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Cytoplasmic Male Sterility in Relation to Hybrid Wheat Breeding * 1  

H.  KIHARA 

National  Ins t i tu te  of Genetics, Misima 

Summary. The method of subst i tut ion and restoration 
of nucleus is briefly described. 

Three species, Aegilops caudata, Ae. ovata and Triticum 
timopheevi, were used as donors of male steri l i ty cyto- 
plasms. 

The characteristics of these three cytoplasms are 
summarized as follows: 

Caudata-cytoplasm: This cytoplasm has in many 
respects deleterious effects on the maonifestation of alien 
genomes. Substi tut ion lines having hexaploid wheat 
genome consti tution are mostly male sterile while the 
female organ is normal. Some lines set frequently germ- 
less seeds. Haploid and twin seedlings are of common 
occurrence in other lines. Pis t i l lody is common in the 
subst i tut ion lines with te t raploid  wheat genomes. 

Ovata-cytoplasm: No pist i l lody was found in the 
subst i tut ion lines, both with hexaploid and te t raploid 
wheats. Male steri l i ty is always complete in the substitu- 
t ion lines of hexapl'oid wheats with the exception of 
P 168, a var ie ty  of common wheat  having a pair  of sat- 
chromosomes of Ae. caudata. This var ie ty  restores male 
fer t i l i ty  completely. No effective restorers were found 
for the subst i tut ion lines of emmer wheat. Delayed 
heading is common in the 4 x subst i tut ion lines. 

Timopheevi-cytoplasm : Subst i tut ion lines of 6x wheats 
are mostly male sterile, while those of 4 x wheats are 
more or less male fertile. Only the genome of T. spelta 
duhamelianum restores completely pollen fertility. 

Among the indispensable factors for the success of 
hybrid wheat, five were discussed. They were (1) here to  
sis, (2) selection of male sterile cytoplasms, (3) discovery 
of restoring genes, (4) production of hybr id  seeds and (5) 
quality.  

This  p a p e r  dea ls  w i th  our  i n v e s t i g a t i o n s  on cy to -  
p lasmic  male  s t e r i l i t y  a n d  the  f e r t i l i t y  res to r ing  genes 
h i t h e r t o  o b t a i n e d  in w h e a t  and  i ts  allies. This  l ine 
of w o r k  was s t a r t e d  in K y o t o  since 1935. The  f irst  
r e p o r t  on this  p r o b l e m  was w r i t t e n  in J a p a n e s e  
(1949) and  a full  p a p e r  was pub l i shed  in Cyto log ia  in 
1951. 

The  f ind ing  of a male  s ter i le  c y t o p l a s m  in crosses 
wi th  Ae~ilops caudata a t t r a c t e d  the  eyes of w h e a t  
gene t ic i s t s  and  w h e a t  breeders .  Soon the  c y t o p l a s m s  
of Ae. ovata and  Tri t icum timopheevi became  known 
to cause male  s t e r i l i t y  and  l a t e r  m a n y  new f indings  
were added .  All  are  b r ie f ly  s u m m a r i z e d  in the  follow- 
ing. 

Method 
F i r s t  of all  I should  l ike to  descr ibe  the  m e t h o d  of 

our  inves t iga t ions .  
S u b s t i t u t i o n s  of nucleus  can be accompl i shed  b y  

success ive  backcrosses .  Le t  us assume t h a t  two di- 
p lo id  species,  A A  and  B B ,  are  used in an e x p e r i m e n t  
in which  the  nucleus  of B B  has to be t r ans f e r r ed  to  
the  c y t o p l a s m  of A A .  The  first  s t ep  will  be to p roduce  
the  F 1 h y b r i d  A B ,  with  A A  as the  female  pa ren t .  
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The  fu r the r  s t ep  will consis t  of successive backcrosses  
of B B  (d) to F 1 and  to the  subsequen t  backcross ing  
p roduc t s .  

F o r  the  sake  of s imp l i c i t y  we will  assume t h a t  the  
ch romosome  pa i r ing  be tween  the  genomes  A and  B 
is comple te .  The  f irst  backcross ,  B B  to F 1, n a m e l y  
A B  ~_ × B B  ~), will p roduce  the  genome  complemen t  
B~B, in which  B ~ r ep resen t s  the  f i rs t  c o m b i n a t i o n  
genome,  resu l t ing  f rom the  meio t i c  d iv is ions  in 
F 1 (AB) .  Accord ing ly ,  the  second backcross ,  B1B × 
B B ,  will resu l t  in B~B and  so for th  un t i l  the  n th 
backcross ,  BnB.  If  n is large  enough,  the  offspr ing 
of the  n ta backc ross  will have  the  genome  B B  in the  
A A  p lasma .  This  series of backcrosses  m a y  be ca l led  
s u b s t i t u t i o n  backcrosses  (SB) .  W i t h  the  n th back-  
cross the  s u b s t i t u t i o n  of A A  genomes  wi th  B B  gen- 
omes would  be  comple ted .  

On the  o the r  hand ,  if A A  is backc ros sed  to the  F 1 
hyb r id ,  A B ~  × A A  ~,  we can expec t  to  o b t a i n  
a f t e r  a suff ic ient  n u m b e r  of backcrosses  p l an t s  which 
will no t  be di f ferent ,  e i the r  in p l a s m a  or genome 
cons t i tu t ion ,  f rom A A .  Here  the  r e s to r a t i on  of the  
A A  genomes  to  the  A A  p l a s m a  would  have  t a k e n  
place.  Hence  the  t e rm  : r e s to r a t i on  backcrosses  (RB) .  

