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Genetic Analysis of Grain Protein Percentage in Wheat 
G . M .  Ha l lo ran  

School of A g r i c u l t u r e  and F o r e s t r y ,  Un ive r s i t y  of Melbourne ,  P a r k v i l l e ,  V ic to r i a  (Aus t r a l i a )  

S u m m a r y .  Dia l le l  ana lys i s  techniques  w e r e  used to study the genet ic  bas i s  of gra in  p ro te in  p e r c e n t a g e  
e x p r e s s i o n  in wheat using eight wheats  ranging f rom high to low in g ra in  p ro te in  pe rcen t age  and a s s u -  
medly  gene t i ca l ly  d i v e r s e  for  th is  c h a r a c t e r .  

The F~ set  of c r o s s e s  exhibi ted s t rong  genet ic  in te rac t ion  fo r  p ro te in  pe r cen t age  a t t r ibutable  g r e a t -  
ly to the genera l  behav iour  of Argen t ine  IX, of high g ra in  pro te in  p e r c e n t a g e ,  in combinat ion  with the 
o ther  seven  wheats .  Removal  of i ts  in te rac t ion  r e v e a l e d  addi t ive genet ic  v a r i a n c e  and m o d e r a t e l y  
s t rong  ove rdominance  a v e r a g e d  o v e r  the c r o s s e s  of the remain ing  seven  p a r e n t s .  

In the F3 and F 4 genera t ions  g ra in  p ro te in  content exhibi ted addi t ive genet ic  v a r i a n c e  with ev idence  
of s o m e  non-a l l e l i c  in te rac t ion  in the F3. The F3 exhibi ted par t i a l  dominance  in the inher i t ance  of 
p ro te in  pe r cen t age  while in the two F~ t r i a l s  in d i f ferent  env i ronmen t s  one exhibi ted a s t rong  deg ree  
of ave r age  dominance  and the o the r  exhibi ted only a sma l l  d e g r e e  of a v e r a g e  dominance  o v e r  all  
arrays. 

Close correspondence in the order of ranking of protein percentage of the lines (parents and 
hybrids) in the two F 4 trials in two different environments, indicated a significant influence of geno- 
type on the expression of this character in wheat. However, sharp differences in the nature of inherit- 
ance of high grain protein percentage between the two environments, whether by dominant or recessive 
genes, indicates the magnitude of the influence of the environment on its genetic expression in popu- 
lations segregating for this character. 

Introduct ion 

The amount of p ro te in  laid down in the developing wheat 

g ra in  is  inf luenced marked ly  by env i ronment  but the 

p r e s e n c e  a lso  of a genet ic  component  of g ra in  p ro te in  

p e r c e n t a g e  as a dis t inct  v a r i e t a l  o r  genotype c h a r a c t e r ,  

has led to i n t e r e s t  in the poss ib i l i ty  of b reed ing  fo r  i ts  

genet ic  i m p r o v e m e n t .  

The demons t ra t ion  of i ts  r easonab ly  high he r i t ab i l i ty  

( Aamodt  and T o r r i e  1935; Davis  1959; Haunold 1960; 

Davis  et al .  1961 ; Kaul and Sosu lsk i ,  1965 ) coupled with 

the gene ra l  o c c u r r e n c e  of i n c r e a s e s  in the leve l  of ava i l -  

able  soi l  n i t rogen ,  e i t h e r  as chemica l l y  appl ied o r  that 

fixed by l egumes  in most  whea t -g rowing  a r e a s  of the 

wor ld ,  o f fe r s  scope  for  producing  genet ic  i m p r o v e m e n t  

in l e v e l s  of g ra in  p ro te in  p e r c e n t a g e .  

To enable  the b r e e d e r  to fo rmu la t e  an ef f ic ient  b r e e d -  

ing and se l ec t ion  p r o g r a m m e  for  this purpose  a knowl- 

edge of the genet ic  con t ro l  of this  c h a r a c t e r  is  of con-  

s i d e r a b l e  va lue .  The e a r l i e s t  r e p o r t e d  study of the inhe-  

r i t ance  of g ra in  p ro te in  pe rcen t age  in wheat ( Biffen,  1909 ) 

indica ted  the l ikel ihood of a complex  genet ic  con t ro l .  

Most subsequent  s tudies  of i ts  i nhe r i t ance  have indica ted  

polygenic  cont ro l  (C la rk  and Hooker ,  1926; Aamodt  and 

T o r r i e ,  1935; Swen, 1940; Worze l l a ,  1942). However ,  

s tudies  made  by Haunold (1960) indica ted  it l ike ly  that 

it was under  the cont ro l  of only a f ew  m a j o r  genes .  Cyto-  

genet ic  ana lyses  of gra in  p ro te in  pe rcen t age  have ind ica t -  

ed the poss ib i l i ty  of polygenic  cont ro l  of i ts e x p r e s s i o n .  

