a t has been i n v e s t i g a t e d , r e c i p r o c a l 

crosses between parents of d i f f e r e n t chromosome numbers 

producecidissimilar seed. But as we have seen, no r e a l l y 

s a t i s f a c t o r y explanation has yet been put forward t o 

account f o r these d i f f e r e n c e s , Instead of concentrating 

on one f e a t u r e of breakdown, as has o f t e n been done i n 

the past, I s h a l l attempt to r e l a t e the d i f f e r e n t 

f e a t u r e s i n one hypothesis. 
I f the i n t r o d u c t i o n of f o r e i g n p o l l e n i n t o the 

ovule i n i t i a t e s seed development, i t follov/s t h a t the^ 
type of p o l l e n introduced w i l l a f f e c t the u l t i m a t e 
r e s u l t . . This f a c t was used as the basis of the p o l l e n 

s t i m u l a t i o n hypothesis. There i s some evidence t h a t i n 
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Primul^.the i n t r o d u c t i o n of p o l l e n of e i t h e r higher 

chrom.osome nimiber or higher genetic value than t h a t of 

the female genome does i n i t i a t e a more r a p i d r a t e of 

d.e.vellopment than when the reverse i s the case. This 

means t h a t type B seeds are stimulated t o more r a p i d 

development; type A seeds g e t t i n g a slower s t a r t . I t 

seems probable t h a t type B seeds, e s p e c i a l l y the more 

extreme ones, are g i v e n a stimulus t h a t i s too strong, 

and t^ey "overgrow t h e i r s t r e n g t h . " The less extreme, 

crosses produce seeds t h a t can sometimes recover from 

t h i s i n i t i a l o v e r s t i m u l a t i o n , whereas the wider crosses 

do not recover. However, type B seeds grow to a large 

s i z e , and weigh more than t h e i r type A counterparts. 

I would suggest t h a t t h i s i s a r e s u l t of the d i s s i p a t i o n 

o f the a v a i l a b l e n u t r i e n t s i n the production of large 

empty seeds. 

Type A seeds, on the other hand, get a stimulus lower 

than normal. This appears t o a f f e c t the contents of the 

embryo sac more than the integuments, and although 

b o t h develop, the endosperm i s put at somewhat of a 

disadvantage. The integuments are therefore able t o 
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u t i l i s e some of the m a t e r i a l t h a t normally goes to the 
embryo sac, and are more st r o n g l y developed than normal. 
I n l e s s extreme crosses the e f f e c t i s small, and a 
f a i r p r o p o r t i o n of the seeds reach m a t u r i t y , but i n wider 
crosses the endosperm i s less w e l l balanced w i t h the 
maternal t i s s u e , and i t s increased weakness allows the 
integuments t o take over a large p a r t o f the n u t r i e n t 
supply. I n the most extreme cases i t seems possible 
t h a t the inner integument can assume an aggressive r o l e 
and expand at the expense of the embryo sac contents. 

I n both types of seed i t seems l i k e l y t h a t the key 
t i s s u e i s the endosperm. The stimulus i t receives at 
f e r t i l i z a t i o n i s the important f a c t o r i n deciding the 
f a t e of the seed. The r e l a t i o n s h i p t h a t can determine 
the success 'or f a i l u r e of the seed i s t h a t between the 
endosperm and the maternal t i s s u e s , ^enetic r a t i o i s a 
means o f expressing t h i s r e l a t i o n s h i p . 

However, though t h i s . i s a step i n the d i r e c t i o n 
of e x p l a i n i n g seed f a i l u r e , the r e l a t i o n s h i p i s a much 
more complex one than a simple q^uantitative endosperm : 
maternal t i s s u e balance. One must not f o r g e t the f a c t 
t h a t since embryos can be excised from otherwise i n v i a b l e 
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seeds and grown to m a t u r i t y , the endospe'rm--here "must be 
a c t i n g as a b u f f e r p r o t e c t i n g a v i a b l e embryo from' the 
t o x i c influences of the mother p l a n t . The p h y s i o l o g i c a l 
and g e n e t i c a l d i f f e r e n c e s between species w i l l loom 
l a r g e i n the determination of seed development. The 
endosperm stands out as the t i s s u e t h a t , i n i t s 
p e c u l i a r p o s i t i o n , i s the sole connection between 
mother p l a n t and embryo. Much more research i n t o the 
nature of the endosperm i s needed, and here the 
h i s t o l o g i c a l apporach i s l i m i t e d . 

B r i e f l y , the present evidence suggests t h a t there 
are two key r e l a t i o n s h i p s i n seed development: 

1. The genome r e l a t i o n s h i p , which can r e s u l t i n a 
gre a t e r or lesse r stimulus t o seed growth, and es p e c i a l l y 
t o the growth of the embryo sac contents. 
2. The endosperm : maternal r e l a t i o n s h i p , the unbalance 
of which can r e s u l t i n overgrov/th o f the integument, 
and/or f a i l u r e of normal endosperm development. 

These basic r e l a t i o n s h i p s must be considered i n 
the l i g h t of p h y s i o l o g i c a l and g e n e t i c a l d i f f e r e n c e s 
between species. 
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E. The problems t h a t remain. 

A hypothesis o f seed i n c o m p a t i b i l i t y has been put 
forward t h a t i s nec e s s a r i l y l i m i t e d by the lack of 
more evidence. I t would not be out of place f o r me 
to suggest here some of the remaining problems, and 
some possi b l e approaches t o them, t h a t might help t o 
a b e t t e r understanding of the nature of seed breakdown. 
1. I f genetic values are of the nature t h a t has been 
suggested, then i t f o l l o w s t h a t a species of high genetic 
value w i l l have a l a r g e r amount of genetic m a t e r i a l 
i n i t s genomes than w i l l one of low value. I f some 
e s t i m a t i o n of the a c t u a l amoTint of chromatin i n the 
c e l l s of the d i f f e r e n t species could be made, the 

suggestion made e a r l i e r as to the nature of genetic 
values could be te s t e d . 

2. A d e t a i l e d microchemical i n v e s t i g a t i o n of the tissues 
of normal and abnormal seeds at d i f f e r e n t stages, 
developing the approach of Blalceslee and h i s associates, 
would probably b r i n g us nearer to the s o l u t i o n of the 
problems than any other s i n g l e approach. 

3. The use of embryo and seed c u l t u r e techniques. 
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combined w i t h t h a t of various growth substances, 
would be, of value. I f whole ovaries could be c u l t u r e d , 
then ovaries c o n t a i n i n g h y b r i d seed could be removed 
from the parent p l a n t and ra i s e d to m a t u r i t y . This 
would t e l l us whether the immediate maternal environment 
i s the sole f a c t o r concerned i n r e l a t i o n to the 
endosperm, or whether the p l a n t as a whole has an 
e f f e c t on the seeds borne upon i t . The use of various 
substances, both i n v i t r o and i n v i v o can help t o 
e l u c i d a t e the chemical r e l a t i o n s w i t h i n and around the 
seed. 