B o t h  above  desc r ibed  p rocedure s  are  g iven  in the  
fol lowing schema : 

S u c -  
c e s s i v e  
back- 
crosses 

Subst i tut ion 
backcrosses 

Restorat ion 
backcrosses 

I a A B × B B  : aB1B 
aB1B × B B  = aB2B 
aB2B × B B  = aBaB 

aBn-IB × B B  = aBnB 

a A B × A . 4  = aAaA 
aA1A × A A  = aA2A 
aA2A × A A  = aAaA 

aAn-lA y, A A  = ~AnA 

Number  
of back- 
crosses 

SBt  
SBe 
SBa 

SBn 

R B  1 
RB2 
RBa 

RBn 

a deno tes  the  p l a s m a  of species  A A .  The  genome 
c o m p l e m e n t s  A~A and  B n B  will co r r e spond  to A A  
and  B B ,  r e spec t ive ly ,  f rom which  the  e x p e r i m e n t s  
are  supposed  to have  s t a r t ed ,  p r o v i d e d  t h a t  n is large  
enough.  

The  comple t ion  of s u b s t i t u t i o n  or r e s to r a t i on  will  
be a s sumed  on g rounds  of m o r p h o l o g y  and  f e r t i l i t y  
as well as con juga t i on  of ch romosomes  in the  back -  
cross offspring.  B o t h  procedures ,  s u b s t i t u t i o n  and  
re s to ra t ion ,  are  c lear ly  d e m o n s t r a t e d  in Fig.  1. 

Shou ld  the  genomes  A and  B be non-homologous ,  
wi th  on ly  un iva l en t s  and  u n r e d u c e d  game te s  in F1, 
the  backcross  would  give rise to  A B B  ( A B  ~ × 
B B  ~ = a A I B 1 B ;  A 1 and  B 1 are  the  f i rs t  r ecombi -  
na t i on  genomes) .  The  con t inuous  backc ross ing  would  
resul t  in p lac ing  the  B B  genomes  in c~ p l a s m a  (Fig. 1). 
This  process  m a y  be g r e a t l y  s impl i f ied  b y  doub l ing  
the  ch romosome  n u m b e r  of F j  p l a n t s  t h rough  col- 
chicine t r e a t m e n t  (Fig. 2). In  such case the  chance  
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Fig. 1. Diagram showing substitution and restoration processes of genolne com- 
plenlents through successive backcrosses to F,  in two diploid species, AA and BB, 
without chromosome doubling. A* and B z arc the first recombination genomes. 
End-result: AA restored to a plasma, BP, transferred to a plasma (I{IHARA 1949). 

Fig. 2. Diagram showing substitution of genome complements after doubling of 
chromosomes through colchicine treatment. End-result : AA in 17 plasma and BB 

in a plasma (KIHARA 1949). 

of crossing over between the paternal and maternal 
chromosomes during the F 1 meiosis would be practi- 
cally eliminated. 

I t  is assumed that  crossing over occurs between the 
chromosomes of the non-homologous genomes A and 
B. The theoretical decrease in the number of hetero- 
zygotes in the subsequent generations was calculated 
by KIMURA (1950). KIMURA showed that  it is slow in 
several of the first backcross generations, depending 
on the haploid chromosome number and the amount 
of crossing over. But later the decrease of heterozy- 
gotes is quick like in calculations made on the basis of 
non-crossing over (see Fig. 3). 

Our objectives of nucleus substitution are: 

1) to know the effects of foreign cytoplasms on 
genome manifestations, 

2) to s tudy (if any) the mutagenie effects of foreign 
genomes on the cytoplasmic elements (and vice 
versa), and 

3) to examine the possibility of cytoplasmic trans- 
mission from pollen to egg cells. 

Restoration backcrosses are indispensable for our 
understanding of the relationship between genomes 
and cytoplasms. As the progress of nuclear substi- 
tution and restoration in the course of backcrosses 
proceeds in similar manner, the difference in genome 
manifestation of S B  and R B  strains may be attri- 
buted to cytoplasm. If n is large enough, both lines 
will have quite identical genomes (AA) .  

Results  

1. Experiments with Ae. caudata and T. vulgare 
erythrospermum. First experiment: In my first re- 
port (KIHARA 1951), a case of substitution was describ- 
ed, where the hexaploid genome complement (VV)  
of Tri t icum vulgare erythrospermum (abbreviated T. 
v. e.) 1 was introduced to the cytoplasm of Aegilops 
caudata, a diploid species having the genome formula 
CC. By two successive backcrosses of the hybrid, 
T. v. e. (~) × Ae.  caudata (c~), with T. v.e., as themale 

1 For convenience' sake, the genome symbol 
(AABBDD)  for T. v. e. is abbreviated to VV. 
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parent we obtained an SB~ plant having 2111 q- 21. 
Its offspring were obtained from open pollination, as 
the third backcross was not available. 

The offspring of this S B  2 plant were found to have 
2111 in later generations and the line was maintained 
by self-pollination in our collection as a pure strain 
(P 174). 

After karyological examination, this strain was 
proved to possess one caudata chromosome, called 
C-Sat-2, which carries a gene (or genes) for male fer- 
tility restoration in the caudata cytoplasm and a gene 
for black awns. The modified genome of P 174 was 
designated V b. C-Sat-2 is homoeologous to chromo- 
some XVII  or 1 D (KII-IARA and MURAMATSU 1955, 
M U R A M A T S U  1959). 

P 168 was obtained from the cross T. v. e. (~) and 
P 174 (3). This strain has vulgare cytoplasm and the 
genomes of P 174. Accordingly the plasmatic genome 
formulas for T. v. e., P 174 and P 168 are: 

Old New 

T. v. e. - - -  f iV V - (aestivum) V V 
P 168 . . . .  flVl'V b - -  (aestivum) VbV b 

and P 174 . . . .  aVbV b -  (caudata) VhV b 

respectively, where a = plasma of Ae. caudata and 
/7 = plasma of T. v. e. 

