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S u m m a r y .  The def ini t ion of c o v a r i a n c e s  of ha l f -  and full s ib s ,  and hence  that of v a r i a n c e s  of  gene ra l  and spec i f i c  
combin ing  abi l i ty  with r e g a r d  to a quant i ta t ive  c h a r a c t e r ,  is  ex tended to take into account  the r e s p e c t i v e  c o v a r i -  
ances  be tween  a p a i r  of c h a r a c t e r s .  The i n t e r p r e t a t i o n  of  the d i s p e r s i o n  and c o r r e l a t i o n  m a t r i c e s  of gene r a l  and 
spec i f i c  combin ing  abi l i ty  is d i s c u s s e d  by c o n s i d e r i n g  a se t  of  s ing le ,  t h r e e -  and f o u r - w a y  c r o s s e s ,  made  using 
d ia l le l  and l ine  x t e s t e r  mat ing s y s t e m s  in Pennisetum typhoides. The gene ra l  im p l i ca t i ons  of  the concept  of c o v a r i -  
ance of combin ing  abi l i ty  in plant b reed ing  a r e  d i s c u s s e d .  

In t roduct ion  

One of the potent  tools  for  ident i fy ing p r o s p e c t i v e  p a r -  

ents  and s i f t ing p roduc t ive  hybr ids  f rom a se t  of c r o s -  

s e s  in F1 gene ra t i on  is  the ana lys i s  of  combin ing  

abi l i ty  (Gr i f f ing  1956).  The c r o s s e s  a r e  usua l ly  made  

to c o n f o r m  to a chosen  gene t ic  model  and f ie ld  de -  

s ign in o r d e r  to p rov ide  a gene t ic  i n t e r p r e t a t i o n  of 

the r e s u l t s  obta ined on the phenotypic  m e a s u r e m e n t s  

of a quant i ta t ive  c h a r a c t e r .  The mos t  c o m m o n l y  used 

des igns  a r e  d ia l le l  and l ine  • t e s t e r  supp lemen ted  by 

pa r t i a l  d ia l le l  and o the r  f r ac t iona l  d i a l l e l s .  With r e -  

a l i s t i c  a s s u m p t i o n s  r e l evan t  to plant b reed ing  p r o b -  

l e m s ,  Griff ing (1956) has  p rov ided  a c o m p l e t e  ana-  

l y s i s  and i n t e r p r e t a t i o n  of data  obta ined  f rom a full 

d ia l le l  and i t s  v a r i a t i o n s .  S i m i l a r  ana lys i s  of data 

f rom a l ine X t e s t e r  des ign  is p rov ided  by K e m p t h o r -  

ne ( 1 9 5 7 ) a n d  A r u n a c h a l a m  (1974) .  

The gene ra l  and spec i f i c  combin ing  abi l i ty  e f fec t s  

and v a r i a n c e s  obta ined f r o m  a se t  of F1 's would en -  

able a b r e e d e r  to s e l e c t  d e s i r a b l e  p a r e n t s  and c r o s -  

s e s  for  each  one of the quant i ta t ive  componen t s  s e -  

p a r a t e l y ,  but a m a j o r i t y  of the quant i ta t ive  c h a r a c -  

t e r s  in g e n e r a l ,  and those  r e l a t e d  to y ie ld  in p a r t i c u -  

l a r ,  i nva r i ab ly  show va ry ing  d e g r e e s  of a s s o c i a t i o n  

among  t h e m s e l v e s .  Even  when the combin ing  ab i l i ty  

componen t s  a r e  examined  for  a number  of a t t r i bu t e s  

s i m u l t a n e o u s l y ,  the b r e e d e r  faces  c o n s i d e r a b l e  d i f -  

f icu l ty  in judging with conf idence  the best  p a r e n t s  o r  

c r o s s e s  for  a n u m b e r  of y ie ld  a t t r i b u t e s .  