4, Chromosome unbalance w i t h i n h y b r i d seed can be 
i n v e s t i g a t e d by a study of endosperm cytology. Some 
p r e l i m i n a r y attempts at t h i s have been made, but a 
s a t i s f a c t o r y technique remains to be ?/orked out. 
(see Appendix B, page 192). 
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VTi. summY. 

1 . The importance of post f e r t i l i z a t i o n breakdown 

as a b a r r i e r to i n t e r s p e c i f i c h y b r i d i z a t i o n has been 

emphasized, and the use of the term "seed i n c o m p a t i b i l i t y " 

f o r such a phenomenon has been suggested by Valentine. 

2. E a r l y workers came t o the conclusion t h a t as a 

general r u l e , when two species of d i f f e r e n t chromosome 

niomber v/ere crossed, the cross would be more successful 

when the p l a n t w i t h the higher number was used as female, 

3. There have been several l i n e s of thought on the 

problem during the l a s t t h i r t y years, and of these the 

most important are: 
a. The p o l l e n s t i m u l a t i o n hypothesis. 
b. The n u t r i e n t competition hypothesis. 
c. The view t h a t the embryo causes seed f a i l u r e . 
d. The hypothesis t h a t some s o r t of chemical unbalance 

i s responsible f o r seed f a i l u r e . 
e. The genetic "value" or "s t r e n g t h " hypothesis.-

None of these hypotheses sets out t o be a. complete 

explanation, and each i s r e l a t e d t o the others, 

54. The three B r i t i s h species. Primula v u l g a r i s , 
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P> v e r i s and P. e l a t i o r are a l l d i p l o i d s w i t h n = 11. 

Their crosses p a r t l y or completely f a i l . Normal seed 

development f o l l o w s a. s i m i l a r p a t t e r n i n each species. 

The young seed enlarges r a p i d l y a f t e r f e r t i l i z a t i o n , 

the outer integument, which consists of two l a y e r s , 

becomes thickened, the inner integument degenerates 

r a p i d l y . The endosperm remains n o n - c e l l u l a r f o r about 

three weeks, and then c e l l formation takes place. A f t e r 

t h i s the endosperm increases i n q u a n t i t y very q u i c k l y 

and soon f i l l s the seed. T̂-he embryo remains very small 

u n t i l the endosperm has n e a r l y f i l l e d the seed, and i t 

then undergoes a p e r i o d of r a p i d growth, elongation and 

d i f f e r e n t i a t i o n . 
5.. I n each p a i r of r e c i p r o c a l crosses, a d i f f e r e n t 
type o f seed i s produced depending on which d i r e c t i o n 
the cross i s made. Valentine has c a l l e d these two types 
of seed type A and type B, He has a l l o t t e d each species 
a "genetic value" these values being based on the r e s u l t s 
of h i s crosses. Prom t h i s genetic value the genetic 
r a t i o ; the r a t i o between endosperm and mother p l a n t , can 
be c a l c u l a t e d . I t i s 1.5 i n i n t r a s p e c i f i c crosses. % e n 
the K a t i o R i s less than 1.5, the seeds are of type A, 
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i f R i s greater than 1.5, type B seeds are produced. 

The embryological i n v e s t i g a t i o n has c l e a r l y d i s t i n g u i s h e d 

these two types. 
6. Type A seeds gave an ahnorraally t h i c k inner integument, 
and a reduced endosperm and embryo. The seeds are small. 
1'ype B seeds are l a r g e , and have t h i n integuments. The 
endosperm i s very poor, and the emhryo i s correspondingly 
underdeveloped. 

7. The seeds from the r e c i p r o c a l crosses between an 
a u t o t e t r a p l o i d and d i p l o i d P. v e r i s can he classed i n t o 
the same two types, being more extreme i n t h e i r 
abnormalities. 

8. % e n a d i p l o i d P. v e r i s (genetic value 1.8) i s crossed 
w i t h a u t o t e t r a p l o i d P. e l a t i o r (genetic value 2.0), R i s 
nea r l y equal to the normal value of 1.5. Despite the 
s p e c i f i c d i f f e r e n c e , the cross shows a c e r t a i n amount of 
success. 

9. These f a c t s are hel d to support the hypothesis t h a t 

d i f f e r e n t d i p l o i d species may have d i f f e r e n t "genetic 

values". I t i s suggested t h a t genetic value i s i n some 

way a l l i e d t o p l o i d y , and t h a t a d i p l o i d species may 

evolve toward the p o l y p l o i d s t a t e as w e l l as i n the 
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reverse d i r e c t i o n . One way i n which such a process can 

occur, i t i s suggested, i s by the accumulation of a 

number of minute d u p l i c a t i o n s . By t h i s means, genetic; 

value and p o l y p l o i d y can be compared. I n Primula, they 

are s i m i l a r i n t h e i r e f f e c t s , and t h i s to some extent 

removes the d i s t i n c t i o n between q u a n t i t a t i v e and q u a l i t ­

a t i v e b a r r i e r s between species. 

10. I t i s suggested t h a t the i n i t i a l stimulus imparted 

by the p o l l e n determines the r a t e of e a r l y seed growth. 

Type A seeds get a low stimulus, and the endosperm in. 

p a r t i c u l a r i s retarded, enabling the integximents to 

u t i l i s e some o f the r e s u l t i n g surplus n u t r i e n t s . Type-

B-seeds get a strong stimulus, and the endosperm never 

recovers from the i n i t i a l p e r i o d of too r a p i d growth. 

I n both cases the endosperm : maternal t i s s u e r e l a t i o n s 

are h e l d t o be important. 
11. I t i s point e d out t h a t f u r t h e r p h y s i o l o g i c a l 
i n v e s t i g a t i o n s , c y t o l o g i c a l work, and t i s s u e c u l t u r e 
experiments are needed before the s o l u t i o n of the 
problem of seed i n c o m p a t i b i l i t y i s much c l e a r e r . 
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APPENDICES. 

Appendix A. 

The course of development of seeds i n the i n t r a -

and i n t e r s p e c i f i c crosses was presented i n summarised 

and t a b u l a r form i n Section IV of t h i s t h e s i s . There 

are, however, some d e t a i l s t h a t could not be discussed 

t h e r e , as they were not necessary t o the main argument. 