As the number of male sterile cytoplasms available 
for our studies is increasing, we can no longer use 
Greek letters for distinguishing each of them. This 
was the reason why I am using now a new system for 
plasma-genome combinations. The new formulas are 
given above at the right side of the old ones. For a 
variety with an alien cytoplasm, for instance, Norin 
26 with ovata plasma, the symbol should be (ovata) 
Norin 26. 
Second experiment : Our backcrosses were stopped at 
the 2nd generation (SB2) and we had no restoration 
lines. This means that  our first investigations were 
not adequately planned. Therefore a new series of 
substitution as well as restoration backcrosses was 
started in 1949. Reciprocal hybrids between T. v. e. 
and Ae. caudata were used. 

As far as the chromosome behavior in F 1 and the 
procedure of restoration or substitution are con- 
cerned, the reciprocal hybrids behaved quite simi- 
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larly. The F 1 had o - -6  bivalents. Often resti tution 
nuclei were observed. Accordingly functional unre- 
duced gametes were expected. The first backcross 
offspring (both in S B  1 and RB1) had very often 49 
somatic chromosomes. They showed most  frequently 
the chromosome configuration, 21ii 4- 7I, represen- 
ting the genome combination VVC.  These B 1 plants 
were used for further backcrosses. 

After R B  2 in the restoration series and S B  a in the 
subst i tut ion series the chromosome number  became 
constant  at 42. The successive backcrosses have 
reached at present (1966) to the 17th generation 
(RBI~ and SB17 ). A f t e r  S B ,  pollen fertili ty was al- 
ways nearly zero, but  seed fertili ty by  backerossing 
was normal.  On the contrary,  after RB~, pollen ferti- 
l i ty as well as seed fertili ty was quite normal. There 
was no indication that  the cytoplasm of T. v. e. was 
affected by  the nuclear genes of caudata. Also there 
was no indication of cytoplasmic transmission from 
the male parent  (T. v. e.) to caudata cytoplasm in the 
advanced backcross generations. 

Thus a male sterile T. v. e. strain with caudata 
cytoplasm was established, Using this strain for the 
female parents,  further  substi tution works were 
started. In the course of our studies, it was found that  
not only caudata cytoplasm, but  also cytoplasms of 
A e. ovata and T. timopheevi cause male sterility in many  
wheat  species and varieties. These two cytoplasms 
were also included into our substi tut ion program. 

The results of our substi tut ion work with three 
cytoplasms are given below. 

Caudata cytoplasm : The male sterile line of T. v. e. 
= (caudata) T. v. e. has been used as donor of cau- 
data cytoplasm to various wheat  varieties. Up to date 
(1966), it was crossed to 12 varieties of common 
wheat,  five cromer strains, a var ie ty  of T. timopheevi 
and two strains of synthesized hexaploids. 

Ovata cytoplasm:  The cytoplasm of Ae. ovata causes 
also male sterility. We used two male-sterile strains, 
whose genomes were obtained from Trit icum dicoc- 
cum var. Khapl i  or T. aestivum var. Norin 26. They 
were produced by  FUKASAWA (1953, 1959). Using 
these two strains as donors of ovata-plasma, we have 
developed many  new male sterile lines involving 49 
varieties of common wheat,  three of emmer, a va r ie ty  
of T. timopheevi and a synthesized hexaploid. 

Timopheevi cytoplasm: In the meant ime a third 
male-sterile p lasma has become available for our 
study. This t ime it was the cytoplasm of a Trit icum 
species, namely T. timopheevi Zhuk. From genome 
analytical investigations, this tetraploid species was 
ascertained to have a new genome type AAGG differ- 
ing from all other tetraploid species ( A A B B )  (LI- 
LIENFELD and KIHARA 1934). 

Substi tut ion lines with timopheevi cytoplasm were 
obtained, namely 11 with common wheat,  6 with 
emmer  wheat  and two synthesized hexaploids. The 
most advanced materials  have reached to SB> while 
several are still in S B ,  or S B  a generation. 

Comparison of three cytoplasms : The heredi tary cha- 
racteristics of these three cytoplasms are revealed 
when we observe the manifestat ion of the genomes in- 
troduced by  backcrosses. For instance let us compare 
normal T. v. e. with T. v. e. having caudata cytoplasm 
i. e., (vulgare) 7". v. e. and (caudata) T. v. e., morpho- 
logically and physiologically. Fig. 4 shows the an- 
thers and pistills of normal  (a) and male sterile 
strains (b). By such observations, the genetic diffe- 
rences between the above three cytoplasms were dis- 
closed as shown in Table 1. 

The cytoplasm of Ae. caudata is characterized by  
frequent formation of germless grains, production 
of haploid or twin seedlings when combined with 
hexaploid wheat,  and induction of pistillody with 
emmer  wheat  genomes (Fig. 4c). In some cases, fe- 
male fertili ty is reduced. P 168 and compactum 44 
act as part ial  fertili ty restorers. I t  is characteristic of 
ovata cytoplasm to induce male steril i ty in most  
wheat  varieties and to prolong extremely the vege- 
ta t ive  growth in emmer  wheat.  No pistillody is cau- 
sed. P 168 restores male ferti l i ty completely. Timo- 
pheevi cytoplasm is different from the preceding two, 
as T. spelta and all emmer  varieties having it restore 
male fertili ty to various levels. This cytoplasm does 
not exhibit any other remarkable  effect. 

2. Genome manifestat ion in alien cytoplasms. 
Pollen steril i ty and pollen fertili ty : From Fig. 5, we 

see tha t  many  subst i tut ion lines show complete male 
sterility. However  some strains restore pollen fertili ty 
in the male sterile cytoplasms. The degree of ferti l i ty 
restoration is different in different genome-cytoplasm 

Table 1. Hereditary characteristics o/three cytoplasms revealed by substitution o /a  set o/wheat nuclei. 

