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Patemal Regulation of Seed Development in Wheat Hybrids 
B.S. Gill and J.G. Waines 
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Summar~f. Diallel crosses among Triticum boeoticum (4 lines from different geographical areas), T.urartu, 
Aegilops squcmrosa and Ae. speltoid~8 exhibited reciprocal differences in hybrid seed morphology, endosperm 
development, and embryo viability. T.~artu and Ae.squarrosa as females with T.boeotic~ and Ae.speltoides 
lead to shrivelled inviable seed. T.boeotic~m accessions as female with Ae.speltoides also lead to shrivelled 
seeds. The reciprocal crosses produced plump seeds which either resembled the maternal parent or showed 
size differences. By altering the endospermic genome ratios, hybrid seeds with I (9)/i  (d) showed extreme 
shrivelling whereas those with 4 (g)/l (d) were medium shrivelled to plump. Genetic experiments involving 
hybrids of T.boeotic~, T. urartu and T.monococc~ showed that a factor is present in pollen or male gametes, 
which shows dosage effect and which, by interacting with the maternal genome, leads to endosperm abortion. 
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Introduction 

There are many reports of differences in crossing 

compatibility and seed development in plant-species 

hybrids. Pronounced differences in seed morphology 

and development may be observed between the recip- 

rocal crosses of two parental lines. In monocotyle- 

donous plants, reciprocal differences may be mani- 

fest in one of four classes. I) Endosperm and embryo 

development may be normal and result in viable seed. 

Hybrid seed morphology may either resemble the ma- 

ternal parent or may show size differences. 2) The 

endosperm may develop abnormally leading to endo- 

sperm abortion and seed death. Here the embryo it- 

self is viable but, since it is nursed by the endo- 

sperm, it dies as a result of the endosperm abortion. 

3) Endosperm development is normal, but the hybrid 

embryo is lethal or semi-lethal. 4) Both the endo- 

sperm may abort and the embryo may be lethal. We 

have encountered all of the above reciprocal differences 

in Triticum L. and Aegilops L. crosses. 

Boyes and Thompson (1937) studied seed develop- 

ment in reciprocal interspeeific crosses among 14, 

28 and 42 chromosome wheats. The endosperm of 

"low chromosome" and "high chromosome" crosses 

exhibited abnormal nuclei, curdy cytoplasm, delayed 

cellularization and, in some cases, early abortion, 

whereas the reciprocal crosses underwent normal 

endosperm and seed development. They attributed this 

reciprocal difference in seed development to the chro- 

mosomal unbalance in the endosperm. However, Kiha- 

ra and Nishiyama (1932) from earlier studies in di- 

ploid and polyploid Auena crosses had stressed the 

role of the sperm nucleus in differential endosperm de- 

velopment. Beaudry (1951)performed similar studies 

in an Elymus virginicus L. • Agropyron repens (L.) 

Beauv. hybrid and concluded that A.repens pollen al- 

ters endosperm development by affecting antipodal cell 

physiology through a chemical stimulus. His hypothe- 

sis rests on the assumption that antipodals play a sec- 

retory role and supply nutrients during early endo- 

sperm development. Recently, Dhaliwal (1977) showed 

that cytoplasmic differences cannot account for the re- 

ciprocal difference between Triticum ur~rtu Turn. and 

T.boeoticum Boise. crosses, and he has supported the 

genome unbalance theory of endosperm abortion. Da- 

vies (1973, 1975) and Davies andBrewster (1975) re- 

ported on seed size, globulin protein, and ribosomal 

RNA differences between some reciprocal crosses in 

Pisum sativum L. They postulated that an inducer in the 

maternal parent may interact with repressors on the 

maternal and paternal genomes in the embryo. De- 

pending on this interaction, maternal and paternal 

genes may or may not be expressed in the hybrid 
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seed, and this thereby leads to reciprocal differ- 

ences. 

In this paper we report our results on seed mor- 

phology, endosperm development, and embryo viabili- 

ty in reciprocal crosses involving diploid Tritic~ 

and Aegilops species. 