In th is  pape r ,  the concept  of v a r i a n c e s  of c o m b i n -  

ing abi l i ty  of  a quant i ta t ive  c h a r a c t e r  is  ex tended lo -  

g ica l ly  to c o v a r i a n c e s  be tween any two c h a r a c t e r s  

and i ts  use  is  d e m o n s t r a t e d  by an e x p e r i m e n t  on pea r l  

mi l l e t ,  Pennisetum typhoides. 

C o v a r i a n c e s  of Genera l  and Spec i f ic  Combining  Abi l i ty  

The gene ra l  and spec i f i c  combin ing  abi l i ty  v a r i a n c e s  

d e r i v e  t h e i r  gene t ic  i n t e r p r e t a t i o n  f rom t h e i r  de f in i -  

t ion in t e r m s  of c o v a r i a n c e s  of ha l f -  and full s ibs  

(Kempthorne  1957).  It is  t h e r e f o r e  r e a s o n a b l e  to 

c o n c e i v e  of c o v a r i a n c e s  of ha l f -  and full s ibs  with r e -  

ga rd  to two quant i ta t ive  c h a r a c t e r s  in exac t ly  the 

s a m e  way as i s  done for  a s ing le  one .  The def ini t ion 

of c o v a r i a n c e s  of gene ra l  and spec i f i c  combin ing  

abi l i ty  be tween two c h a r a c t e r s  will  fo l low as a na-  

tura l  ex t ens ion .  It will be apparen t  that ,  while the 

c o v a r i a n e e  of  gene ra l  combin ing  abi l i ty  (gca)  b e -  

tween two quant i ta t ive  c h a r a c t e r s  x and y will in-  

vo lve  all  the addi t ive  c o v a r i a n c e s  and i n t e r ac t i ons  

involving them,  that of spec i f i c  combin ing  abi l i ty  

( sca )  will involve  dominance  and all  ep i s t a t i c  c o v e r -  

l ances  excep t  addi t ive  c o v a r i a n c e .  With an a r b i t r a r y  

inbreed ing  coef f ic ien t  F ,  we can wr i t e  

C o y ( f u l l  s ib s )  = ( l + F / 2 ) C ~ x y ( A )  + ( l + F / 2 ) 2 a x y ( D ) +  

( I + F / 2 ) 2 a x y ( A A ) +  ( l + F / 2 ) 3 a x y ( A D )  + . . . .  

Coy ( h a l f - s i b s )  = (1 + F / 4 ) ~ x y ( A )  + (1 + F / 4 ) 2 ~ x y ( A A ) +  

( 1 + F / 4 ) 3 a x y ( A A A )  + . . . . . .  

where  A s tands  fo r  addi t ive ,  D fo r  dominance ,  AD 

for  addi t ive  x dominance  e t c . ,  c o v a r i a n c e s ,  
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Table I. Dispersion matrix of general and specific combining ability in Pennisetum ~phoides 

HH HT HE HY TT TE TY EE EY YY 

g 75.3 26.0 9.3 185.7 37.3 -1.5 -11.9 3.1 29.3 @ 
SCI rg - 0.49 0.61 + - -0.14 + - + - 

s 273.5 39.7 35.0 1768.3 125.2 -4.0 295.1 8.2 209.0 26278.7 
rs - 0.21 0.56 0.38 - -0.12 0.16 - 0.45 - 

g 2 0 . 4  - 7 . 6  4 . 1  3 9 . 6  2 7 . 3  - 4 . 4  5 8 . 0  1 . 4  8 . 1  3 1 5 9 . 1  
S C 2  r g  - - 0 . 3 2  0 . 7 7  0 . 1 6  - - 0 . 7 1  0 . 2 0  - 0 . 1 2  - 