Nucleus 

Hexaploid wheat 
T.v .e .  
P a68 
Salmon 

Compactum 44 
T. spelta duhamelianum 

Tetraploid wheat 
T. durum reich. 

T. polonicum vest. 

T. dicoccoides spont. 

Cytoplasm 

Ae. caudata 

male-sterile, germless grains 
partially male-fertile 
male-sterile, haploid and twin 
seedlings 
partially male-fertile 
male-sterile, reduced female 
fertility 

pistillody, abortive ovules 

pistillody 

pistillody 

Ae. ovata 

1 
i 

male-sterile 
completely male -fertile 
male-sterile 

male-sterile 
male-sterile 

male-sterile, 
delayed heading 
male-sterile, 
delayed heading 
male-sterile, 
delayed heading 

T. timopheevi 

male-sterile 
male-sterile 
male-sterile 

male-sterile 
completely male-fertile 

partially male-fertile 

completely male-fertile 

slightly male-fertile 

(KIHARA and TSUNEWAKI 1966) 
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Fig. 4. Stamens and pistils of 
normal and substitution lines. 
a) T.v.e. (normal), b) T.v.e.  
with eaudata cytoplasm, c) T. 
d u r a m  reichenbachi{ with eau-  
da ta  cytoplasm. Three pistils 
transformed from anthers are 
completely sterile, while the 
pistil in the center is only xo~(~ 

fertile. 
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combinations. One genome, which is effective in one 
cytoplasm, is not necessarily effective in another.  I t  
is also very interesting to note tha t  the pollen ferti l i ty 
in/;1 of some combinations is low and increases with 
the advance of backcross generations, while fer t i l i tyof  
other combinations is high in F~ and decreases in later 
generations. The combinations of the former type 
(group 1) are marked  with (O) and of the la t ter  
(group 2) with ( × ). 

This second group (× )  is represented in Fig. 6 by  
T. durum var. reichenbachii in timopheevi plasma. 
The self-fertilized F~ shows complete male fertility, 
gradually diminishing in the course of continued 
backcrosses. In contrast,  the other group (O), re- 
presented by  compactum 44 in caudata plasma, shows 
in F~ very low male fertility, which is recovered how- 
ever in the course of backcrosses. For the (O) group 
it m a y  be assumed tha t  homozygosi ty of the restoring 
gene or genes is required for recovery, while for the 
(× )  group the presence of complementary  genes or 
restoring genes contr ibuted from the parents  which 
produce a heterotic effect in F~ is indicated. The 
determinat ion of pollen ferti l i ty is difficult as it 
varies according to environmental  conditions. I t  is 
also difficult to investigate the pollen fertili ty for all 
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s x ~cle.~ 4 × ~clevs 
Fig. 5. Selfed seed fertility in F1 and most advanced baekcross generat.%ns of 
crosses between 3 kinds of male-sterile wheats having ca*Mata, ovata or t imopheev i  

cytoplasm and normal, fertile wheats as recurrent male parents. 
A.  T .  v. e., B. P 168, C. Salmon, D. Comp .  44, E. Spe! ta ,  F. ABD-13, G. dicoccoides,  
H. I,~hapli, I. d u r a m ,  J .  po lon icum,  K .  t a rg idum,  L .  t imopheev i  (KIHARA and 

TSUNEWAKI 1966). 

individuals. Therefore it was est imated by  the seed 
set obtained from selfing, as shown in Figs. 5 and 6. 

So far complete seed set could be obtained only in 
F1, namely in (ovata) Norin 26 × P 168 (Fig. 7), 
(timopheevi) T. durum reichenbachii × T. polonicum 
vestitum and (timopheevi) T. aestivum Bison × T. 
spelta duhamelianum. 
F e r t i l i t y  of egg  ce l l s :  Fert i l i ty of egg cells of 
substi tution lines is est imated by seed production in 
the backcrosses. Hence it is called seed fertility. 

Seed fertili ty is normal in almost all combinations. 
However  we found two cases, where it was reduced to 
a certain degree. One is T. spelta duhamelianum in 
caudata plasma, whose seed fertili ty was slightly re- 
duced. The other is 1". durum reichenbachii in caudata 
plasma, where only ca. l o% egg cells were functional. 
D e l e t e r i o u s  e f f e c t s  of m a l e - s t e r i l e  c y t o -  
p l a s m s :  Some examples of deleterious effects of 
male sterile cytoplasms are given below. They were 
most ly  found in the substi tution lines with caudata 
cytoplasm. 

1) Effect of ca~,data cytoplasm on plant vigor: 
Nucleus substi tution lines of T. v. e., Salmon, Comp. 
44 and T. spelta duhamelianum were used together 
with their normal strains for the examinat ion of 
heading date, plant height, number  of tillers and dry  
ma t t e r  weight, and the difference between the normal 
lines and the substi tution lines was statistically tested. 
The result was reported by TSUNEWAKI (1964), and 
is here diagrammatical ly  given in Fig. 8. 

As Fig. 8 shows, Salmon's nucleus performed bet ter  
in caudata cytoplasm than in its own. This type of 

× - -  Durum re/ck, in//mopheevl 
80: p/~rna -- 

o.--~mpac/um 44/n c~ud~/a 
I p/rrsma 

.~-60 - - -  

× 

B; Bj g ns ee 
~eneral/'on 

Fig. 6. Behavior of 2 representative restorers in F t and 
backeross generations ( KIHARA and TSUNEWAKI X965). 
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Fig. 8. Effect of caudata cytoplasm on the main quantitative characters of four 
common wheats: Performance of the nucleus-substitution lines is indicated by 

the difference front that of the respective normallines.  