Kuspi ra  and Unrau (1957) ,  using the 21 c h r o m o s o m e  

subst i tut ion l ines  of Thatcher  in Chinese  Spr ing ,  loca ted  

f ive Thatcher  c h r o m o s o m e s  which inf luenced pro te in  p e r -  

centage  of Chinese  Spr ing .  No c h r o m o s o m e  was of m a -  

jo r  e f fec t ,  which indica ted  the l ikel ihood of polygenic  

con t ro l .  S i m i l a r  ana lyses  using the 21 c h r o m o s o m e s  of 

Hope in Chinese  Spring (Ha l lo ran ,  unpublished) de tec t -  

ed only one c h r o m o s o m e  of Hope,  namely  5D, which s ign i -  

f icant ly  inf luenced p ro te in  p e r c e n t a g e s  r e l a t i v e  to that in 

Chinese  S p r i n g .  Its inf luence was of only mino r  effect~ 

The genet ic  cont ro l  of p ro te in  content  was pos tu la ted  to 

be due to polygenes  each of s m a l l  effect  and v e r y  diff i -  

cult  to detect  ind iv idua l ly .Chapman  and MeNeal  (1970) 

found that gra in  p ro te in  pe rcen t age  exhibi ted  highly s ig -  

nif icant  addi t ive genet ic  e f fec t s  and in only two of f ive  

c r o s s e s  examined  was dominance  for  this  c h a r a c t e r  

s ign i f ican t .  

Mate r i a l  and Methods 

In this  study data w e r e  used  f rom a d ia l le l  c r o s s i n g  p r o -  
g r a m m e  involving the fol lowing wheat l ines :  Argen t ine  
IX, Baldmin ,  Bencubbin,  Gabo,  Hi lgendor f ,  Ins ignia ,  
Kenya C and Olympic .  The wheats  w e r e  chosen  on the 
b a s i s ,  both of a s s u m e d  genet ic  d i f f e r ences  fo r  g ra in  
p ro te in  pe rcen t age  and genet ic  d i v e r s i t y  of o r i g in .  The 
a s s e s s m e n t  of genet ic  d i f f e rences  fo r  g ra in  p ro te in  p e r -  
centage  w e r e  based  on local  obse rva t ion  of the wheats  
fo r  these  c h a r a c t e r s  o v e r  a number  of s easons  in Vic -  
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Table  1. A s s u m e d  g e n e t i c  s t a t u s  f o r  p r o t e i n  con t en t  and 
o r i g i n  of  t he  8 w h e a t s  of t he  d i a l l e l  a n a l y s i s  

C u l t i v a r  A s s u m e d  g e n e t i c  s t a t u s  O r i g i n  
f o r  p r o t e i n  p e r c e n t a g e  

A r g e n t i n e  1X High  A r g e n t i n a  
K e n y a  C High K e n y a  

Gabo M o d e r a t e l y  H i g h  A u s t r a l i a  
H i l g e n d o r f  M o d e r a t e l y  H i g h  New Z e a l a n d  

I n s i g n i a  M o d e r a t e l y  Low A u s t r a l i a  
O l y m p i c  M o d e r a t e l y  Low A u s t r a l i a  

Baldmin Low Australia 
Bencubbin Low Australia 

t o r i a .  The w h e a t s  w e r e  r a t e d  on g r a i n  p r o t e i n  l e v e l  a s  
s h o w n  in  Table  1. 

The c o m p l e t e  d i a l l e l  c r o s s i n g  p r o g r a m m e  u s i n g t h e s e  
8 c u l t i v a r s  w a s  c a r r i e d  out to g ive  28 c r o s s e s ;  r e c i p r o -  
ca l  c r o s s e s  w e r e  not m a d e .  TheF~ of  t he  d i a l l e l  t o g e t h e r  
wi th  t h e  8 p a r e n t s  w a s  g r o w n  in 20 c m .  d i a m e t e r  e a r -  
t h e n w a r e  p o t s  wi th  f o u r  p l a n t s  of  e a c h  l ine  p e r  pot  and  
w a s  a r a n d o m i z e d  b l o c k  l ayou t  of  s i x  r e p l i c a t e s .  The 
f o u r  p l a n t s  of  e a c h  pot  w e r e  h a r v e s t e d ,  t he  s e e d  b u l k ed  
and  p r o t e i n  d e t e r m i n a t i o n s  m a d e  on e a c h  b u l k .  

The F~ of  t h e  d i a l l e l  w a s  s o w n  a s  a f i e l d  t r i a l  in t he  
s u b s e q u e n t  s o w i n g  s e a s o n .  The t r i a l  w a s  h a n d - s o w n  a s  
r o w s  4 . 5  m .  in  l eng th  and  the  s e e d  p l a c e d  in  the  r o w s  
at  e x a c t l y  a 5 c m .  s p a c i n g  in o r d e r  to m i n i m i z e  on p o s -  
s i b l e  v a r i a t i o n  in p r o t e i n  c o n t e n t  and y i e l d  due to u n e v e n -  
n e s s  of  g r o w t h .  

In l ayout  t he  t r i a l  w a s  a r a n d o m i z e d  b lock  of  s ix  r e p -  
l i c a t e s  of  t h e  8 p a r e n t s  and t h e  28 c r o s s e s .  The t r i a l  
w a s  h a n d - h a r v e s t e d  and p r o t e i n  d e t e r m i n a t i o n s  m a d e  
on all  s a m p l e s .  