Materials and Methods 

The genotypes used in reciprocal diallel matings are 
listed in Table 1. For hybrid-seed production, emas- 
culations and pollinations were made under standard 
greenhouse conditions. Embryo culture was employed 
12-18 days after pollination to rescue embryos in those 
crosses showing early endosperm abortion. The cul- 
ture medium consisted of Murashige and Skoog me- 
dium supplemented with vitamins and amino acids (Mu- 
rashige and Skoog, 1962). 

For protein analysis, a gel electrofocusing method 
developed by LKB (Karlsson et al. 1973) was used. 
The flour from parental and hybrid seeds was extract- 
ed with 2M urea at room temperature for 10 minutes. 
The 4 x 8mm 3M chromatography paper strips were 
soaked in the extractant and applied on the gels. Two 
molar urea polyacrylamide electrofocusing gels (pH 
range 3.5-9.5) were used for protein fractionation. 
The preparation of gels, electrofocusing, staining and 
destaining were carried out as in LKB application 
note (Karlsson et al. 1973). The technique allowed us 
to look at the albumin and gliadin fractions of seed 
proteins. 

Table I. Plant material used in hybrid crosses 

Taxon Accession and Source 

Tri tic2~ boeoticum 
Boiss. 

T,monococcumL. 

T. urartu Tum. 
Aegilops speltoides 
Tausch 
Ae.squarrosa L. 
T. boeoticum(4x) 

558 (T.aegilopoides var.  
pseudo-boeoticum ) 
Armenia~ 1814, 1912& 1918, 
Turkey~ 2520, Iran~ 3116, 
Lebanon. 
3327 (PI 289599) & 3371 (CI 
13961) 
1785 & 1841, Turkey 

1272& 1316, Israel 

0-445 (32.2, Sears, Missouri) 
Colchicine induced fetraploid 
of Fz 642 (Thrace) x 640 (Bey- 
sehir) Turkey. Made by D. 
Barnhart 

Results 

I. Seed Morphology and Endosperm Development 

The morphologies of selfed-parental and most recipro- 

cal hybrid seeds of the seven accessions are illustrat- 

Fig. 1. Selfed-parental, and F~-hybrid seed from re- 
ciprocal diallel crosses among Tr~tic~ boeotic~n 
(558, 1912, 2520 and 3116)~ T. urartu (1785);Aegi- 
lops squarrosa (445) and Ae.speltoides (1316). See 
Results, section I "Seed morphology and endosperm 
development" for details 

ed in Fig. 1 and will be discussed with respect to the 

4 classes of seed development outlined in the introduc- 

tion. All selfed seeds are viable, and their size, shape 

and plumpness due to normal endosperm development 

are taken as control. They provide examples of class 

1 development. In intraspecific T. boeotic~ crosses 

among lines 558, 1912, 2520 and 3116, seeds are 

mostly well formed and plump, but in some hybrid 

combinations there is moderate shrivelling and size 

reduction, these combinations forming a separate 

subclass. Accession 558 as male parent, and acc. 

2520 as female, lead to small hybrid seed with some 

shrivelling,, the seeds of reciprocal crosses are nor- 

mal. 

Interspecific crosses with boeotic~ lines 558, 

1912, 2520, and 3116, as females with speltoides as 

a male parent~ and ~artu 1785 as a female with 

boeotic~ lines 558, 1912, 2520 and 3116 or spel- 

toides 1316 as male parents provide examples of 

class 2 development. The hybrid endosperm aborts 
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there is extreme endosperm shrivelling followed, in 

most cases, by embryo death. F I seeds with Ae.squar- 

rosa 445 a s  f e m a l e  w i th  boeoticum l i n e s  558 ,  1912 ,  

2520 ,  a n d  3116 o r  s p e l t o i d e s  1316 a s  m a l e s  a r e  

e x t r e m e l y  s h r i v e l l e d  a n d  t h e  e m b r y o  i s  l e t h a l  ( c l a s s  

4 ) .  A n o t a b l e  e x c e p t i o n  to  t h i s  i s  t h e  F 1 s e e d o f c r o s s  

squarrosa 445 (~)  • urar tu  1785 ( d )  w h e r e  s e e d  i s  p l u m p  

a n d  a l m o s t  t w i c e  t h e  s i z e  of  t h e  s e l f e d  s e e d ,  bu t  s m a l -  

l e r  t h a n  t h a t  of  t h e  1785 p a r e n t  ( c l a s s  3 ) .  M o r e o v e r  

1785 p o l l e n  in  c r o s s e s  w i th  a l l  beoet icum a c c e s s i o n s  

r e s u l t s  in  p l u m p  s e e d ,  bu t  g r e a t l y  r e d u c e d  in  s i z e .  