Fig. 7. Spikes and pollen grains of normal Norin 26 (a), male sterile 
Norin 26 (b), ffl  from the cross, male sterile Norin 26 × P 168 (e) 

and P 168 (d) (KmARA and TSUNEWAKI 1966 ). 

heterosis, caused by nucleus-cytoplasm hybridity, was 
called by KIHARA (1963) plasmatic heterosis. Sub- 
stitution lines of all other wheats were more or less 
inferior to their respective normal lines. According 
to TSUNEWAKI (1964), the gene complement of Sal- 
mon I is modified from that  of ordinary vulgare by 
integration of some genes of rye and eventual loss 
of some of wheat. This change in gene content was 
assumed to be the cause of plasmatic heterosis in this 
combination. Therefore, it can be said that,  in 
general, alien male-sterile cytoplasm reduces plant 
vigor, causing some delay in heading and reduction 
in plant height, tiller number and dry matter  weight. 

The delay of heading was observed in all male 
sterile lines with ovala cytoplasm. However no in- 
vestigation was undertaken for plant height, number 
of tillers, etc. 

2) Occurrence of germless grains: I t  was pre- 
viously noted that  male-sterile plants set rather fie- 

1 Var. Salmon was derived from a Triticale ( I ~ I H A R A  and 
T S O N E W A K I  1 9 6 2 ) .  

quently germless grains. To get more information on 
their occurrence, an investigation was carried out 
using male-sterile T. v. e. with caudata cytoplasm. In 
this experiment, plants of normal and male-sterile 
lines were interplanted in an isolated field. About 
4 ° spikes in each line were emasculated two days 
before flowering and then artificially pollinated with 
pollen of normal T. v. e. a few days after emascula- 
tion. The grains set on those spikes were husked and 
examined for the presence of an embryo. At the same 
time, naturally open pollinated spikes were harvested 
and the huskedgrains were examined in the same way. 
The result is shown in Table 2. 

The frequency of germless grains in normal T. v. e. 
was, on the average, o.1% , and no difference was 
found between aItificial and natural open pollination. 
On the contrary, germless grains were found in 
abundance among seeds set on male-sterile plants. 
Their frequency was higher when the seeds were 
produced by natural open pollination than when they 
were obtained by hand pollination. From those re- 
sults, it can be said that  alien male-sterile cytoplasm 
increases the frequency of germless grains and that  
open pollination of male-sterile plants further increa- 
ses their frequency probably due to inadequate 
timing of pollen transfer. 

In order to test the germination ability of the 
germless grains, they were seeded on moist filter 
paper and their germination was compared to that  of 
normal grains. In this test all normal grains have 
germinated, while none of the germless have elon- 
gated the coleoptile. Their contrasting appearance 
three days after seeding is shown in Fig. 9. 

Table 2. Frequency o/ 'ermless grains among seeds produced by normal and male-sterile T. v. e. 

No. of No. of germless %/ 
Lines Type of pollination seeds examined grains 

Normal line 
Normal line 
Male-sterile line 
Male-sterile line 

Artificial pollination 
Natural open-pollination 
Artificial pollination 
Natural open-pollination 

593 
15,52o 

506 
1,6o 7 

1 

17 
48 

276 

0 . 2  
o . 1  

9.5 
17.2 

( K I H A R A  a n d  T S U N E W A K I  1 9 6 4 )  
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Accordingly, seeds raised on male- 
sterile plants, interplanted with another 
variety as pollinator, will contain an ap- 
preciable amount  of germless grains. 
This would probably require either a lar- 
ger amount of seeds or mechanical remo- 
val of germless grains for assuring a nor- 
mal stand of the crop. 

3) Occurrence of haploids: As already 
reported by KIIIARA and TSUNEWAKI 
(1962) and KIHARA (1964), male-sterile 
caudata cytoplasm induces a frequent 
occurrence of haploids in the progeny of 
substitution lines. Our most recent data 
in this respect are summarized in Table 3, 
which includes all data previously re- 
ported. 

Since the cytological examination of 
chromosome numbers was made for 
about one-third of the entire progeny, 
the frequency of haploids was estimated in two 
ways, as given in the last two columns of Table 3. 
The real frequency is expected to fall between the 
two estimates. In all cases, haploids were much more 
frequent in the substitution lines than in the normals, 
especially in Salmon. In all 6x varieties except Sal- 
mon the average percentage of haploid individuals in 
the substitution lines was between 1.6 and 4.30/0 . 

Fig. 9. Germination test of normal and germless grains obtained from male-sterile T. v. e. 
a. normal, h. germless. (KIHARA and TSUNEWAKI 1964). 

4) Occurrence of twin seedlings: It  was also noted 
that  twin seedlings occur frequently in the progeny 
of substitution lines (t{IHARA and TSUNEWAKI 1963; 
KIHA~A 1964). Our most recent result is presented in 
Table 4, including all records up to 1964 . 

Twin seedlings were found in both normal and sub- 
stitution lines, but their frequency in the latter was 
ten to thir ty times higher than in the former. 

Table 3- 

Strains 

Frequency o/ haploids in subslitulion lines wilh caudala cytoplasm. 

No. of plants 
grown (N1) 

1OO 
1 8 6  

2,306 
1,914 

1,o76 
9Ol 

No. of plants 
examined (N.) 

1OO 

179 

357 
493 

836 
325 

No. of Freq. of haploids (%) 
haploids 

(n) n/N~ n/N2 

0 0 . 0 0  0 . 0 0  

54 29.03 3o.17 

1 0.04 0.28 
19 0.99 3.85 

O O.OO O.OO 

14 1.55 4.31 
( I ~ I H A R A  and T S U N E ~ r A K I  1964) 

T. vulgare Salmon 
Normal line 
Substitution lines 

T. vulgare erylhrospermum 
Normal line 
Substitution lines 

All other strains 
Normal lines 
Substitution lines 

The haploids showed very high sterility, even after 
artificial pollination. Some haploids of Salmon were 
pollinated by hand with normal pollen grains. Seed 
fertility, in this case, was 7.5%, while the average 
seed fertility of male-sterile Salmon (6x) was 74.4% 
under the same conditions. Nevertheless such a high 
frequency of haploids in male-sterile lines would re- 
duce the productivi ty of hybrid seed. 