They have, t h e r e f o r e , been included i n the more d e t a i l e d 

sitage by stage d e s c r i p t i o n s t h a t are appended here. 
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The i n t r a s p e c i f i c crosses. 

Though the cross described here i s t h a t between P. v e r i s 
and P. v e r i s , the d e t a i l s of development l o f the other 
two species, P. e l a t i o r and P. v u l g a r i s , are so s i m i l a r 
as not t o warrant repeating, the only d i f f e r e n c e s being 
i n t i m i n g and seed size. 

The u n p o l l i n a t e d ovule has two integuments, '-i-'he outer 
integument c o n s i s t s of two c e l l l a y e r s . Outer integument 1 
c o n s i s t s of roughly c u b i c a l c e l l s , brown i n colour, due to 
the presence of tannins. Outer integument 2 has c e l l s 
which are elongated c i r c u m f e r e n t i a l l y , and which have very 
dense cytoplasmic contents. They are r a t h e r smaller than 
those of outer integument 1, Outer integument 1 i s from 
three to s i x c e l l s i n thickness, the outer layer i s regular, 
but the other l a y e r s are p r o g r e s s i v e l y less regular. A l l 
have dense contents. Inner integument 2 consists of a 
s i n g l e l a y e r of large c e l l s , r a d i a l l y elongated, ^hey, too 
c o n t a i n t a n n i n s , (Dahlgren, 1916). These c e l l s are i r r e g u l a r l y 
shaped, e s p e c i a l l y i n the chalazal region. This layer i s 
i n t e r r u p t e d i n two places; at the micropyle, toward the 
lower end of the chalazal region, and at v/hat may be called 
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the c h a l a z a l pocket, at the upper end. The n u t r i e n t supply 
sweeps upwards behind t h i s region and i s probably mainly 
d e l i v e r e d through t h i s gap i n the inner integimient. 

The embryo sac i s a t h i n membrane l i n i n g the ovule 
c a v i t y , and containing the egg c e l l , sjmergids and p o l a r 
n u c l e i , ^^e antipodals could not be d i s t i n g u i s h e d at t h i s 
stage (immediately p r i o r to p o l l i n a t i o n ) . 

10 days. The seeds have increased considerably i n 
s i z e . The c e l l s o f outer integument 1 are l a r g e r and have 
some t h i c k e n i n g on t h e i r inner w a l l s . Outer integument 2 
has now many more c e l l s , though s t i l l only a single l a y e r . 
Inner integument 1 i s changing i n appearance, the c e l l s 
showing shrinkage of t h e i r contents. The c e l l s of inner 
integument 2 have elongated r a d i a l l y , e s p e c i a l l y i n the 
c h a l a z a l region. The endosperm i s a t h i n layer of cytoplasm 
l i n i n g the seed c a v i t y , w i t h a few n u c l e i scattered throughout, 
I t i s s l i g h t l y t h i c k e r , and has a granular appearance i n 
the c h a l a z a l r e g i o n . The embryo appears to be marking 
time, and i n f a c t the zygote does not seem to have yet 
d i v i d e d . 
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20 days. Thickening i s increasing on the inner w a l l s of 

the c e l l s of outer integument 1. A l l but the outermost 

c e i l s o f i n i i e r integument 1 are now degenerating, l o s i n g 

t h e i r contents and shape. This process i s less advanced 

i n the chalazal region. Inner integument 2 i s also s t a r t i n g 
I • 

t o degenerate. The endosperm contains more n u c l e i , but 
the embryo i s s t i l l marking time, 
24 days. The c e l l s of outer integument 1 shov/ l i t t l e 
change, but a marked change i s t a k i n g place i n those of 
outer integument 2, The innerv/wall i s becoming thickened, 
t h i s t h i c k e n i n g being extended f o r a l i t t l e way up the 
l a t e r a l w a l l s of the c e l l s . This thic k e n i n g thus forms 
a cup-shaped l a y e r w i t h i n each c e l l . The c e l l i s s t i l l 
f i l l e d w i t h dense cytoplasm. 

The process of degeneration of the inner integument 
goes on apace. Only the outermost l a y e r of the inner 
integument 1. remains r e l a t i v e l y i n t a c t . Inner integument 2 
i s somewhat f l a t t e n e d . The remaining layers of inner integument 
1 are empty of contents, and are becoming compressed. 

The emphasis of development appears to be switching 
toward the endosperm now. I t i s now a s i n g l e c e l l l a y e r . 
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sometimes double i n the chalazal region, where the c e l l 
contents are also more dense. The embryo i s o f t e n at 
about a f o u r - c e l l e d stage by t h i s time. 

28 days. The t h i c k e n i n g i n the c e l l s of outer integument 2. 
has increased s l i g h t l y , but the degeneration of inner 
integuments i s now nearly complete. The endosperm i s 
2 - 3 c e l l s t h i c k by t h i s stage, t h i c k e r i n the chalazal 
r e g i o n . The embryo has s t a r t e d a period of r a p i d grov/th, 
and i n some seeds contains about 64 c e l l s . 
32 days. The c e l l s o f outer integuinent 2 are now f i l l e d 
t o about ^ of t h e i r height by the thickening of the inner 
w a l l . Degeneration of the inner integument i s complete 
except i n the chalazal region. The endosperm i s several 
c e l l s t h i c k , and the c e l l s a d j o i n i n g the chalazal region 
are w e l l f i l l e d ' w i t h cytoplasm, those of the r e s t of the 
endosperm being s c a n t i l y supplied w i t h contents, •'•he 
embryo i s increasing r a p i d l y , and i s a small sphere, 
surrounded by endosperm, i n the micropylar region. 
36 days. The t h i c k e n i n g on the inner w a l l s of the c e l l s 
of outer integument 2 now f i l l s about h a l f the c e l l c a v i t y . 
The i n n e r integument i s now a t h i n , compressed la y e r of 
c e l l d e b r i s . The seed i s gen e r a l l y completely f i l l e d by . 

-166-



endosperm. The endosperm c e l l s have developed i n rows 
upon the o r i g i n a l c e l l s t h a t l i n e d the c a v i t y . The embryo, 
though much l a r g e r , i s s t i l l s p h e r i c a l . 

40 days. The c e l l s of outer integument 2 are now about 
t w o - t h i r d s f i l l e d by t h i c k e n i n g . Even i n the chalazal 
region the inner integument c e l l s are nov/ showing signs 
of breakdown. The endosperm c e l l s are gradually being 
f i l l e d w i t h cytoplasm, as t h e i r increase i n number i s 
slowing down. Around the embryo the endosperm i s apparently 
being absorbed by the developing egg-shaped embryo, 
44 days. The c e l l s of outer integument 2 are now almost 
completely thickened, and t h i s l a y e r i s b e t t e r developed 
i n the chalazal r e g i o n , forming a t h i c k wad of t i s s u e . 
A l l but the c e l l s of inner integument 2 have now degenerated 
i n the chalazal region. The endosperm c e l l s are beginning 
to show signs of the accumulation of food m a t e r i a l s , mainly 
o i l . The embryo i s r a p i d l y elongating, and i s beginning 
t o d i f f e r e n t i a t e , the cotyledon i n i t i a l s being evident. 