In t h e  F ~ ,  t he  d i a l l e l  w a s  sown  a s  two i d e n t i c a l  t r i a l s ,  
in  two d i f f e r e n t  f i e l d  l o c a t i o n s  in V i c t o r i a  in  t he  f o l l o w -  
~h~e s o w i n g  s e a s o n ,  d e n o t e d  a s  e n v i r o n m e n t s  1 and  2.  

t r i a l s ,  w h i c h  w e r e  a r a n d o m i z e d  b lock  d e s i g n  of s ix  
r e p l i c a t e s  w e r e  of  h a n d - s o w n  r o w s  of  4 . 5  m .  in l eng th  
at  a 36 e m .  s p a c i n g  and  a r a t e  of  s o w i n g  e q u i v a l e n t  to 
68 k g / h a .  S e e d  h a r v e s t s  of  t h e  two t r i a l s  w e r e  a n a l y s e d  
f o r  p r o t e i n  c o n t e n t  by  the  B i u r e t  M e t h o d  ( H a l l o r a n  and 
M o s s ,  1956) .  

R e s u l t s  

A n a l y s e s  of  v a r i a n c e  f o r  p r o t e i n  c o n t e n t  w e r e  c a l c u l a t e d  

f o r  e a c h  of  t he  d i a l l e l  t r i a l s  and in e a c h  i n s t a n c e  t h e r e  

w e r e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  l i n e s ,  i n d i c a t i n g  

tha t  t he  d i a l l e l  a n a l y s i s  cou ld  t h e n  be  p e r f o r m e d .  The 

m e a n  v a l u e s  f o r  p r o t e i n  c o n t e n t  of e a c h  t r i a l ,  a r e  shown  

in  T a b l e s  2 and  3.  The r e f e r e n c e  to g e n e r a t i o n  in t he  

p r o t e i n  d a t a  a p p l i e s  to t he  s e e d  g e n e r a t i o n ,  e . g .  F 2 a n a -  

l y s i s  i m p l i e s  p r o t e i n  v a l u e s  of  t h e  g r a i n  f r o m  the  F 1 

p l a n t .  

. ~  P r o t e i n  

The W r  V r  r e g r e s s i o n  f o r  p r o t e i n  co n t en t  in t he  F 2 of  

t h e  d i a l l e l  i s  s h o w n  in F i g .  1. The s h a p e  of  t he  r e g r e s -  

s i o n  l i ne  f o r  all  a r r a y s  w a s  b = + 0 . 4 3  + 0 .31  w h i c h  w a s  

s i g n i f i c a n t l y  d i f f e r e n t  f r o m  0 and  s i g n i f i c a n t l y  d i f f e r e n t  

f r o m  a s l o p e  of  1. This  i n d i c a t e d  a c o n s i d e r a b l e  amoun t  

of g e n e t i c  i n t e r a c t i o n  f o r  p r o t e i n  co n t en t  a m o n g s t  the  

c r o s s e s  of  t h e  d i a l l e l .  

R e m o v a l  of  t he  a r r a y s  of  h i g h e r  v a r i a n c e  p r o d u c e d  

r e g r e s s i o n  of  s l o p e s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  1 . H o w -  

e v e r ,  r e m o v a l  of  a r r a y  1 gave  a r e g r e s s i o n  of  s l o p e  

b = + 0 .96  + 0 .37  which  w a s  s i g n i f i c a n t l y  ( p < .05)  d i f -  

f e r e n t  f r o m  0 and s i g n i f i c a n t l y  d i f f e r e n t  ( p < .05)  f r o m  

1 ( F i g . 2 ) .  P a r e n t s  c o r r e s p o n d i n g  to a r r a y s  5,  3, 6 and  

and 7 in increasing order, process an excess of recessive 

over dominant genes for protein content while parent 8 

possesses an excess of dominant over recessive genes for 

1.0 y =-0.11~ § 0.43x 
b= 0.43"-0.31 -7 

A3 
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Fig. I. Wr/Vr regression for grain protein percentage 
in the F 2 (all arrays) 
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F i g . 2 .  W r / V r  r e g r e s s i o n  f o r  g r a i n  p r o t e i n  p e r c e n t a g e  
in the  F 2 ( a r r a y  1 o m i t t e d )  
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Tab le  2 .  G r a i n  P r o t e i n  p e r c e n t a g e  of  8 p a r e n t s  and  the  28 c r o s s e s  b e t w e e n  t h e m  in t h e  
F 2 and  F 3 g e n e r a t i o n s  

Array Parent or Cross Grain P r o t e i n  % Cross 
or F 2 F 3 No .  
C r o s s  
N o .  

C r o s s  G r a i n  

F 2 

Protein % 

F 3 

1 A r g e n t i n e  1X 15.4  14 .8  19 
2 Gabo 15 .0  12.9 20 
3 I n s i g n i a  13 .2  11.9  21 
4 B e n c u b b i n  14.5  12 .0  22 
5 K e n y a  C 14 .3  13 .8  23 
6 B a l d m i n  14.7  11.2  24 
7 O l y m p i c  16 .9  12.1 25 
8 H i l g e n d o r f  16 .3  14 .4  26 

9 Gabo • A r g e n t i n e  IX 14.6  12.8  27 
I0 I n s i g n i a  x " IX 15 .0  12.5  28 
11 B e n c u b b i n  x " 1X 14.6  13.1  29 
12 K e n y a  C x " 1X 15.5  13.7 30 
13 B a l d m i n  • " IX 16.5  12.6  31 
14 O l y m p i c  • " IX 15.1  13 .3  32 
15 H i l g e n d o r f  X " 1X 15.8  14 .8  33 
16 I n s i g n i a  • Gabo 13.2  12 .0  34 
17 B e n o u b b i n  x G a b o  13.2  12.5  35 
18 K e n y a  C • Gabo 15.7 13.1  36 