Chromosome numbers of twin pairs were studied. 
The result is summarized in Table 5. 

A great majori ty of twin pairs (86~o), whose chro- 
mosome numbers could be checked for both twins, 
were of diplo-haplo type. Diplo-diplo or haplo-haplo 
pairs were rare. On the whole, about 50% of all 
twins were haploid. Consequently, a high frequency 
of twin seedlings should also reduce, to a certain ex- 

tent, seed production. 
Table 4. Frequency o/tu'in seedlings in nucleus-subslilulion lines wilh 

caudata cytoplasm. 

No. of No. of Freq. of twin 
Strains seeds germinated twin pairs pairs (%) 

292 1 0 . 3 4  
196 21 lo.71 

323 
3Ol 

14,119 
957 

1 
12  

9 
5 

o.31 
3.99 
o.o6 
0.52 

( K I H A R A  a n d  T S U N E W A K I  1964) 

T. vulgare Salmon 
Normal line 
Substitution lines 

T. vulgate erylhrospermum 
Normal line 
Substitution lines 

All other varieties 
Substitution lines 

Table 5. Frequency o[ three lypes o/ 
lwin pairs. 

Type Freq. (No. of twin pairs) 

Diplo-diplo 1 
Diplo-haplo 19 
Haplo-haplo 2 
Diplo- ? 5 
Haplo- ? 1 

?: One of the twins was not checked for its chromosome 
number. 

(KIHARA and TSVNF.WAI(I ~964) 
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Discussion 
Our investigations on the substi tut ion of nucleus 

were carried out primari ly from the theoretical stand- 
point. However  in the course of our investigations, 
we have found several effective systems of male steri- 
lity and fertili ty restoration which might find practi-  
cal application. Now it seems tha t  hybrid wheat is 
not a mere dream. 

There are m a n y  indispensable factors necessary for 
the success of hybr id  wheat.  So far as I am aware, I 
can give at least five tha t  are apparent ly  most  im- 
portant .  

1) Heterosis is an essential factor in the breeding 
of hybr id  wheat.  I t  was proved by  m a n y  investiga- 
tors tha t  the F~ hybrids were in many  combinations 
superior to the more productive parent.  

Using 31 spring wheat  hybrids, SHEBESKI obtained 
a very interesting result which was reported by  
JOHNSO~ (1966b). His description is as follows: "Of 
part icular  interest is the demonstrat ion of significant 
heterosis for yield in hybrids from crosses of intra-  
class varieties of related parentage.  I t  has not been 
necessary to resort to crosses of unrelated varieties 
from diverse origins to demonstra te  good hybrid vigor 
for yield. This is part icularly significant from the 
s tandpoint  of maintenance of acceptable levels of 
milling and baking quali ty in wheat ."  

From our studies, the genome-cytoplasm combi- 
nation can not be ignored, as genome manifestat ion 
may  be affected by  the cytoplasm resulting in dele- 
terious effects on one hand and cytoplasmic heterosis 
on the other. 

2) Selection of male sterile cytoplasms is very im- 
portant .  

Male sterility and at the same time complete female 
ferti l i ty should be maintained.  As given above some 
cytoplasms have deleterious effects on plant  vigor 
and other characters.  In this respect, 4x wheats are 
usually more sensitive than  6x wheats, therefore no 
suitable cytoplasms for 4x wheats are known yet. 

Though timopheevi cytoplasm has no deleterious 
effect on 4x genomes, its substi tut ion lines are not 
strictly male sterile (cf. Tab.  1). 

3) The restoration of male fertility in F i should be 
perfect. Restoring genes function as incomplete do- 
minants.  Our research indicates tha t  complete ferti- 
l i ty restoration in F~ could be obtained by  interaction 
of the parental  genes. 

The fertili ty of F~ hybrids depends very much upon 
the external conditions, namely late sowing, humi- 
dity, low temperature ,  etc. The fertili ty differs signi- 
ficantly in different ears of the same plant. Therefore 
u tmost  caution must  be taken in the selection of sites 
for cultivation, until we definitely ascertain effective 
restorer genes or good parental  combinations. 

4) Production of hybrid seeds is one of the greatest  
concerns to seed growers. As wheat  is a self pollina- 
ting crop, spontaneous hybridisation is ra ther  rare in 
normal fertile plants. But  if we leave emasculated 
florets open for pollination, we get seeds. The seed set 
varies to a great extent  according to environmental  
conditions. PERCIVAL (1921) mentions tha t  c. Salmon 
found in S. Dako ta  seed setting amounted to ca. 
76%. Also WILSON and Ross  (1962) reported a simi- 
lar fertili ty (69.8--72.6%) for male sterile lines. Those 
invest igators '  da ta  correspond with each other very 

well. But  in our conditions in Japan,  the highest seed 
ferti l i ty was only 20.4% , when a row of male steriles 
was placed between two rows of normal plants (KI- 
HARA and TSUNEWAKI 1964). 

Air movement ,  temperature ,  relative humidity,  
and precipitation during anthesis may  be impor tant  
for a good set. Also we have to find suitable parental  
varieties synchronizing in flowering date. We should 
select pollinators which shed abundant  pollen grains. 
For male steriles it is necessary to find strains with 
suitable mechanisms for wind pollination. 