Throughout development there have been deposits of 
s t a r c h i n the placenta, and they have increased as the 
seeds matured, the greatest concentrations being near the 
attachments of the seeds. 
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From t h i s time on the integuments show l i t t l e 
change. Their t h i c k e n i n g becomes complete, and the 
outer integument forms a t h i c k , hard l a y e r around the 
seed.. The remains of the inner integuments can be seen 
as a very t h i n , dark, compressed l a y e r of broken down 
t i s s u e . 

The endosperm continues t o accumulate food m a t e r i a l s , 
u n t i l a t m a t u r i t y i t i s packed w i t h stored n u t r i e n t s . 
These are said by Dahlgren t o be mainly o i l s and p r o t e i n s . 
The embryo continues to elongate, u n t i l at m a t u r i t y i t 
i s a long, s t r a i g h t ..structure, w i t h two equal cotyledons, 
packed w i t h food m a t e r i a l s . 

I l l u s t r a t i o n s of developing seeds of t h i s and other 
crosses are to be found i n Section IV (pages 45 - 112), 
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P, v u l g a r i s X P, e l a t i o r . 
10 days. The two l a y e r s of the outer integument are 
normal i n appearance. The two outermost layers of inner 
integument 1 are s t i l l i n t a c t , the remainder having.-; begun 
to degenerate. Inner integument 2 i s rather t h i c k e r 
than normal. The endosperm, a t h i n cytoplasmic l a y e r , has 
less n u c l e i scattered through i t than i n the i n t r a s p e c i f i c 
seeds. No d i v i s i o n of the zygote appears to have taken 
place, 

20 days. The outer integument i s s t i l l normal i n 
appearance. Inner integument 1 s t i l l has the outermost 
l a y e r i n t a c t , the others having degenerated. Inner 
integument 2 i s abnormally t h i c k . The endosperm i s s t i l l 
n o n - c e l l u l a r , and the embryo i s apparently s t i l l undivided, 
24 days. The seeds are considerably smaller than normal. 
The outer integument i s apparen.tly normal, and there 
i s s t i l l one l a y e r i n inner integ-ument 1 remaining. 
Inner integument 2 i s notably t h i c k e r than normal, t h i s 
thickness being e s p e c i a l l y apparent at the chalazal region. 
The endosperm i s v a r i a b l e , sometimes becoming c e l l u l a r , 
sometimes not, and always appearing r a t h e r dense. The embryo 
i s apparently s t i l l undivided. 
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28 days. The c e l l s of outer integument 2 are showing signs 

of the commencement of thi c k e n i n g . The outermost layer 

of i n n e r integument 1 i s s t i l l p e r s i s t i n g , longer than i n 

normal seeds. Inner integument 2 c e l l s are very l a r g e , 

e s p c e i a l l y i n the chalazal r e g i o n . The chalazal pocket 

remains open, however, despite the thickness of inner 

integument 2. 
The seeds can be d i v i d e d i n t o two groups at t h i s 

stage, those i n which the inner integument i s very t h i c k , 
and the endosperm i s not too w e l l developed, and the 
remainder, i n which the inner integument i s not so t h i c k , 
and the endosperm i s c e l l u l a r , u s u a l l y c o n s i s t i n g of 
a s i n g l e l a y e r of c e l l s . The embryo i s o f t e n 2-celled. 
52 days. The two types of seed, though e a s i l y d i s t i n g ­
u i s h a b l e , d i f f e r l i t t l e i n t h e i r outer integuments. I n 
both types, too, the outermost l a y e r of inner integument 
1 i s s t i l l present, though the c e l l contents are 
becoming shrunken. I t i s i n the inner integuinent 2 and 
the endosperm t h a t the two types are most d i s t i n c t . 
I n some seeds several l a y e r s of c e l l s are present i n the 
endosperm, and i n these seeds the inner integiiment 2 i s 
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not very g r e a t l y overdeveloped. I n the other seeds the 

endosperm i s less w e l l developed, but the inner integument 

2 i s correspondingly overdeveloped. I n the seeds w i t h 

w e l l developed endosperms embryo's at about the 64 c e l l e d 

stage are present. 

I n a d d i t i o n to the two types of seed described, 

occasional aberrant seeds are found, which are, by t h i s 

time, already degenerating. They are about o n e - t h i r d of 

the size of the r e s t of the seeds. The outer integ\unents 

show l i t t l e sign of t h i c k e n i n g , the inner integument 1 

has more than one l a y e r i n t a c t , and the inner integument 2 

i s s l i g h t l y overgrown. At t h i s stage a small amount of 

very dense cel l u l a i ? endosperm can be seen, and occasional 

very small embryos can be discerned, 

40 days. The outer integiiment i s about pne t h i r d 

thickened by t h i s time. Inner integument 1 i s s t i l l not 

completely broken dov/n, while inner integument 2 i s rather 

more t h i c k , e s p e c i a l l y i n the chalazal region. I n the 

best developed seeds, the endosperm f i l l s about h a l f the 

a v a i l a b l e space, c e l l s are small and contain dense 

cytoplasm, and are granular i n appearance, e s p e c i a l l y i n 

the chalazal region. The embryo i s growing more r a p i d l y . 

-171-



44dd;ays, The two tjrpes of seed are s t i l l d i s t i n g u i s h a b l e . 
I n both the outer integument 2 i s about h a l f thickened. 
Inner integument 1 i s now f u l l y broken down, but inner 
integument 2 f i l l s about one t h i r d of the seed cavity, i n 
the most abnormal seeds, r a t h e r less i n the remainder. 
I n both types the endosperm now f i l l s the remainder 
of the c a v i t y , and has some food m a t e r i a l i n i t . The 
embryo i s lengthening, e s p e c i a l l y i n the more normal seeds. 
48 - 52 days. During t h i s period the thickening i n the 
c e l l s o f outer integument 2 f i l l s about two t h i r d s of the 
c e l l c a v i t y . There i s very l i t t l e d i f f e r e n c e between 
the two types of seed as f a r as t h e i r outer integximents 
are concerned. The r e a l d i f f e r e n c e l i e s i n the inner 
integ-ument 2. I n one group of seeds, t h i s consists of 
l a r g e , a c t i v e - l o o k i n g , elongated c e l l s , forming a l a y e r 
t h a t f i l l s one t h i r d to one h a l f the space normally 
occupied by endosperm. I n these seeds the endosperm 
i s n a t u r a l l y r e s t r i c t e d i n q u a n t i t y by the av a i l a b l e space, 
but the c e l l s do not f u l l y f i l l t h a t space, and the 
i n t e r s t i c e s between them are f i l l e d w i t h u n i d e n t i f i e d 
matter. There i s not a great deal o f food m a t e r i a l i n 

-172-



the endosperm, compared w i t h the amount i n the remaining 

seeds. I n these, the inner integiiment 2 i s not so 

g r e a t l y hypertrophied, e s p e c i a l l y i n the chalazal region. 