The  F 1 s e e d  of  speltoides a s  a f e m a l e  w i th  urartu 

a n d  a l l  boeoticum a c c e s s i o n s  a s  m a l e s ;  a n d  a l l  boeo- 

t lcwn a c c e s s i o n s  a s  f e m a l e s  w i t h  squarrosa 445 a s  

a m a l e  a r e  v i a b l e  a n d  m o r e  c l o s e l y  r e s e m b l e  t h e  f e -  

m a l e  p a r e n t .  M a n y  a t t e m p t s  w e r e  m a d e  to o b t a i n  F 1 

s e e d s  of  i n t e r s p e c i f i c  c r o s s e s  urar tu  (9) • squarrosa 

(c~) a n d  speltoides (9)  • squarrosa (d )  bu t  w e r e  u n -  

s u c c e s s f u l .  

The  e x t r e m e l y  s h r i v e l l e d  s e e d s  w e r e  t e s t e d  fo r  

e n d o s p e r m  d e v e l o p m e n t  by  a s s a y i n g  f o r  s t o r a g e  p r o -  

t e i n s  in  m a t u r e  h y b r i d  s e e d s  of  t he  c r o s s e s  urar tu  

1785 • boeoticum 1912,  boeoticum 3116 • speltoides 

1316, squarrosa 445 • speltoides 1272, which repre- 

sent a sample of the abnormal classes in the diallel 

set. The shrivelled seeds from the first two crosses 

did yield some storage proteins, but none were re- 

covered from seeds of the third cross. In this cross 

l a c k  of  s t o r a g e  p r o t e i n s  m a y  r e s u l t  f r o m  t o t a l  i n h i b i -  

t i o n  of  e n d o s p e r m  d e v e l o p m e n t ,  o r  t h e  e n d o s p e r m  

m a y  a t  f i r s t  d e v e l o p  a n d  l a t e r  b e  d e g r a d e d .  In t h e  n o n -  

g e r m i n a b l e  c o m b i n a t i o n s ,  t he  a m o u n t  of  e n d o s p e r m  d e -  

v e l o p m e n t  v a r i e s  w i th  t h e  d e g r e e  of  s e e d  s h r i v e l l i n g .  

II. E m b r y o  V i a b i l i t y  

Al l  c r o s s e s  in  t h e  d i a l l e l  s e t  t h a t  p r o d u c e d  good  s e e d  

a l s o  p r o d u c e d  v i a b l e  p l a n t s ,  e x c e p t  squarrosa 445 x 

• urartu 1785 s e e d ,  w h i c h  p r o v i d e s  a n  e x a m p l e  of  

c l a s s  3 d e v e l o p m e n t .  T h i s  l a t t e r  C o m b i n a t i o n  i s  a l -  

w a y s  l e t h a l  o r  s e m i - l e t h a l .  The  l e t h a l  e m b r y o s  d i e  

e a r l y  d u r i n g  s e e d  d e v e l o p m e n t .  The  s e m i - l e t h a l  e m -  

b r y o s  m a y  d i e  v e r y  e a r l y  d u r i n g  s e e d  g e r m i n a t i o n  o r  

l a t e r  a t  t h e  s e e d l i n g  s t a g e .  Of 15 c u l t u r e d  e m b r y o s  

of  t h e  445 • 1785 c r o s s ,  f o u r  w e r e  l e t h a l ,  f i ve  s e m i -  

l e t h a l  e a r l y ,  a n d  s i x  s e m i - l e t h a l  l a t e .  Of t h e s e  s i x  

s e m i - l e t h a l  l a t e  p l a n t s ,  o n e  p r o d u c e d  two t i l l e r s  w i t h  

v e r y  s m a l l  e a r s  a n d  t h e n  d i e d  ( T a b l e  2 ) .  