5) Quality. This problem was not the object of 
our investigations. Therefore we have nothing to say 
about  it. But  so far as we are informed, the breeding 
for protein quant i ty  and quali ty seems to be rather  
simple and might  not be very difficult for other agro- 
nomic characters (JOHNSON 1966a ). 

Conclusion 
We stand now on the threshold of a new era of 

wheat  breeding. The necessary tools for hybr id  
wheat  now exist. However  the economic feasibility 
has not yet been demonstrated.  This awaits an ex- 
tensive s tudy through joint efforts in all fields of 
wheat  science. 

Zusammenfassung 
Die Methode der Substitution und Restoration des 

Nucleus wird kurz beschrieben. 
Drei Arten, Aegilops caudata, Ae. ovata und Triti- 

cure timopheevi, wurden als Donor cytoplasmatisch 
bedingter m~innlichei Sterilitfit verwendet.  Die Cha- 
rakter is t ika der jeweiligen Cytoplasmen lassen sich 
wie folgt zusammenfassen: 

Caudata-Cytoplasma: Dieses Cytoplasma hat in 
vieler Hinsicht einen sch~idlichen EinfluB auf die 
Manifestation fremder Genome. Substitutionslinien 
mit  einem hexaploiden Weizengenom sind meist 
m~innlich steril, das weibliche Organ ist normal. 
Einige Linien bringen h~iufig keimlose Samen; in 
anderen Linien treten haploide und Zwillingssamen 
auf. Bei Substitutionslinien mit  tetraploiden Weizen- 
genomen werden hiiufig andere Bltitenorgane in 
Karpelle umgewandelt .  

Ovata-Cytoplasma: In den Substitutionslinien so- 
wohl der hexaploiden wie tetraploiden Weizen wur- 
den keine anderen Bltitenorgane in Karpelle umge- 
wandelt. Die Substitutionslinien der hexaploiden 
Weizen sind stets vollkommen m~innlich steril mit  
Ausnahme von P 168, einer Weizenvariet~t,  die ein 
Paar  Sat-Chromosomen von Ae. caudata besitzt. 
Diese Variet~tt stellt die m~innliche FertilitS, t voll- 
kommen wieder her. In den Emmer-Subst i tut ions-  
linien wurden keine wirksamen Restorer gefunden. 
Bei den 4x-Substitutionslinien zeigt sich hfiufig ver- 
z6gertes ]~hrenschieben. 

Tim@heevi-Cytoplasma: Die Substitutionslinien 
der 6x-Weizen sind meist m~innlich steril, die yon 
4x-Weizen dagegen mehr oder weniger m~innlich 
fertil. Nur das Genom von T. spelta duhamelianum 
stellt die Pollenfertilit~t v611ig wieder her. 

Von den ftir den Erfolg der Hybridweizenziichtung 
unabdingbaren Faktoren wurden die folgenden 5 be- 
sprochen: 1. Hetetosis,  2. Selektion m~tnnliche Steri- 
lit~tt bedingender Cytoplasmen, 3. Auffinden von 
Restorergenen, 4. Produktion yon Hybr idsaa tgu t  und 
5. Qualit~tt. 



Vol. 37, Nr. 2 I~. C. LEWONTIN and PETER HULL: The Interaction of Selection and Linkage I I I  93 

L i t e r a t u r e  

1. FUKASAWA, H. : Studies on restoration and substi- 
tut ion of nucleus of Aegilotricum, I. Appearance of male- 
sterile durum in substitution crosses. Cytologia 18, 167 -- 
175 (1953). -- 2. FUKASAXVA, H. : Nucleus substitution and 
restoration by means of successive backcrosses in wheat 
and its related genus Aegilops. Jap. Jour. Bot. 17, 55--91 
(1959). -- 3. JOHNSOn', V. A. : Hybrid wheat investigations 
in the United States. Paper presented at the Internatio- 
nal Synlposium on " Improvement  of plants against 
hunger in the world", Paris (1966a). -- 4. JOHNSON, V.A. : 
Agronomic and quali ty implications of hybrid wheat. 
Paper presented at the 4th International Cereal and Bread 
Congress, \Vien (1966b). -- 5. KIHARA, H. : Advances in 
the genome-analysis in Triticum. Botanical papers dedi- 
cated to Professor KINGO MIYABE in celebration of his 
9oth birthday, 42--55 (1949). -- 6. KII-IARA, H.: Substi- 
tution of nucleus and its effects on genome manifestations. 
Cytologia 16, 177-- 193 (1951). -- 7. KIHARA, H. : Nucleus 
and chromosome substitution in wheat and Aegilops, 
II. Chromosome substitution. Seiken Zih6 15, 13--23 
(1963). -- 8. KIHARA, H.: Nucleus and chromosome sub- 
sti tution in wheat and Aegilops. I. Nucleus substi tut ion.  
Proc. I I International  Wheat  Genetics Symposium, in press 
(1964). -- 9. KIHARA, H., and M. MURAMATSU: A super- 
nunlerary t rabant  chromosome in one substi tution wheat 
strain and its manifestation, I. Japan. J. Genetics 3o, ~73 