s 1 9 4 . 0  1 2 9 . 5  1 9 . 8  1 4 5 4 . 7  6 0 5 . 9  1 9 . 9  5 0 6 2 . 8  5 . 4  2 4 8 . 6  7 0 1 1 9 . 4  
r s  - 0 . 3 8  0 . 6 1  0 . 3 9  - 0 . 3 5  0 . 7 8  - 0 . 4 0  - 

g @ 29.1 -33.9 428.6 @ 20.0 -629.3 @ 296.3 
T W C  r g  - + + + - : : - : 

s 4 0 9 . 2  - 3 0 3 . 4  1 1 9 . 0  - 2 7 4 0 . 7  3 6 8 . 7  - 1 7  0 5 2 4 6  8 3 7 . 4  - 4 4 1  5 7 8 1 0 0 . 6  
r s  - - 0 . 7 8  0 . 9 6  - 0 . 4 8  - - 0 . 1 4  0 . 9 8  - - 0 . 2 6  - 

g 2 7 6 . 0  - 5 5 . 5  1 3 . 7  - 5 9 . 0  ~ 0 . 5  - 2 7 . 1  0 . 3  - 3 7 . 7  3 3 8 6 . 1  
FEX rg - + : -0.06 - + + 

s 165.2 107.7 3.9 2108.3 399.8 -ii.6 2640.0 9.4 214.7 92'9.7 
r s  - 0 . 4 2  0 . 1 0  = - - 0 . 1 9  = = 

+~ : Not estimable; =: Value greater than one; 
rg : Correlation coefficient of gca; rs : Correlation coefficient of sca; g : gca; s : sca 

Cov (gca)= Cov(half-sibs) and 

Coy (sca) = Coy(full sibs) - 2 Cov(half-sibs). 

One can also utilise the correlation coefficients 

of general and specific combining ability (Griffing, 

1956). 
The estimation of the covariances in the models 

mentioned above is quite simple, since the expected 

values of mean sum of products are similar to those 

of mean sum of squares (Grilling 1956; Arunachalam 

1975). In known systems of mating, such as diallel, 

partial diallel, triallel, line X tester, triangular and 

rectangular designs, it is possible to work out the co- 

variances and correlations of general and specific com- 

bining abilities between any two metric characters. 

Since the fixed effects model is more relevant to plant 

breeding problems and the distribution of the correla- 

tion coefficients is unknown, it is not possible to test 

either the covariances or the correlation coefficients. 

Despite this difficulty, a dispersion matrix of gen- 

eral and specific combining ability (or a correlation 

matrix, for that matter) would be a source of addi- 

tional information to the breeder, as will be shown. 

Material 

These concepts will be illustrated from a breeding 
experiment on Penniseturn ~-~Jphos Diallel crosses 
were made using 16 parents providing equal repre- 
sentation to four major sources of diversity -- A, T, 
W and R. The former two were products, in an ad- 

vanced generation, of biparental matings and selec- 
tions from a diallel involving dwarf types; the third 
was a sample from African germplasm and the fourth 
resulted from irradiation of chosen material. The F I 
and F2 generations were grown during 1974 with a 
set of 3- and 4-way crosses in their FI stage. The 
female parents of 3-way crosses were a set of FI 
single crosses and the males were entries selected 
for a set of ear and plant type characters. Both the 
male and female parents in the 4-way crosses were 
FI single crosses unrelated to each other. A number 
of quantitative characters related to yield was meas- 
ured on random samples of five plants per row. Two 
rows per entry were raised in F2 single crosses, so 
the sample size was ten plants per F2 entry per re- 
plication. The single crosses in F2 and FI (denoted 
by SCI and SC2) were made in a diallel design and 
the 3- and 4-way crosses (denoted by TWC and FWC) 
in a line X tester design. All the material was grown 
in a randomised blocks design in the same experi- 
mental environment. 