The  i n c o m p a t i b i l i t y  of squarrosa wi th  boeoticum 

i s  s o  s t r o n g  t h a t  e m b r y o s  a r e  d e a d  a s  e a r l y  a s  1 2 - 1 4  

d a y s  a f t e r  p o l l i n a t i o n .  They  p r o v i d e  a n  e x a m p l e  of  

c l a s s  4 d e v e l o p m e n t .  Al l  a t t e m p t s  a t  e m b r y o  c u l t u r e  

h a v e  f a i l e d  e x c e p t  in  t h e  c a s e  of  o n e  w e a k  s e e d l i n g  o b -  

t a i n e d  w i th  boeotiaum 558 .  Of t e n  e m b r y o s  t e s t e d  of  

t h e  squarrosa x speltoides c r o s s e s ,  a l l  w e r e  of t h e  

s e m i - l e t h a l  e a r l y  t y p e .  D i p l o i d  squarrosa (g)  X t e t r a -  

p l o i d  boeoticum (c~) p r o d u c e d  v i g o r o u s  s e e d l i n g s  w h i c h  

m a y  t u r n  out  to  b e  v i a b l e  ( T a b l e  2 ) .  T h e s e  s e e d l i n g s  

a r e  u n d e r  o b s e r v a t i o n .  M o r p h o l o g i e s  of  s o m e  of, t h e  

p a r e n t a l  a n d  h y b r i d  e m b r y o s  a r e  s}~own i n  F i g .  2 .  

No g e r m i n a t i o n  w a s  o b t a i n e d  in  o t h e r  h i g h l y  s h r i -  

v e l l e d  s e e d s  w i th  urar tu  1785 a s  f e m a l e  p a r e n t ,  o r  

s p e l t o i d e s  1316 a s  m a l e  p a r e n t  in  c r o s s e s  w i th  o t h e r  

l i n e s  in  t h e  d i a l l e l  s e t ,  w i t h  t h e  e x c e p t i o n  of  o n e  s e e d  

of  1785 • i 9 1 2 ,  w h i c h  p r o d u c e d  a s m a l l  s e e d l i n g  (1 c m  

l o n g )  t h a t  p r o m p t l y  d i e d .  V i a b l e  p l a n t s  w e r e  o b t a i n e d ,  

h o w e v e r ,  in  t h e  a b o v e  c a t e g o r y  of  c r o s s e s  by  e m b r y o  

c u l t u r e  a t  i 4 - 1 8  d a y s  a f t e r  p o l l i n a t i o n .  

I I I .  A l t e r e d  G e n o m e  R a t i o s  a n d  E n d o s p e r m  D e v e l o p m e n t  

T e t r a p l o i d  boeoticum ( 2n  = 4x = 28)  w a s  c r o s s e d  e i t h e r  

a s  f e m a l e  o r  a s  m a l e  w i th  dip lo id  u r a r t u  ( 2 n  = 2x = 

1 4 ) ,  squarrosa ( 2n  = 2x = 14) or  speltoides ( 2 n  = 2x=  

1 4 ) .  M a n y  c r o s s e s  of  boeoticum (4x)  (9 )  w i th  urartu 

(2x )  o r  squarrosa (2x )  ( d ) ;  a n d  speltoides ( 2 x ) ( 9 )  

T a b l e  2.  S e e d l i n g  s u r v i v a l  in  c u l t u r e d  e m b r y o s  of  F ~ c r o s s e s  of  Aegilops 
squarrosa with 2x and 4x Triticum boeoticum, T. urartu and Ae.speltoides 

C r o s s  L e t h a l  S e m i - l e t h a l  N o r m a l  

9 d e a r l y  l a t e  

Ae.squarrosa • T. boeotieum(2x) 40 I 
Ae.squarrosa • T. boeoticum (4x) 0 1 
Ae.squarrosa • T. urartu 4 5 
Ae.squarrosa • Ae.speltoides 0 10 