The endosperm c e l l s are i n more or less regular rows, 

and are packed w i t h food m a t e r i a l s . I n these seeds 

the embryo i s w e l l developed, and appears to be q u i t e 

h e a l t h y . I n the others, i t i s sometimes d i s t o r t e d , and 

i s i n any case smaller. 

The possible reasons f o r the presence of two types 

of seed are discussed i n another p a r t of t h i s t h e s i s . 
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p. e l a t i o r . x P. v u l g a r i s . 

10 dagts* The seeds are apparently almost normal i n 
most respects. The endospem has ra t h e r fewer n u c l e i 
s c a t t e r e d through i t than t h a t i n a normal seed. The 
embryo i s s t i l l a s i n g l e c e l l . 

20 days. The outer integument i s developing normally. 
Inner integument 1 i s degenerating r a p i d l y , and the c e l l s 
of i n n e r integument 2 are s h r i n k i n g , except i n the 
ch a l a z a l r e g i o n . The endosperm i s v a r i a b l e , being always 
n o n - c e l l u l a r , but i n some cases being very dense i n 
appearance. The n u c l e i are i r r e g u l a r i n size,- and there 
are signs of v a c u o l a t i o n i n the endosperm of some seeds. 
The ^ g o t e has. not yet d i v i d e d , ; 
24 days. I n some seeds there i s a comraencement of 
t h i c k e n i n g on the inner w a l l s of the outer integument 2 
c e l l s , but the m a j o r i t y have not yet s t a r t e d . The inner 
integument has undergone a very r a p i d breakdown and now 
remains only i n the chalazal region. The endosperm i s 
incr e a s i n g i n q u a n t i t y , and two types.of endosperm are 
becoming apparent, one much more r a p i d - i n gro'^th-than 
t h e - o t h e r , and more normal in-appearance. The embryo 
i n these seeds may be f o u r c e l l e d . 

-174-



28 days. The inner v/alls of the c e l l s of outer integument 
2 are now becoming thickened i n a l l seeds. Degeneration 
of the inner integuments has now spread to the chalazal 
r g g i o n . The endosperm i s s t i l l n o n - c e l l u l a r i n a l l 
seeds, but some seeds contai n a much smaller q u a n t i t y 
than the r e s t . Both types show i r r e g u l a r i t i e s i n the 
endosperm. 

52 days. Outer integument 1 i s rat h e r less w e l l thickened 
than normal, but outer integument 2 shows an increase 
i n t h i c k e n i n g . The inner integument has completely 
broken down, lea v i n g only a compacted layer of c e l l 
d e b r i s . The endosperm i s increasing slowly, and the 
embryo i n the best developed seeds contains about 32 
c e l l s . I t i s ge n e r a l l y about 8-celled, however. 
56 days. Prom t h i s time on the integuments show l i t t l e 
change, except f o r the thi c k e n i n g of outer integument 2 
which i s completed by about 48 days. Some seeds have 
a c e l l u l a r endosperm, at t h i s stage, but the remainder 
have a smaller q u a n t i t y , which i s n o n - c e l l u l a r . The 
b e t t e r developed endosperms have a spherical embryo of 
f a i r s i z e , the r e s t have very small embryos, which from . 
t h i s time cease to increase i n size. 
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40 days. The two classes of seed are no¥/ very c l e a r l y 
d i s t i n g u i s h a b l e , w i t h very few intermediates. One type 
has a f a i r q u a n t i t y of c e l l u l a r endosperm, w i t h scattered 
g i a n t n u c l e i , and r a t h e r i r r e g u l a r c e l l s . The other 
has a smaller q u a n t i t y of n o n - c e l l u l a r endosperm, which 
i s dense, vacuolate, and contains many large and abnormal 
n u c l e i . ' The integuments are s i m i l a r i n both types. I n 
the f i r s t type the embryo i s now heart shaped, whereas 
t h a t i n the second type i s small and unhealthy i n 
appearance, 

44 days on. The seeds of the f i r s t type, w i t h good 
endosperm, continue to develop s t e a d i l y . Pood materials 
accumulate i n the endosperm and i n the r a p i d l y elongating 
embryo. The contents of the remaining seeds tmdergo a 
slow but steady process of degeneration, u n t i l the 
endosperm appears completely s t r u c t u r e l e s s . 
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p. v e r i s x P. v u l g a r i s . v 

10 days. Outer integuments 1 and 2 are normal i n 
appearance* Inner integument 1 shows some shrinkage of 
c e l l contents of the i i m e r l a y e r s . Inner integument 2 
i s t h i c k , and occasionally has two layers of c e l l s . 
There are few n u c l e i i n the endosperm, and the embryo 
i s one c e l l e d , 

20 days. The seeds are rat h e r v a r i a b l e , but the m a j o r i t y 
of them f o l l o w the same course of development, 'the c e l l s 
of outer integument 1 are much l a r g e r , and t h e i r outer 
w a l l s are rounded o f f . One l a y e r of inner integument 1 
remains i n t a c t , and the next one i s only p a r t l y degenerated. 
Inner integument 2't.is t h i c k e r than normal, but not excessively 
so. The endosperm i s o f t e n c e l l u l a r , and i s even occasionally 
more than one c e l l t h i c k . The zygote has not yet di v i d e d . 