Results 

A study of the dispersion and correlation matrices 

of combining ability (Table I) revealed that various 

degrees of association, both desirable and undesir- 

able, existed for combining ability among plant height 

(H), number of effective tillers (T), ear length (E) 

and single plant yield (Y). In SCI and SC2, the esti- 

mates of sca covariances were higher than gca for 

all the characters, as would be found in plant popula- 

tions needing genetic upgrading. A change in direction 

in SC2, as compared with SCI, of the covariances of 
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combining ability, for example, cov(sca) between T 

and E and that between H and T, was of particular 

interest. The changes in the direction of action were 

more pronounced for several character combinations 

in 3-way crosses. They culminated in certain combi- 

nations having higher and more desirable cov(gca) 

than cov(sca) in 4-way crosses, for example in the 

combinations H- H, H- E and Y- Y. The sample 

size would appear to be inadequate for 3- and 4-way 

crosses since some variance components, and hence 

several correlation coefficients, could not be esti- 

mated with reasonable precision. 

Scrutiny of the covariances of gca and sca showed 

that ear length and yield had reinforcing additive gene 

action in SCI, SC2 and TWC. The combinations, 

H - Y and T - Y, did not appear to have such gene 

action. The non-additive gene action, as could be in- 

ferred from cov(sca), was variable and was found 

to act together with additive gene action. This could 

make straightforward selection a difficult task. The 

associations between H - E and E - T were also not 

in the desired direction. A shift in the magnitude and 

direction of gene action from SCI was noted in SC2 

for all the character pairs. 

D i s c u s s i o n  

It w a s  e v i d e n t  t h a t  m a j o r  c h a r a c t e r s  r e l a t e d  to y i e l d  

d id  not  s h o w  r e i n f o r c i n g  e p i s t a s i s ;  n o r  w e r e  a d d i t i v e  

c o v a r i a n c e s  p r e d o m i n a n t .  

The r e s p o n s e  to s e l e c t i o n  c a n  b e  s h o w n  to be  a 

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

e n t s .  The g c a  e f f e c t  in  p a r t i c u l a r  i s  d i r e c t l y  r e l a t e d  

to t h e  b r e e d i n g  v a l u e  of  t h e  p a r e n t  ( F a l c o n e r  1 9 6 4 ) .  

H o w e v e r ,  s y n e r g i s t i c  a c t i o n  of  two o r  m o r e  y i e l d  

c o m p o n e n t s  wou ld  b e  a p r e - r e q u i s i t e  f o r  u p g r a d i n g  

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

p e r s i o n  m a t r i c e s  of  g c a  a n d  s c a  would  t h e r e f o r e  i n -  

d i c a t e  t h e  e x i s t e n c e  of  c o n s o n a n t  a c t i o n  of  two o r  

m o r e  c h a r a c t e r s ,  w h i c h  wou ld  h e l p  to s e t  t h e  n e x t  

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

In t h e  e x p e r i m e n t  c i t e d  in  t h i s  p a p e r ,  f o r  e x a m p l e ,  

t h e  c o v ( g c a )  of  H w i t h  T a n d  Y in  F W C  a n d  t h a t  

of  H w i t h  E i n  TWC w e r e  d e s i r a b l e ,  w h i l e  t h e y  w e r e  

u n d e s i r a b l e  in  S C 1 .  Thus  a d w a r f i n g  g e n e  wou ld  p a y  

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

p o r a t e d  in  F W C  a n d  TWC t h a n  i f  i n c o r p o r a t e d  in  S C 1 .  

T h i s  o b s e r v a t i o n  c o u l d  no t  b e  m a d e  f r o m  t h e  v a r i a n c e s  

of  g c a  f o r  H,  T, E a n d  Y a l o n e .  E x a m i n a t i o n  of  t h e  

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

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

c o n t r o l l i n g  c h a r a c t e r s  r e l a t e d  to y i e l d .  