0 0 
0 2 
6 0 
0 0 
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F i g . 2 .  Morphologies  of pa ren ta l  and hybr id  e m b r y o s  
d i s sec t ed  out at days 17-21 fol lowing pol l inat ion 

A. Aegilops squarrosa se l fed  (left  2 at days 21) ,  
squarrosa x monococcum hybr id  (middle  1 at days 17) 
and T r i t i c u m  monococcum se l fed  ( r ight  2 at days 21) 
e m b r y o s ,  r e s p e c t i v e l y .  The hybr id  e m b r y o  su f fe r s  
e x t r e m e  r e t a r d a t i o n  in growth and is  lethal  

B .  Ae . squarrosa  se l fed  ( lef t  2 at days 21) ,  squar-  
rosa x u rar tu  hybr id  (middle  2 at days 18) and T. 
urar tu  se l fed  ( r ight  2 at days 21) e m b r y o s ,  r e s p e c -  
t ive ly .  The hybr id  embryo  is  again e x t r e m e l y  r e t a r d e d  
but m a y  grow into a tiny seed l ing  when cu l tu red  on ap-  
p r o p r i a t e  med ia  

C.  Ae . squarrosa  se l f ed  (left  2 at days 21) ,  
squarrosa (2x) x bo~oticum (4x) hybr id  (middle  2 at 
days 19) and T. boeot icum (4x) se l fed  ( r ight  2 at days 
21 ) e m b r y o s ,  r e s p e c t i v e l y .  The scu te l lum of squarrosa 
se l fed  embryo  (no.  2 f rom left)  was in ju red  dur ing 
the d i s sec t i on  p r o c e d u r e .  Of the hybrid  e m b r y o s ,  one 
showed normal  but r educed  growth.  The second e m -  
byo had m a l f o r m e d  s c u t e l l u m .  The hybrid  e m b r y o s  
g rew into v igorous  seed l ings  and produced  no rma l  
plants  

with boeotiaum (4x) (d) w e r e a t t e m p t e d ,  but w e r e  un- 

s u c c e s s f u l .  The r e s u l t s  of o ther  c r o s s e s  a r e  p r e s e n t e d  

inTable  3. The F] hybr id  seeds  of u r a r t u  (2x) X b o e o t i -  

cure (4x) and squarrosa (2x) • boeot icum (4x) ,  where  

the endospe rm genome ra t io  is  2 (9) : 2 (d ) ,  showed 

e x t r e m e  s h r i v e l l i n g ,  m o r e  so than the c o r r e s p o n d i n g  

diploid x diploid s e e d s ,  which have a 2 (g) : 1 (d) endo-  

s p e r m  genome r a t i o .  Howeve r ,  the c r o s s  boeot ieum 

(4x) x s p e l t o i d e s  (2x) ,  where  the endospe rm genome 

ra t io  is  4 (g) : 1 (d ) ,  p roduced  medium s h r i v e l l e d  to 

plump s e e d .  

These e x p e r i m e n t s  r u l e  out endospe rm genome un- 

ba lance  as the cause  of r e c i p r o c a l  d i f f e r ences  in seed  

deve lopment  in these  hybr ids .  F u r t h e r m o r e ,  the r e -  

su l t s  a r e  cons i s t en t  with the i n t e rp re t a t i on  that a pol -  

len fac tor  (s)  which shows dosage  e f fec t ,  and for which 

m a t e r n a l  genome s i t e s  compe te ,  may be r e s p o n s i b l e  

for endospe rm abor t ion .  When t h e r e  a r e  two copies  

of this pol len fac tor  for  which two ma te rna l  genomes  

a r e  compe t ing ,  the endospe rm is  com p le t e ly  abor t ed .  

Howeve r ,  i f  t he r e  is only one copy of the pol len  fac-  

t o r ,  for  which four  ma te rna l  genome copies  a r e  c o m -  

pet ing,  s eeds  a r e  well f o r m e d .  The following genet ic  

e x p e r i m e n t s  w e r e  under taken  to fu r the r  c h a r a c t e r i z e  

this pol len f ac to r .  