B a l d m i n  • Gabo 13 .0  11.5  
O l y m p i c  • Gabo 14 .3  12.1  
H i l g e n d o r f  x Gabo 15 .2  14 .0  
B e n c u b b i n  x I n s i g n i a  ! 3 . 8  11.8 
K e n y a  C • I n s i g n i a  13 .4  12.4  
B a l d m i n  x I n s i g n i a  13.7  11.2  
O l y m p i c  • I n s i g n i a  13.6 11.9 
H i l g e n d o r f  • I n s i g n i a  16 .4  13.8  

Kenya C • Bencubbin 16.5 
Baldmin x Bencubbin 14.2 
O l y m p i c  • B e n c u b b i n  15.1  
H i l g e n d o r f  x B e n c u b b i n  15.6  
B a l d m i n  x K e n y a  C 14.2  
O l y m p i c  • Kenya  C 14. I 
H i l g e n d o r f  • K e n y a  C !6 �9 3 
O l y m p i c  x B a l d m i n  13.5 
H i l g e n d o r f  x B a l d m i n  16.9 
H i l g e n d o r f  • O l y m p i c  14 .8  

13 .0  
12.8  
11.8  
13 .0  
12 .1  
12.5 
14 .1  
11 .4  
13 .6  
13.1  

Tab le  3. G r a i n  P r o t e i n  p e r c e n t a g e  of  8 p a r e n t s  and  t h e  28 c r o s s e s  b e t w e e n  t h e m  in t h e  
F 4 g e n e r a t i o n  s o w n  in  two d i f f e r e n t  e n v i r o n m e n t s  

A r r a y  P a r e n t  o r  C r o s s  G r a i n  P r o t e i n  ~o C r o s s  
o r  E n v i r o n -  E n v i r o n -  No .  
C r o s s  m e n t  1 m e n t  2 

Cross G r a i n  P r o t e i n  ~ 
E n v i r o n -  E n v i r o n -  
m e n t  1 m e n t  2 

1 A r g e n t i n e  IX 16.4  12.1 19 
2 G abo 13.2  9 . 4  20 
3 I n s i g n i a  12 .4  8 . 1  21 
4 B e n c u b b i n  11.6 9 . 4  22 
5 K e n y a  C 14.6  10.8 23 
6 B a l d m i n  I 0 . 9  8 . 9  24 
7 O l y m p i c  11 .8  I 0 . 0  25 
8 H i l g e n d o r f  15. I 11.2  26 

B a l d m i n  x Gabo 1~ . 9  9.3:  
O l y m p i c  x Gabo 12.3  9 .6  
H i l g e n d o r f  • Gabo 14.2  10.3  
B e n c u b b i n  x I n s i g n i a  12 .3  8 . 9  
K e n y a  C x I n s i g n i a  13.6  10.1 
B a l d m i n  x I n s i n i a  11.6  9 . 3  
O l y m p i c  x I n s i g n i a  11 .8  8 . 9  
H i l g e n d o r f  • I n s i g n i a  13 .3  8 . 8  

9 Gabo • A r g e n t i n e  IX 14.7 10. I 27 
10 I n s i g n i a  x " IX 13.5  9 . 3  28 
11 B e n c u b b i n  • " 1X 14.1  10.1  29 
12 K e n y a  C • " 1X 15.2  10.7  30 
13 B a l d m i n  • " 1X 13.7 9 . 9  31 
14 O l y m p i c  • " lX 14.2  9 . 9  32 
15 H i l g e n d o r f  • " lX 15 .3  11.1  33 
16 I n s i g n i a  • Gabo 12 .4  9 . 4  34 
17 B e n c u b b i n  • Gabo 12 .0  9 . 7  35 
18 K e n y a  C • Gabo 14 .0  10 .0  36 

K e n y a  C • Bencubbin 13.3  9.9 
B a l d m i n  • Bencubbin 11.2  9.4 
Olympic • Benoubbin 11.3 9.4 
Hilgendorf x Bencubbin 14.0 9.4 
B a l d m i n  • Kenya  C 12 .8  9 . 4  
Olympic x Kenya C 13.6 9.9 
Hilgendorf x Kenya C 14.3 10.6 
O l y m p i c  x B a l d m i n  11 .3  8 . 7  
H i l g e n d o r f  x B a l d m i n  13.1  10.1  
H i l g e n d o r f  • O l y m p i c  13.6 9 . 4  

this character. Parents 2 and 4 possess dominant and 

recessive genes in about equal proportions. The Wr Vr 

regression line, with the removal of array 1, cuts the 

Vr axis well to the right of the origin, which indicates 

strong overdominance on the average over all arrays for 

e x p r e s s i o n  of  g r a i n  p r o t e i n  p e r c e n t a g e .  The d i s t r i b u t i o n  

of  a r r a y  p o i n t s  on t h e  r e g r e s s i o n  l i ne  s h o w s  no c l o s e  