Among the remainder of the seeds there are some 
i n which the endosperm has not yet become c e l l u l a r , A 
few small seeds are found i n which the inner integument 2 
i s very t h i c k and the embryo sac contents have already 
completely degenerated, leaving only a few wisps of 
u n i d e n t i f i a b l e t i s s u e . 
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24 days. One l a y e r of the inner integument i remains 
i n t a c t . Inner integioment 2 has changed l i t t l e . The 
endosperm may be three or f o u r c e l l s t h i c k , and the 
emhryo now i s o f t e n two-celled, 

28 days. Outer integument 1 changes very l i t t l e from 
nov/ on, and i s f a i r l y normal i n appearance. Thickening 
of the outer integument 2 i s commencing. The remaining 
l a y e r of inner integtment 1 shows some shrinkage of c e l l 
contents. Inner integument 2 i s t h i c k , hut not as t h i c k 
as i n P, v u l g a r i s x P. e l a t i o r . I t i s much more uniform 
i n thickness than i n t h a t cross, and i s not much more 
thickened i n the chalazal region than elsewhere. The 
endosperm ahout h a l f f i l l s the seed, and the erahryo i s 
up to ahout 16 c e l l s . The e a r l y degenerating types of 
seed seen e a r l i e r are now i n the l a t e r stages of complete 
hreakdovm, 

52 days. Outer integument 2 i s heing r a p i d l y thickened. 
The remaining l a y e r of inner integument 1 i s slowly 
breaking down. Inner integiiment 2 has changed l i t t l e , 
and from now on remains as a t h i c k , uniform l a y e r , w i t h 
somewhat compressed c e l l s . The endosperm o f t e n f i l l s 
about two-thtrds of the seed, and i s not as regular • 
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as i n normal seeds. T-he embryo i s a small, sphere. 
56 days. The contents of the c e l l s of one remaining 
l a y e r of inner integument 1 are now disappearing. 
The endosperm i s increasing i n q u a n t i t y , and food m a t e r i a l 
i s s t a r t i n g to accumulate. The embryo i s s t i l l s p h e r i c a l . 
40Ldays'^' Outer integument 2 i s about h a l f thickened. 
Inner integument 1 i s at l a s t almost completely broken 
down. The endosperm, even a t best, does not yet completely 
f i l l the seed, and i t . i s v a r i a b l e i n q u a l i t y . The embryo 
i s s t i l l s p h e r i c a l , i t s size being c o r r e l a t e d w i t h the 
amount of endosperm present. 

44 days on. The t h i c k e n i n g of outer integument 2 i s 
n e a r l y complete by about 52 days. The breakdown of 
i n n e r integument 1 i s completed. The endosperm comes-
to f i l l , the seed c a v i t y i n a few seeds, but i s loosely 
packed,. I n many seeds the quantity i s less. The embryo 
s t a r t s to elongate at about 44 days, and t h e r e a f t e r 
continues steady growth. The t o t a l niimber of mature 
seeds i s not very gr e a t . 

•179-



p. v u l g a r i s x P. v e r i s . 

10 days. The integuments are not noticeably abnormal 
at t h i s stage. The endosperm has very few n u c l e i , and 
the zygote has not yet d i v i d e d , 

20 days.. The c e l l s of outer integument 1 are very large 
w i t h t h i n w a l l s , and those of outer integument 2 are 
becoming i r r e g u l a r i n shape and arrangement. The inner 
l a y e r s of inner integument 1 are degenerated, and the 
r e s t are l o s i n g t h e i r contents. Inner integument 2 
i s degenerating r a p i d l y , except i n the chalazal region, 
where i t i s r a t h e r t h i c k e r than normal, 
24 days.' Inner integument 1 i s completely broken down 
except i n the chalazal region. Inner integument 2 i s 
r a p i d l y degenerating, except i n the same region. The 
endosperm i s sometimes c e l l u l a r , but i s very small i n 
q u a n t i t y , andtthe embryo i s about 8-celled, 
2:8 days. The c e l l s of outer integument 1 are unthickened, 
and those of outer integument 2 are i r r e g u l a r and also 
unthickened. Inner integument 1 has almost completely 
disappeared i n a l l p a r t s of the seed, but inner integument 
2 p e r s i s t s i n the chalazal region as a w e l l defined l a y e r , 
and continues t o do so from now on. The endosperm i s 
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tenuous, w i t h few n u c l e i , and i s very r a r e l y c e l l u l a r . 

The embryo has from 8 - 4 0 c e l l s , but the c e l l s are 
very s m a l l , 

52 days. There i s very s l i g h t t h i c k e n i n g on the inner 
walls--of the c e l l s of outer integument 1,. and t h i s does 
not increase any more, the l a y e r remaining f l i m s y . Outer 
integument 2 i s a f l i m s y i r r e g u l a r l a y e r . The endosperm 
has increased very l i t t l e , and the embryo has up to 
about 60 c e l l s , 

56 days. There i s a sign of s l i g h t thickening on the 
i n n e r w a l l s of the c e l l s of outer integument 2, The 
endosperm and embryo are s t i l l slowly growing, 
44 days. The t h i c k e n i n g of outer integument 2 i s slowly 
i n c r e a s i n g . The endospem i s more o f t e n c e l l u l a r than 
not, and may be up t o 5 c e l l s t h i c k . The embryo remains 
very s m a l l , 

48—days on. The outer integument 2 does not become much 
thickened and remains i r r e g u l a r . The endosperm may, 
i n the best developed cases, h a l f f i l l the seed, and 
i t f r e q u e n t l y remains n o n - c e l l u l a r and begins to degenerate. 

The embryo, even i n the best developed endosperms, never 

reaches a very great s i z e , and remains s p h e r i c a l . 
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P» v e r i s x P, e l a t i o r . 

10 days. The outer integiiment appears normal, and 
there are b a r e l y any signs of degeneration i n inner 
integument 2. Inner integument 2 i s very t h i c k , and 
o f t e n has two l a y e r s of c e l l s i n the chalazal region. 
The tenuous endosperm contains very few n u c l e i , and the' 
zygote has not y e t d i v i d e d . 

20 days. The seeds are growing very slowly. Outer integument 
1 shows signs of t h i c k e n i n g , but outer integument 2 i s 
unchanged. Only the outer l a y e r of inner integument 1 
i s i n t a c t . Inner integument 2 i s very t h i c k , e s p e c i a l l y 
i n the chalazal region. 

The endosperm i s very tenuous, but occasionally 
shows -signs of becoming c e l l u l a r . ' Occasionally 
degeneration has already set i n . The embryo i s about 
4 - 6 c e l l e d . 
24 days. The outer integument 1 changes very l i t t l e 
from t h i s tim.e on. Outer integument 2 shov/s occasional 
p r o l i f e r a t i o n t o form two l a y e r s , but t h i s i s rare. 
Inner integument 2 i s very t h i c k . The endosperm i s 
o f t e n more degenerate, but i n many seeds i s growing very 
slowly, while the embryo i s about 6 c e l l e d . 
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As i n the cross P, v e r i s x P. v u l g a r i s , there are 

some more extreme aberrant forms, v/hich are small, 

w i t h very t h i c k inner integtiments and only a few remains 

of endosperm. These degenerate r a p i d l y from now on. 