IV. Genet ic  Studies 

F 1 seed  of urartu (9)  x boeoticum (d)  is  e x t r e m e l y  

s h r i v e l l e d ,  w he rea s  u r a r t u  (g)  x monocoecum (d)  F 1 

seed  is  pa r t i a l l y  s h r i v e l l e d .  Boeoticum • monococcum 

c r o s s e s  p roduce  v iab le ,  plump seed .  We exploi ted  this  

s i tua t ion  to study the gene t i c s  of s eed  deve lopmen t .  

E m b r y o  cu l tu red  F 1 plants  of u r a r t u  • boeot icum,  

Table 3. Effec t  of a l t e r e d  genome r a t i o s  on endospe rm deve lopment  in F• s eed  
of diploid Tri~icum urartu, Aegilops squarrosa, and Ae.speltoideswith auto te -  
traploid T.boeoticum 

Cross Genome ratio (9 /d )  Seed* 

9 d endosperm embryo + +- - 

T. urartu x T.boeoticum(4x) 2/2 
Ae.squarrosa x T. boeoticum(4x) 2/2 
T.boeoticum (4x) • Ae.speltoides 4/1 

1/2 0 0 3 
1/2 0 0 3 
2/1 0 2t 0 

+, +-, - denote n o r m a l ,  medium s h r i v e l l e d  and s h r i v e l l e d  s eed ,  r e s p e c t i v e l y  
t s e e d  r educed  in s i z e  
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Table 4. Seed development in BC• of Fi Triticum 
urartu • T. boeoticumwith T. boeoticumor T. urartu, 
and cross of T. urartu pollinated with F• T. boeoticum 
• T.monococcum 

Cross Seed ~ 

F• (urartu • boeoticum) • boeoticum 
F• (urartu • boeoticum) • urartu 
urartu •177 • monococcum) 

34 1 1 
3 0 0 
0 12 13 

+, +-, - denote normal, medium shrivelled and 
shrivelled seed, respectively 

which are completely male sterile, were backcrossed 

to either boeoticum or urartu as males. Of 39 F I seeds 

that were obtained, 37 were plump, one partially shri- 

velled and one completely shrivelled. These results in- 

dicate that essentially no segregation for seed develop- 

ment took place in the female gametes (Table 4). 

Next we crossed urartu (9) • ( boeoticum • monococ- 

cum FI) (c~). Out of 25 seeds, 12 showed medium 

shrivelling and 13 were completely shrivelled (Table 

4). These results indicate a I :I segregation for an 

embryo abortion factor that is active in the haploid 

male gametophyte. This factor does not induce shriv- 

elling in selfed seed, thereby indicating that a specific 

site on the maternal chromosome is essential for its 

expression. The mechanism by which this factor caus- 

es seed shrivelling is unclear. 

The fact that T.boeoticum pollen does not induce 

seed shrivelling on backcrossing with the F, urartu • 

boeoticum hybrid means that the boeoticum factor for 

normal development on the female side is dominant 

and controlled by the maternal parent genotype. It 

also follows that on crossing with T.boeoticum pollen, 

progeny of BC I ( urartu • boeoticum) • boeoticum 

should not segregate and BC I (urartu • boeoticum) • 

• urartu should segregate for endosperm development. 

Discussion 

The experiments reported here are consistent with the 

interpretation for paternal regulation of seed develop- 

ment in reciprocal crosses of diploid Triticum and 

Aegilops. Briefly, paternal regulation is mediated by 

a factor(s) which is active only in the pollen, which 

shows dosage effect, and which affects endosperm de- 

velopment by interacting with the maternal genes in 

the hybrid seed. The various manifestations of pater- 

nal regulation include reduced or enlarged seed size 

when compared to selfed seed, and partial or com- 

plete seed shrivelling in reciprocal crosses. 

We do not know if the same factor is active in the 

pollen of different species, or if the variation ob- 

served with respect to seed morphology and endosperm 

development is the result of novel interactions with 

different maternal genes. Alternatively, there could 

be a variety of factors that are active in the pollen of 

different species and also many kinds of maternal 

genes with which they interact. These preliminary re- 

sults indicate that wheat hybrids offer a good model 

for differential gene expression and regulation studies 

in higher plants. 