c o r r e s p o n d e n c e  wi th  p a r e n t a l  p r o t e i n  c o n t e n t .  E x c e p t i n g  

a r r a y  7 ,  t h e  a r r a y s  i n d i c a t e d  to b e  r e c e s s i v e  a r e  of  

c o m p a r a t i v e l y  low p r o t e i n  c o n t e n t  and  a r r a y  8 in  t h e  
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in the  F 3 ( a l l  a r r a y s )  

dominant end of the regression, has a high parental va- 

lue for protein content. This suggests an association of 

recessiveness with low grain protein content. This sus- 

pected relationship was further examined in a correlation 

of the standardized deviation of Yr with Wr + Vr. The 

value Yr is a parental measurement calculated from the 

formula (x r + ~)/S where x r is the value of the indivi- 

dual parent, x the mean of the parents and S the stand- 

ard deviation. The value of Wr + Vr is similarly calcu- 

lated. The theory of diallel analyses (Hayman, 1954a, 

1954b) states that the parental measurement, Yr is 

closely correlated with the number of dominant homozy- 

gates and that the value Wr + Vr is closely correlated 

with the number of recessive homozygotes. In values 
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Fig.5. Correlation of the standardized deviations Yr and 
Wr + Vr for grain protein percentage inthe F 3 (all arrays) 

of ( W r  + V r ) ,  p lus  i n d i c a t e s  r e c e s s i v e  g e n e s  and m i n u s  

dominan t  g e n e s  and f o r  Y r ,  p lus  deno t e s  h igh  p r o t e i n  

con ten t  and m i n u s  low p r o t e i n  c o n t e n t .  

The s t a n d a r d i z e d  d e v i a t i o n s  of Y r  and ( W r  + V r )  

f o r  F 2 p r o t e i n  con ten t  a r e  shown in F i g . 3 .  The c o r r e -  

l a t ion  c o e f f i c i e n t  b e t w e e n  t h e s e  two v a r i a b l e s  r = - 0 . 3 1  

was  not s i g n i f i c a n t  and can  be  i n t e r p r e t e d  on ly  as  i nd i -  

ca r ing  a s l igh t  t e n d e n c y  f o r  r e c e s s i v e n e s s  to be  a s s o -  

c i a t e d  with  low g r a i n  p r o t e i n  con ten t  and d o m i n a n c e  with  

h igh  p r o t e i n .  

F 3 Protein 

The Wr Vr analysis for the complete set of crosses in 

the F 3 gave a regression of slope b =+ 0.61 +0.25 which 

was significantly different from 0 (p < .05) and not sig- 

nificantly different from a slope of 1 (Fig.4). Parents 

corresponding to arrays 5, 3, 2, 6 and I, in increasing 

order, possess an excess of recessive over dominant 

genes for protein content while those corresponding to 

arrays 7, 8 and 4, in increasing order, possess an ex- 

cess of dominant over recessive genes. 

The intercept of the regression line quite high on the 

Wr axis indicates partial dominance in the expression of 

grain protein content. 

There appears to be no close correspondence in the 

position of the array point along the regression line with 

protein content of the respective parents. This suggests 
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in  t h e  F 4 - e n v i r o n m e n t  1 ( a l l  a r r a y s )  

that high protein content in wheat may be determined by 

dominant genes in some instances and in others by re- 

cessive genes. 

The standardized deviations of Yr and (Wr + Vr) 

a r e  s h o w n  g r a p h i c a l l y  in  F i g . 5 .  The c o r r e l a t i o n  c o e f f i -  

c i e n t  b e t w e e n  t h e s e  two v a r i a b l e s  r = + 0 . 2 5  w a s  not  

s i g n i f i c a n t  a n d  c a n  b e  i n t e r p r e t e d  as  i n d i c a t i n g  o n l y  a 

s l i g h t  t e n d e n c y  f o r  low p r o t e i n  c o n t e n t  to  b e  a s s o c i a t e d  

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

F 4 P r o t e i n  - E n v i r o n m e n t  1 

The  W r  V r  a n a l y s i s  of F 4 p r o t e i n  c o n t e n t  of  a l l  t h e  

a r r a y s  of  t h e  d i a l l e l  i s  s h o w n  in  F i g . 6 .  The  r e g r e s s i o n  

l i n e  w a s  of  s l o p e  b = + 0 . 8 6  + 0 . 1 5  w h i c h  w a s  s i g n i f i -  

c a n t l y  d i f f e r e n t  f r o m  0 a n d  not  s i g n i f i c a n t l y  d i f f e r e n t  

f r o m  1 . T h e  a r r a y  p o i n t s  w e r e  m o s t l y  s i t u a t e d  c l o s e  to  

t h e  r e g r e s s i o n  l i n e  i n d i c a t i n g  o n l y  a s m a l l  a m o u n t  of  

g e n e t i c  i n t e r a c t i o n  in  t h e  c r o s s e s  of t h e  d i a l l e l .  The  r e -  

g r e s s i o n  l i n e  c u t s  t h e  W r  a x i s  we l l  a b o v e  t h e  o r i g i n  

a n d  i s  f a i r l y  n e a r  t h e  l i m i t i n g  p a r a b o l a ,  i n d i c a t i n g  a 

m o d e r a t e  to  s m a l l  d e g r e e  of  d o m i n a n c e  a s  a n  a v e r a g e  