28 days. Outer integument 2 has s t a r t e d to become 

thickened. The outermost l a y e r of i n j i e r integument 1 

i s s t i l l i n t a c t , but the r e s t have degenerated. Inner 

integument2is hypertrophied- to a varying degree. The 

c e l l s are large and a c t i v e , and the la y e r i s f a i r l y 

u n i f o r m l y t h i c k . Many of the seeds have collapsed by 

t h i s time. The ysndofSperm has sometimes disappeared 

completely, and i s o f t e n very degenerate. A few seeds 

occur which c o n t a i n a small q u a n t i t y of i r r e g u l a r 

c e l l u l a r endosperm, and i n these there are small, 

dense embryos. 
52 days. The outermost l a y e r of inner integument 1 
i s nov/ showing signs of breakdown. The endosperm 
has begun to degenerate i n almost a l l the seeds, and 
the embryo i s o f t e n f o l l o w i n g the same course. 
5'6 days. Complete collapse of the seeds has always 
occurred by now. Outer integument 2 i s thickened t o 
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about one t h i r d the way up the c e l l s . Inner integument 1 
has f i n a l l y completely degenerated, and forms a t h i n 
compacted l a y e r . Inner integument 2 i s o f t e n as*thick 
as the r e s t of the integiiment together. The c e l l s are 
l a r g e and d i s t i n c t . 

There are occasionally remains of endosperm present, 
but never c e l l u l a r t i s s u e . The embryo o f t e n p e r s i s t s 
i n s p i t e of the absence of endosperm. As f a r as 
can be seen the chalazal pocket remains open. 
40 days on. Thickening of outer integument 2 continues 
slowly, even i n the collapsed seets. I n one case an 
embryo was seen t h a t had begun to elongate at 44 days, 
although there was no endosperm present. This seed had 
not collapsed at t h i s stage. I n general, there i s 
l i t t l e change from now on. 
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P, e l a t i o r x P. v e r i s . 
10 days. The c e l l contents o f the inner integument i 

have begun t o shrinlc-. Inner integument 2 i s r a t h e r 

t h i c k e r than normal. The endosperm i s very sparse 

indeed, w i t h only a few n u c l e i , 

20 days. The seeds have r a p i d l y increased i n si z e , 

$he c e l l s of outer integument 1 have very t h i n w a l l s . 

The inner integument 1 has already degenerated except 

i n the chalazal region, and r a p i d degeneration i s taking 

place i n inner integument 2, The endosperm has increased 

very l i t t l e i n q,uantity, and i s very dense i n appearance, 

w i t h scattered n u c l e i o f various sizes, and occasional 

vacuoles. The few embryos seen at t h i s stage were a l l 

4 c e l l e d , 

24 days. Inner integument 2 i s now f u l l y broken down 

except i n the chalazal region. The vacuolation of the 

endosperm i s more evident, and the embryos var.e^ up to 

8 c e l l s i n s i z e . 

28 days. The outer integument 1 now consists of l a r g e , 

thin-v;ralled c e l l s , t h a t are so f l i m s y t h a t they have 

o f t e n been damaged i n se c t i o n i n g . Outer integument 2 
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i s becoming thickened i n most seeds. The endosperm 
i s v a r i a b l e , sometimes being completely s t r u c t u r e l e s s , 
but o c c a s i o n a l l y c o n t s i n i n g a few c e l l s . Rarely, small 
embryos are t o be';seen, c o n s i s t i n g of about 16 small 
c e l l s . They do not appear t o be healthy, 
52 days. The outer integument 1 does not develop any 
t h i c k e n i n g i n these seeds, but remains i n i t s present 
s t a t e ; a l a y e r of t h i n - w a l l e d rounded c e l l s . However, 
the t h i c k e n i n g on the c e l l s of outer integijment 2 i s 
i n c r e a s i n g r a p i d l y , and about o n e - t h i r d f i l l s the c e l l s 
now. The endosperm i s apparently slowly degenerating. 
56 days. The inner integument i s breaking down even i n 
the chalazal region by t h i s time. I n a few seeds the 
inner integument 2 p e r s i s t s as a r a t h e r active looking 
l a y e r , resembling i n the appearance of the c e l l s , (but 
not i n thickness) the same l a y e r i n the seeds of the 
r e c i p r o c a l cross. I n these seeds the endosperm i s 
p o s s i b l y degenerating more r a p i d l y than i n the r e s t . 
40 days. The t h i c k e n i n g i n outer integument 2 has 
proceeded extremely r a p i d l y , and i s now nearly complete. 
The inner integument i s completely broken down, except 
i n the few exceptional seeds mentioned above. The 
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endosperm i s slowly degenerating, but i n some seeds can. 
s t i l l be seen to be c e l l u l a r . One seed was examined 
i n which the integuments were r e l a t i v e l y normal, and 
t h i s seed had an endosperm t h a t was.better developed 
than any other seen i n t h i s cross. Even so i t was 
unhealthy i n appearance, and the embryo was minute, 
40 days on. The th i c k e n i n g of outer integument 2 i s 
completed by about 44 days. This r e s u l t s i n an outer 
integument t h a t has a very f l i m s y outer layer and a 
normally thickened inner l a y e r . The endosperm continues 
to degenerate^ and eventually i t almost or completely 
disappears. I n many seeds, as the endosperm slowly 
degenerates, la r g e q_uantities of stmictureless matter 
become evident, e s p e c i a l l y i n the chalazal region. 
This does not co n s i s t of endospermic debris, but i s 
c l e a r l y d i s t i n c t from the remains of t h a t t i s s u e . 
I t may w e l l be food m a t e r i a l t h a t has passed i n t o the 
seed, where i t has remained unused owing to the i n a b i l i t y 
of the endosperm t o absorb i t . 
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P, v e r i s t e t r a p l o i d x d i p l o i d . 
10 days. The outer integument i s apparently normal. 

The c e l l contents of inner integument 1 are shrunken, 

but the c e l l s o f inner integument 2 are large and active,* 

v a r i a b l e i n siz e , and they form a t h i c k l a y e r , resembling 

t h a t o f le s s extreme type A seeds. The endosperm i s 

very tenuous,,and r a t h e r dense. No embryos could be 

found a t t h i s stage, 
20 days. The seeds have grovm somewhat i n size, and the 
outer integument 1 has a l i t t l e t h i c k e n i n g on i t s inner 
c e l l w a l l s . Degeneration o f the inner integiiment 1 i s 
speeding up. Hypertrophy of inner integument 2 has 
already reached an extreme stage. The c e l l s are very 
l a r g e and a c t i v e , and give the appearance, e s p e c i a l l y 
i n the chalazal region, o f a c t i v e l y encroaching on the 
embryo sac, i n the form of tumour-like ingrowths. I n 
many seeds the embryo sac contents have disappeared, 
but o c casionally fragments of endosperm, and a f o u r - c e l l e d 
embryo, already degenerating, are seen. 
24 days. Outer integument 2 has j u s t s t a r t e d t h i c k e n i n g 
i n some seeds. The a c t i v e ingrowth of inner integument 2 
continues, and only a few fragments of endosperm can be 
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found. The embryo has disappeared. 