(1955). -- lO. KIHARA, H., and K. TSUNEWAKI: Use of all 
alien cytoplasm as a new method of producing haploids. 
Japan. J. Genetics 37, 31o -313  (1962). -- 11. I(IHARA, H.,  
and K. TSUNEWAKI : Increased occurrence of haploids and 
twin seedlings due to an alien cytoplasm. Wheat  In- 
formation Service 1 5 -  16, 32--34 (1963). -- 12. KIHARA, 
H., and IK. TSUNEWAKI: Some fundamental problems 
underlying the program for hybrid wheat breeding. 
Seiken Zih6 16, 1--14 (1964). -- 13. KlttARA, H., and 
I(. TSUNEWAKI : Genetic principles applied to the breeding 
of crop plants. The Heritage from Mendel. University of 
Wisconsin Press (In press). -- 14. KIMURA, M. : The theory 
of the chromosome substitution between two different 
species. Cytologia 15, 281-294 (1950). -- 15. LILIENFEL1), 
F. A., und H. KIHARA: Genomanalyse bei Triticum und 
Aegilops. V. Triticum timopheevi Zhuk. Cytologia 6, 
87--122 (1934). -- 16. ~IURAMATSU, M.: Homology of 
chromosomes of Aegilops caudata with common wheat. 
Wheat  Information Service 9 lO, 32--33 (1959). -- 
17 . PEI(ClVAL, J.:  The wheat plant. A monograph. 
London: Duckworth 1921. -- 18. TSUNEWAKI, K. : Analy- 
sis of the fertility-restoring gene in Triticum aeslivum 
ssp. compaclum. Seiken Zih6 15, 47--53 ( 1 9 6 3 ) . -  
19. TSUNEWAKI, K. : Genetic studies of a 6x-derivative 
from an 8x Triticale. Can. J. Genet. Cytol. 6, 1--11 
(1964). -- 20. WILSON, J . L . ,  and \V. M. Ross:  Cross- 
Breeding in wheat, Triticum aestivum. II. Crop Sci 2, 
415--417 (1962). 

The Interaction of Selection and Linkage III* 
Synergistic Etlect of Blocks of Genes 

R .  C.  L E W O N T I N  a n d  13ETER H U L L  I 

Department  of Zoology, University of Chicago, and 

Summary. We have examined the effect of selection 
in populations when the genes controlling the selected 
character do not have uniform recombination relations. 
In particular we have examined the outcome of selection 
for an intermediate optimum phenotype controlled by 
two blocks of genes additive within blocks, but  nmltipli- 
cative between blocks. This is analogous to "main effect" 
genes and "modifiers".  The question examined was what 
effect linkage structures of these groups had on the 
changes in gene frequency and rate of advance under 
selection. 

The results of replicated Monte Carlo runs of large po- 
pulations at three intensities of selection were: 

1. A t ightly linked block of genes maintains genes in 
intermediate gene frequencies, undergoes rapid selections 
of balanced gametic types and shows a very rapid rise in 
fitness followed by a long period of plateau at a fairly high 
fitness value. 

2. A loosely linked block of genes goes to fixation of 
balanced numbers of loci at q = o.o and q = 1.oo. This 
results in a slower rise in fitness but  a higher plateau, 
nearly at a fitness of unity. 

3. When one block of genes is t ight ly linked and the 
other loosely linked the effects of each type of block are 
exaggerated. The loosely linked genes go to fixation more 
rapidly, the t ightly linked genes stay closer to interme- 
diate values, fitness rises more quickly than for loosely 
linked genes but  goes to a higher plateau than for t ightly 
linked genes. 

The  p rev ious  pub l ica t ions  of this  series (LEwoNIIN 
1964a, b) as well as o ther  works on the  t heo ry  of 

* Dedicated to Professor HAI~s STUBBE on the occa- 
sion of his 65th birthday. 

i This investigation was performed under Atomic 
Energy Commission contracts AT(11--1) 1437 and AT 
(3o-- 1) 262o. Part  of the work was done while the authors 
were colleagues in the Biology Department  of the Uni- 
versity of Rochester. 

Depar tment  of Genetics, University of Liverpool 

l inkage and select ion (see BELLMANN and AHRENS, 
1966, for a subs tan t i a l  b ibl iography)  have  concen-  
t r a t e d  on fa i r ly  simple genet ica l  systems.  In  par t i -  
cular  i t  has been conven ien t  to inves t iga te  s imple  
genomes  consis t ing of n loci formed into  1 or several  
l inkage  groups bu t  wi th  the same a m o u n t  of recom- 
b ina t ion  be tween  ad jacen t  genes. Using such models  
it  has been possible to map  out  the  effect  of changing  
the  in tens i ty  of l inkage on the ra te  of progress under  
selection,  the  kinds of g a m e t i c  combina t ions  bui l t  up  
in the  popula t ion ,  the  na tu re  of equi l ibr ia  if any,  and 
so on. Because  of the  ana ly t i c  diff icult ies of these 
complex  processes most  of the work has proceeded by  
the numer ica l  analysis  of var ious  select ion models  
wi th  var ious  p a r a m e t e r  values.  Such quas i -empir ica l  
s tudies  can obvious ly  be ex t ended  in any  direct ion.  
More models  of selection,  more  complex  physiological  
in te rac t ion  be tween  loci, va r ia t ions  in m a t i n g  s t ruc t -  
ure, increas ing numbers  of loci, are all open for s tudy.  
I t  seems to us, however ,  t h a t  an i m p o r t a n t  l acuna  in 
our knowledge  exists  wi th  respect  to the s t ruc tu re  of 
the genet ica l  sys tem itself. 

T h a t  is, one m a y  imagine  tha t  the genes cont ro l l ing  
some charac te r  are not  homogeneous ly  d i s t r ibu ted  
t h rough  the  genome wi th  comple te ly  add i t ive  effects 
bu t  r a the r  t h a t  the genome is organized into  blocks 
of genes, rough ly  add i t ive  among  themselves ,  bu t  
i n t e r ac t ing  wi th  o ther  such blocks to produce  the  
p h e n o t y p e  upon which select ion acts.  The  in t roduc-  
t ion  of such s t ruc tu re  in to  our  models  resul ts  in a 
ve ry  large field of possible inqui ry .  The  n u m b e r  of 
blocks,  the  degree of thei r  in te rac t ion  wi th  each other ,  
the  l inkage re la t ions  among  them,  are all var iables .  
The  p rob lem mus t  then  be a t t a c k e d  piecemeal ,  but  