o v e r  a l l  a r r a y s .  A r r a y s  4 ,  2 ,  7 a n d  6 in  d e c r e a s i n g  

m a g n i t u d e ,  p o s s e s s  an  e x c e s s  of  r e c e s s i v e  to d o m i n a n t  

g e n e s  f o r  p r o t e i n  c o n t e n t  e x p r e s s i o n  w h i l e  a r r a y  1 a t  

t h e  p o i n t  W r ,  V r  p o s s e s s e s  r e c e s s i v e  a n d  d o m i n a n t  

g e n e s  in  a b o u t  e q u a l  p r o p o r t i o n s .  A r r a y s  8 ,  5 a n d  3 

w h i c h  a r e  c l o s e l y  g r o u p e d  a t  t h e  l o w e r  e n d  of  t h e  r e -  
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F i g . 8 .  W r / V r  r e g r e s s i o n  f o r  g r a i n  p r o t e i n  p e r c e n t a g e  
in  t h e  F 4 - e n v i r o n m e n t  2 ( a l l  a r r a y s )  

g r e s s i o n  l i n e  p o s s e s s  a n  e x c e s s  of d o m i n a n t  o v e r  r e -  

c e s s i v e  g e n e s  f o r  g r a i n  p r o t e i n  c o n t e n t .  T h e r e  i s  a t e n -  

d e n c y  f o r  a r r a y s  of  t h e  low p r o t e i n  p a r e n t s  to s h o w  r e -  

c e s s i v e n e s s  a n d  t h e  h i g h e r  p r o t e i n  p a r e n t s  to  e x h i b i t  

d o m i n a n c e  i n  t h e i r  a r r a y s .  Th i s  o b s e r v a t i o n  i s  s u p p o r t -  

ed  b y  t h e  r e l a t i o n s h i p  of  t h e  s t a n d a r d i z e d  d e v i a t i o n s  of  

Y r  a n d  W r  + V r  ( F i g . 7 )  w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  

of r = - 0 . 4 9 .  The  c o r r e l a t i o n  h o w e v e r ,  i s  no t  s i g n i f i -  

c a n t  w h i c h  c a n  o n l y  i n d i c a t e  t h e r e f o r e  a t e n d e n c y  f o r  

low p r o t e i n  c o n t e n t  to  b e  r e c e s s i v e  a n d  h i g h  p r o t e i n  

c o n t e n t  d o m i n a n t .  
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F 4 P r o t e i n  - E n v i r o n m e n t  2 

The  g r a p h i c a l  a n a l y s i s  of t h e  8 p a r e n t  d i a l l e l  f o r  t h e  F 4 

g r o w n  in  E n v i r o n m e n t  2 i s  s h o w n  in  F i g . 8 .  The  W r / V r  

r e g r e s s i o n  l i n e  b = 0 . 9 3  + 0 . 1 2  w a s  s i g n i f i c a n t l y  d i f f e r -  

en t  f r o m  0 a n d  not  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  a s l o p e  

of 1. The  r e g r e s s i o n  l i n e  p a s s e s  c l o s e  to t h e  o r i g i n  

w h i c h  i n d i c a t e s  a h i g h  d e g r e e  of d o m i n a n c e  a v e r a g e d  

o v e r  a l l  t h e  a r r a y s  f o r  t h e  e x p r e s s i o n  of  g r a i n  p r o t e i n  

c o n t e n t .  The  a r r a y  p o i n t s  f a l l  in  two g r o u p s  - 1 and  8 

w h i c h ,  in  d e c r e a s i n g  o r d e r ,  p o s s e s s  an  e x c e s s  of  r e -  
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F i g . 9 .  C o r r e l a t i o n  of  t h e  s t a n d a r d i z e d  d e v i a t i o n s ,  Y r  
a n d  W r  + V r ,  f o r  g r a i n  p r o t e i n  p e r c e n t a g e  in  t h e  F 4 - 
e n v i r o n m e n t  2 ( a l l  a r r a y s )  

cessive over dominant genes for grain protein content, 

and the remaining arrays which possess an excess of 

dominant genes. The position of all arrays are almost on 

the regression line which indicates very little genetic 

interaction. The positions of the array points on the re- 

gression line bear a close relationship to the order of 

protein content of the parents. The most recessive arrays 

have parents of high protein content and the most domi- 

nant parents of low protein content. Thus high protein 

content appears to be inherited as a recessive character 

in this instance. 

Confirmation of this observation was obtained from 

the correlation of the standardized deviations Yr and 

(Wr + Vr) whioh is plotted graphically in Fig.9. The 

correlation coefficient between these two variables of 

r = + 0.78 is significant ( p < .05), indicating an asso- 

ciation of high protein content with recessiveness and 

low protein content with dominance. 
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Fig. 10. Relationship of grain protein percentage for all 
lines (parents and hybrids) between environments I and 
2 for the F 4 trials 

A plot was made of the parental and F 4 protein va- 

lues between the two environments of the F 4 trials 

( F i g .  1 0 ) .  