28 days. The t h i c k e n i n g i n the c e l l s of outer integument 1 
has b a r e l y increased. Inner integument 1 i s r w e l l 
broken down, except i n the chalazal region. Inner 
integument 2 i s apparently becoming s t r u c t u r e l e s s . The 
c e l l s have broken down to form a mass of i r r e g u l a r 
c a n c e r - l i k e t i s s u e . 

52 days on. Prom now on the outer integument 2 becomes 
a l i t t l e more .thickened. Inner integument l f i n a l l y 
degenerates completely. Inner integument 2 becomes 
more and more amorphous i n nature, forming a mass of 
t i s s u e i n which i n d i v i d u a l c e l l s cannot be d i s t i n g u i s h e d . 
The seeds g e n e r a l l y collapse at about 56 days. 

Occasional very large seeds are found i n t h i s 
cross. Their integuments are f a i r l y normal, except inner 
integument 2, which i s very thick.. However u n l i k e t h a t 
of most of the seeds i n t h i s cross, the i n d i v i d u a l c e l l s 
i n i t can be d i s t i n g u i s h e d , and there are no "tumours." 
The nature of such seeds i s obscure. 
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P. v e r i s d i p l o i d x t e t r a p l o i d . 

10 days. The outer integument i s normal i n appearance, 

though the c e l l s of outer integiiment 1 have t h i n w a l l s . 

The inner layers of inner integument l are breaking 

down. Inner integument 2 i s t h i c k , w i t h l a r g e , t h i n -

w a l l e d c e l l s . The endosperm has very few n u c l e i . The 

zygote does not appear to have di v i d e d . 

20 days. The c e l l s of outer integument 1 have grown 

considerably, and are very t h i n w a l l e d . Inner integument 1 

i s n e a r l y completely d i s i n t e g r a t e d , even i n the chalazal 

region. Inner integument 2 has not maintained i t s 

i n i t i a l thickness, and i s r a p i d l y degenerating. The: 

small q u a n t i t y of endosperm i s vacuolated, and shov/s 

the t y p i c a l l a r g e n u c l e i of the other type B seeds. 

The embryo i s f o u r c e l l e d at most. 
24 days. The outer integum.ent i s l i t t l e changed. Inner 
integument 2 p e r s i s t s i n the chalazal region, as a laje r 
r a t h e r t h i c k e r than normal. The endosperm i s unchanged, 
and the embryo i s up t o about e i g h t c e l l s , 
28 days on. Outer integument 2 becomes f u l l y thickened 
by about 44 days, i n n e r integument 2 p e r s i s t s i n the 
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c h a l a z a l region. The embryo sac contents completely 

degenerate, and -complete or p a r t i a l collapse ensues i n 

a l l the seeds. 

I n a l l the crosses, i n t r a - and i n t e r s p e c i f i c , there 

occur small, degenerate seeds, u s u a l l y towards the base 

of the placenta. They do not appear to contain any 

embryo sac contents; they are very small and t h e i r inner 

integuments, e s p e c i a l l y inner integument 2, are always 

to some extent hypertrophied. They cannot be e a s i l y 

explained, but i t i s l i k e l y t h a t they are u n p o l l i n a t e d 

ovules, which have been stimulated to a c e r t a i n amount 

of growth by the d i f f u s i o n of substances from the 

adjacent developing seeds. 
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Appendix B. 

Endosperm cytology. 

I t was thought t h a t a study of endosperm cytology 
would prove u s e f u l as a f u t u r e l i n e of attack on the 
problem of seed i n c o m p a t i b i l i t y , and w i t h t h i s i n mind, 
some p r e l i m i n a r y i n v e s t i g a t i o n s v/ere made. Although the 
method used needs some adjustment, and very few of the 
h y b r i d endosperms y i e l d e d any r e s u l t s , some of the 
preparations obtained suggest t h a t f u r t h e r research along 
these l i n e s would be f r u i t f u l . One or two examples of 
moderately successful endosperm squashes are therefore 
appended here. 
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The technique devised by Rutishauser & Hiinziker 

(195.0), using mass s t a i n i n g i n Feulgen, v/as not successful 

w i t h t h i s m a t e r i a l . The preparations i l l u s t r a t e d i n 

Pigs. 79 - 81 were obtained as f o l l o w s : 

The seeds were f i x e d at 40 days a f t e r p o l l i n a t i o n , 

t h i s having been found by t r i a l and e r r o r to be the 

time when the endosperm i s i n the best c o n d i t i o n . They 

were f i x e d i n acetic a l c o h o l , w i t h the a d d i t i o n of a 

l i t t l e i r o n as f e r r i c acetate. They were kept i n the 

deep freeze at about -10°C u n t i l required. The 

endospem was teased out i n a drop of aceto-carmine on 

a s l i d e , covered, heated, and gently squashed under a 

cover s l i p . 
S u f f i c i e n t m a t e r i a l has not yet been examined, 

and accurate counts of chromosome number cannot therefore 
be made. However, the three photographs do i l l u s t r a t e 
one p o i n t t h a t was obvious from the m a t e r i a l examined, 
.Allt.hough the normal endosperm, i n the three species, 
has a chromosome number which i s approximately t h a t 
v/hich would be expected, i e . the 5n number of 33, t h a t 
of a t l e a s t one o f the hybrids, P. e l a t i o r x P. v u l g a r i s 
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Figs 79 - 81.. Aceto-carmine squashes of endosperm. 
A l l X approximately 3,500. 

^'ig. 79. Endosperm of P. v e r l s 

F i g . 80. ' Endosperm of P. v u l g a r i s . 

F i g . 81. Endosperm of the cross P. e l a t i o r x 
P. v u l g a r i s . 
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has a number much l a r g e r than t h i s . The number cannot 

be accurately counted, but has been estimated at being 

between 85 and 95. 

The endosperm of the cross P. e l a t i o r x P. v u l g a r i s 

does show larg e and i r r e g u l a r n u c l e i , so such a r e s u l t 

v/as not a l t o g e t h e r unexpected. A much more extensive 

se r i e s of observations and experiments i s needed t o 

determine how widespread t h i s phenomenon i s , and what 

are i t s causes. 
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