Many other reports on investigations of reciprocal 

differences in species crosses in diploid wheats (Dha- 

liwal 1977), peas (Davies 1973; Davies 1975~ and Da- 

vies and Brewster 1975) and cowpeas Vigna unguiculata 

(L.) Walp. (Rawal et al. 1976) may also be explained 

by paternal regulation of seed development. Dhaliwal' s 

(1977) hypothesis that genome unbalance in the endo- 

sperm may be the cause of reciprocal difference in di- 

ploid wheat hybrids is not supported by our experimen- 

tal evidence. Rawal et al. (1976) reported reduction 

in seed size when cultivated cowpeas were crossed to 

two lines of wild cowpeas as males. Pollen factors, 

which affect hybrid seed size, may be involved in such 

crosses. Evidence for paternal regulation of seed de- 

velopment may also come from the work of Pfahler 

and Linskens (1977). Other examples where seed size 

is under maternal control would indicate lack of pater- 

nal regulation, for example, boeoticum (9)• squarrosa 

(C~) and speltoides (g) • boeoticum (~) where F I seed 

resembled the selfed female parent seeds. 

The reciprocal difference leading to seed death may 

be assumed as a step towards continuing reproductive 

isolation in evolving species. Sears (1944) reported 

one or two mutation differences which lead to inviabil- 

ity of hybrids between T.monococcum and Ae. umbellulata 

Zhuk. His results indicate, as our results also do, 

that one or a few factors can lead to total reproduc- 

tive isolation in nature. Also, some Triticum and 

Aegilops chromosomes are sufficiently differentiated 

to form an additional barrier to chromosome pairing 

and gene exchange between species. Which of these 

barriers is more likely to be first established in natu- 
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ra l  populat ions is  an open ques t ion .  It would s e e m  that 

at l eas t  in s o m e  s p e c i e s  b a r r i e r s  to c r o s s a b i l i t y  a r i s e  

f i r s t .  In the T, boeoticum • T. urartu hybr ids  the an thers  

do not open, and in r e c i p r o c a l  hybr ids  the s eeds  a r e  

inviable ,  even though in both groups  of hybr ids  the 

c h r o m o s o m e s  pa i r  and fo rm seven  r ing  b iva len t s  

(Johnson and Dha l iwa11976) .  

The le thal i ty  of hybr id  e m b r y o s  Ae.squarrosa (9) 

with Triticum spec i e s  or  Ae.spe l to ides  as (d) is  

most  p laus ib ly  expla ined by c y t o p l a s m i c - n u c l e a r  in-  

t e r ac t i ons  ; as is  well  known in many other  c a s e s  

(Maan 1976).  The r e c i p r o c a l  c r o s s e s  involving these  

s p e c i e s  p roduce  no rma l  p lan t s .  The unfavorab le  cyto-  

p l a s m i c - n u c l e a r  i n t e r ac t i ons  in such hybr ids  can r ange  

f rom comple t e  le tha l i ty  ( embryo  dies  dur ing seed  de-  

ve lopment )  to s e m i - l e t h a l i t y  ( seed l ing  d ies )  to ma le  

s t e r i l i t y  of the m a t u r e  hybr id  p lan t s .  A r e  these  v a r y -  

ing mani fes ta t ions  due to the s a m e  bas ic  phenomenon,  

or  do they involve  d i f ferent  c y t o p l a s m i c - g e n e t i c  fac-  

t o r s ?  The ev idence  for the f o r m e r  i n t e r p r e t a t i o n  c o m e s  

f rom the work of Maan (1976) .  These and o ther  ques -  

tions of hybr id  breakdown between s p e c i e s  and g e n e r a  

a r e  of fundamental  conce rn  to gene t i c i s t s  and evolu-  

t ionis t s  who seek  to unders tand  the b iochemica l  bas i s  

of i so la t ing  m e c h a n i s m s  and the perpe tua t ion  of these  

phenomena  in popula t ions .  Wide hybr id iza t ion  is  a l so  

of i m p o r t a n c e  to plant b r e e d e r s  seeking  exot ic  genes  

in c rop  i m p r o v e m e n t .  
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