Discussion 

K n o w l e d g e  of t he  i n h e r i t a n c e  of g r a i n  p r o t e i n  c o n t e n t  in  

w h e a t  i s  of  i m p o r t a n c e  to  w h e a t  b r e e d i n g ,  b o t h  f o r  t h e  

p u r p o s e s  of f o r m u l a t i n g  a b r e e d i n g  p r o g r a m m e  a n d  of  

s e l e c t i n g  o b j e c t i v e l y  f o r  i t s  i m p r o v e m e n t .  A g r e a t  l i m i -  

t a t i o n  to s u c h  i m p r o v e m e n t  i s  t h e  m a g n i t u d e  of  t h e  i n f l u -  

e n c e  of  e n v i r o n m e n t a l  f a c t o r s  on  t he  e x p r e s s i o n  of  p r o t e i n  

c o n t e n t .  P r o t e i n  c o n t e n t  of  w h e a t  h a s  b e e n  s h o w n  to b e  

s t r o n g l y  i n f l u e n c e d  by  p r e c i p i t a t i o n  ( P a u l l  and  A n d e r s o n ,  

1942 ; F e r n a n d e z  and  L a i r d ,  1 9 5 9 ) ,  h i g h  t e m p e r a t u r e ,  

e i t h e r  a s  a d i r e c t  i n f l u e n c e  on  m e t a b o l i s m  ( M a n g e l s ,  

1927;  H o p k i n s ,  1935;  W a l d r o n  et  a l . ,  1942) o r  i n d i r e c t -  

ly  t h r o u g h  i t s  i n f l u e n c e  on  s u c h  f a c t o r s  a s  s o i l  m o i s t u r e  

and  n i t r i f i c a t i o n  ( A l s b e r g  and  G r i f f i n g ,  1934;  Shut t  a n d  

H a m i l t o n ,  1934;  and  o t h e r s ) .  

D e s p i t e  t h e  g e n e r a l l y  s t r o n g  i n f l u e n c e  of  e n v i r o n m e n t  

on  i t s  e x p r e s s i o n  r e p o r t s  h a v e  o f t en  b e e n  m a d e  of  t he  

d e t e c t i o n  of  s i g n i f i c a n t  g e n o t y p i c ,  o r  v a r i e t a l  d i f f e r e n c e s  

in  t h i s  c h a r a c t e r  ( W h i t e s i d e  1936;  K n j a g i n i c e v  1940;  

A k e r m a n ,  1949 ; Lee and  U n d e r w o o d ,  1950;  B u t k e v i c ,  1954 ; 

H a l l o r a n ,  1956;  S ingh  a n d  L a m b ,  1960;  a n d  o t h e r s ) .  

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

ly  s t r o n g  g e n e t i c  c o m p o n e n t  in  i t s  e x p r e s s i o n  ( A a m o d t  and  

T o r r i e ,  1935;  D a v i s ,  1959;  H a u n o l d ,  1960;  D a v i s  e t  a l . ,  

1961;  H a u n o l d e t  a l . ,  1 9 6 2 ) .  

In t h e  p r e s e n t  s t u d y  c e r t a i n  f i n d i n g s  h a v e  b e e n  m a d e  

of  t h e  g e n e t i c s  of g r a i n  p r o t e i n  c o n t e n t  and  of  t h e  i n -  

f l u e n c e  of  e n v i r o n m e n t  on  i t s  e x p r e s s i o n .  The o c c u r -  

r e n c e  of r a t h e r  p r o n o u n c e d  o v e r d o m i n a n c e  in  t h e  e x -  
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pression of grain protein content in the F 2 generation 

could be of practical significance. If this was a general 

phenomenon it may be possible in the commercial pro- 

duction of hybrid wheat to obtain higher protein content 

through appropriate choice of high protein parents. 

The F 3 diallel trial indicated only partial dominance 

in the inheritance of protein content. The lack of a close 

correspondence in parental protein content value with 

the order of the array positions in the Wr/Vr graph 

indicates that high protein content can be determined 

by dominant or recessive genes accordingto the geno- 

types being used. A similar observation on the inherit- 

ance of grain protein content has been made by Chap- 

man and  M c N e a l  ( 1 9 7 0 ) .  

The F 4 d i a l l e l  t r i a l  in E n v i r o n m e n t  2 e x h i b i t e d  m o d e -  

r a t e l y  s t r o n g  o v e r a l l  d o m i n a n c e  in  t he  i n h e r i t a n c e  of  p r o -  

t e i n  c o n t e n t  a n d ,  wi th  m o s t  of t he  a r r a y  p o i n t s  c l o s e  to 

t h e  r e g r e s s i o n  l i n e ,  v e r y  l i t t l e  g e n e t i c  i n t e r a c t i o n .  High  

p r o t e i n  c o n t e n t  u n d e r  t h e s e  c o n d i t i o n s  w a s  r e c e s s i v e  

and  low p r o t e i n  c o n t e n t  d o m i n a n t .  The m o s t  p r o m i s i n g  

c r o s s  f o r  s e l e c t i o n  of  h igh  p r o t e i n  c o n t e n t  would  a p p e a r  

to be  ( H i l g e n d o r f  • A r g e n t i n a  1X) .  In t h e  F 4 d i a l l e l  t r i a l  

in  E n v i r o n m e n t  1, p r o t e i n  c o n t e n t  e x h i b i t e d  on ly  p a r t i a l  

d o m i n a n c e  in  i t s  e x p r e s s i o n  and  only  a s m a l l  a m o u n t  of 

g e n e t i c  i n t e r a c t i o n ,  m o s t  of  the  a r r a y  p o i n t s  b e i n g  on  o r  

n e a r  t he  W r / V r  r e g r e s s i o n  l i n e .  In t h i s  i n s t a n c e  h o w -  

e v e r ,  h igh  p r o t e i n  c o n t e n t  a p p e a r e d  to b e h a v e  a s  a d o m i -  

nan t  c h a r a c t e r ,  a r e v e r s a l  of  i t s  b e h a v i o u r  in t he  F 4 in 