A n o t h e r  s a l i e n t  r e s u l t  w a s  t h e  d i f f e r e n c e s  o b -  

s e r v e d  in SC1 a n d  S C 2 .  Though  a s a m p l e  s i z e  t w i c e  

a s  l a r g e  a s  t h a t  u s e d  in  F 1  w a s  u s e d  in  F 2 ,  t h e r e  

would  a p p e a r  to  b e  a l a c k  of  c o n s i s t e n c y  in  t h e  d i r e c -  

t i o n  a n d  m a g n i t u d e  of  a c t i o n  in  t h e  f i r s t  a n d  s e c o n d  

d e g r e e  c o m p o n e n t s  of  c o m b i n i n g  a b i l i t y .  T h i s  wou ld  

s e t  t h e  l i m i t a t i o n s  of  e x t e n d i n g  t h e  c o m b i n i n g  a b i l i t y  

s t u d i e s  to  F 2  a n d  h i g h e r  g e n e r a t i o n s  i n  p r o p e r  p e r -  

s p e c t i v e ,  r a t h e r  t h a n  b r i n g i n g  to t h e  f o r e  t he  v a l u e  

of  t h e  d e s i r a b l e  s e g r e g a n t s  m a d e  a v a i l a b l e  in  F 2 .  

The a r g u m e n t  h e r e  i s  f a i r l y  s t r a i g h t f o r w a r d ,  i f  o n e  

r e c o l l e c t s  t he  b a s i c  a s s u m p t i o n s  on  w h i c h  t h e  g e n e t -  

i c  m o d e l  r e s t s .  One  p o w e r f u l  r e a s o n  i s  t h a t  t h e  s a m -  

p l e  t h a t  i s  s c o r e d  in  F 2  of  a c r o s s  wi l l  c o n s i s t  of  a 

l a r g e  n u m b e r  of  g e n o t y p e s  ( u n k n o w n  to t h e  b r e e d e r )  

a n d  t he  p r o b a b i l i t y  t h a t  two s u c h  s a m p l e s  c o n t a i n  

e x a c t l y  t h e  s a m e  g e n o t y p e s  i s  n e a r  z e r o .  T h i s  s i t u a -  

t i o n  d o e s  no t  a r i s e  in  F 1 ,  w h i c h  i s  g e n e t i c a l l y  h o m o -  

g e n e o u s  w h e n  i n b r e d  p a r e n t s  a r e  u s e d .  T h u s ,  e v e n  

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

t h e  s o w i n g  of  t h e  F 2  p o p u l a t i o n ,  i t  wou ld  b e  d i f f i c u l t  

to  e x t e n d  t he  c o m b i n i n g  a b i l i t y  s t u d i e s  to F 2 .  

F u r t h e r ,  m e r e  p h e n o t y p i c  u n i f o r m i t y  m a y  ne t  b e  

a d e q u a t e  f o r  f i x i n g  a p r o p e r  s a m p l e  s i z e .  T h i s  g a i n s  

s u p p o r t  f r o m  a s t u d y  of  TWC a n d  F W C :  t h e  F1  

s h o w e d  a good  a m o u n t  of  p h e n o t y p i c  u n i f o r m i t y ,  bu t  

t h e  s a m p l e  s i z e  was  no t  found  to b e  a d e q u a t e .  

It i s  n o w  k n o w n  t h a t  g e n e t i c  u p g r a d i n g  r e s u l t s  

w h e n  t h e  f o r c e s  of  n a t u r a l  a n d  a r t i f i c i a l  s e l e c t i o n  

r e i n f o r c e  e a c h  o t h e r  in  t h e  d e s i r a b l e  d i r e c t i o n .  In 

t h i s  c o n t e x t ,  t h e  c o v a r i a n c e s  of  c o m b i n i n g  a b i l i t y  

wou ld  p r o v i d e  b a s i c  i n f o r m a t i o n  d e f i n i t e l y  s u p e r i o r  

to  t h a t  g i v e n  by  t h e  v a r i a n c e s .  
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