E n v i r o n m e n t  2 .  The c o r r e l a t i o n  of  Yr  wi th  ( W r  + V r )  

in E n v i r o n m e n t  1 w a s  r = - 0 . 4 9  though  not s i g n i f i c a n t ,  

i n d i c a t e d  a t e n d e n c y  f o r  an a s s o c i a t i o n  of  d o m i n a n c e  

wi th  h igh  p r o t e i n .  

A v e r y  c l o s e  c o r r e s p o n d e n c e  w a s  o b s e r v e d  b e t w e e n  

p r o t e i n  c o n t e n t  v a l u e s  of t he  p a r e n t s  and  h y b r i d s  of t he  

F 4 d i a l l e l s  sown  in t h e  s a m e  s e a s o n  in  E n v i r o n m e n t s  1 

and  2 wi th  a c o r r e l a t i o n  of r = + 0 . 7 8  ( p < . 0 1 ) .  This  

r e l a t i o n s h i p  i n d i c a t e d  a r e a s o n a b l y  s t r o n g  h e r i t a b i l i t y  

of  t h i s  c h a r a c t e r  w h o s e  r a n k i n g  i s  not  g r e a t l y  a l t e r e d  by 

s h a r p  d i f f e r e n c e s  in e n v i r o n m e n t . T h i s  m a r k e d  d i f f e r e n c e  

in  p o t e n t i a l  f o r  p r o d u c i n g  a c e r t a i n  l e v e l  of  p r o t e i n  c o n -  

t e n t  in  t h e  two e n v i r o n m e n t s  c a n  be  gauged  by t h e  m e a n  

d i f f e r e n c e  of  a 3 .4  p e r c e n t  p r o t e i n  of  t he  m e a n  of p a -  

r e n t s  and  h y b r i d s  in t h e s e  two e n v i r o n m e n t s .  D e s p i t e  

t h e  g e n e r a l  c o r r e s p o n d e n c e  in o r d e r  of  p r o t e i n  c o n t e n t  

v a l u e  of t he  l i n e s  b e t w e e n  the  two e n v i r o n m e n t s  it i s  

of p a r t i c u l a r  i n t e r e s t  tha t  t h e  g e n e t i c  c o n t r o l  of p r o -  

t e i n  c o n t e n t ,  w h e t h e r  by d o m i n a n t  o r  r e c e s s i v e  g e n e s ,  

a p p e a r e d  to c h a n g e  wi th  e n v i r o n m e n t .  

This behaviour points to the need to conduct protein 

inheritance and selection studies under environmental 

conditions closely appropriate to those for which higher 

protein genotypes are required and, advisedly, at a 

number of different sites within such environments. 

However, the comparatively close relationship between 

parents and hyhrids in protein content for the F 4 dial- 

lels indicates that season to season selection within the 

one environment should he reasonably effective in re- 

taining a genetically high protein component of the popu- 

lation. The greatest advance in protein content wouldbe 

expected from selection within the highest protein cros- 

ses of the F 4 generations. 

In the task of breeding for grain protein improvement 

in wheat the wheat breeder, in considering firstly its 

genetic control and, secondly, the influence of environ- 

ment on its expression, can make a reasonably objec- 

tive approach to the formulation of a breeding program- 

me. Firstly, from the generally additive nature of its 

genetic control the highest protein segregates wouldbe 

expected from those crosses involving the highest pro- 

tein parents. It is important, therefore, in parental 

selection that as wide as possible a range of genotypes 

be screened for the high grain protein characteristic. 

In the choice of parents in a breeding programme, dis- 

similarity of pedigree of high protein genotypes would 

appear to be a worthy criterion in narrowing the selec- 

tion because of the greater likelihood of obtaining genes 

of complementary function in producing high grain pro- 

tein content. Secondly, because of the influence of matu- 

rity on grain protein content expression it is advisable, 

at least for selection of parents from large scale intro- 

duction programmes, that it be made within confines of 

maturity appropriate to the environment for which breed- 

ing is to he pursued. Because it has generally been 

shown that protein content is under either polygenic con- 

trol (Clark and Hooker, 1926; Aamodt and Torrie, 1935; 

Worzella, 1942; Swen, 1940; Kuspira and Unrau, 1957; 

Halloran, unpublished) or that it may be less complex 

genetically, but not monogenic (Haunold, 1960) the most 

advisable breeding programme would appear to be a 

pedigree system. Such a programme would involvelarge 

numbers of protein determinations to be carried out on 

either F 2 or F 3 lines. The adaptation of the Biuret 

method of protein determination of wheat breeding (Hal- 

loran and Moss, 1956) enables large numbers of protein 

determinations to be rapidly and accurately carried out, 

thus making large scale selection in a pedigree protein 

breeding programme practically feasible. 
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