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Non-additive Gene Effects for Creeping-root in Lucerne 
(Medicago sativa L.) 
H. Daday,  A.  G r a s s i a ,  and F . E .  Binet  
CSIRO, Div i s ion  of Plant  Indus t ry ,  C a n b e r r a ,  Div i s ion  of M a t h e m a t i c s ,  C a n b e r r a ;  M o l e c u l a r  and C e l l u l a r  
Unit ,  Epping ( A u s t r a l i a )  

S u m m a r y .  Both g e n e r a l  and spec i f i c  combin ing  ab i l i t i e s  for  c r e e p i n g - r o o t e d n e s s  of l u c e r n e  w e r e  found to be 
highly s ign i f i can t  al though t h e r e  w e r e  subs tan t ia l  d i f f e r e n c e s  among genotypes  fo r  both p a r a m e t e r s .  These  r e -  
su l t s  ind ica te  that both "add i t ive"  and "non -add i t i ve"  gene e f fec t s  a r e  involved  in the gene t ic  s u b s t r a t e  of c r e e -  
p i n g - r o o t e d n e s s ;  hence  u t i l i za t ion  of h e t e r o s i s  would s e e m  to be the most  a p p r o p r i a t e  p r o c e d u r e  for  f u r t h e r  i m -  
p r o v e m e n t  in th is  t r a i t .  

In t roduct ion  

Breeding for creeping-rootedness in Medicago sativa 

L. was initiated by Heinrichs (1954) in Canada and 

similar breeding programmes are in progress at 

present in Australia, U.K., USSR, Hungary etc. In 

spite of the extensive breeding activities the publish- 

ed results of genetic analyses of creeping-rooted- 

ness are still inconsistent. 

The choice of breeding technique to maximize the 

rate of genetic advance for creeping-rootedness in 

lucerne depends interalia upon the relative propor- 

tions of the components of genetic variance, e.g. if 

the additive component accounts for a large propor- 

tion, straightforward mass selection is preferable; 

on the other hand, if the non-additive component cons- 

titutes a subs tan t ia l  p ropo r t i on  of the gene t i c  v a r i -  

ance ,  then addi t ional  a p p r o p r i a t e  a r t i f i c e s  ( e . g .  fa -  

mi ly  s e l e c t i o n )  to u t i l i z e  h e t e r o s i s  must  be appl ied .  

M o r l e y  and H e i n r i c h s  (1960) ana lysed  data  on the 

f r e q u e n c y  of c r e e p i n g - r o o t e d n e s s  within an F 3 popu-  

lat ion de r i ved  f r o m  c r o s s e s  be tween Mediaagv f a l -  

oata L. and Medieago media P e r s .  They conc luded  

that  genotypic  v a r i a t i o n  was p r edominan t l y  add i t ive ,  

with h e r i t a b i l i t y  of 20 p e r  cen t ,  and p r e d i c t e d  that 

m a s s  s e l e c t i o n  without addi t ional  a r t i f i c e s  i s  the mos t  

expedient  b r e e d i n g  t echn ique .  In c o n t r a s t ,  an F 3 pop-  

ulat ion of M. sat iva  (Daday 1962),  d e r i v e d  f r o m  c r o s -  

s e s  among the R a m b l e r ,  Hunter  R i v e r ,  Ha i ry  P e r u -  

v ian  and Af r i can  c u l t i v a r s ,  showed a subs tan t ia l  a -  

mount of non-add i t ive  gene t ic  e f fec t s  when ana lysed  

by the h a l f - s i b  and fu l l - s i b  method ,  and hence  f ami ly  

s e l ec t i on  was r e c o m m e n d e d .  F u r t h e r m o r e ,  H e i n r i c h s  

and Mor l ey  (1962) ana lysed  an addi t ional  moie ty  of 

t h e i r  F 3 M. y a l e a t a  • M. media breed ing  m a t e r i a l  

by the h a l f - s i b  and fu l l - s ib  method ,  and found that ,  

with one excep t ion ,  al l  g roups  of data  had a ra t io  of  

[ c o v ( F S )  - c o v ( H S ) ] / c o v ( H S )  g r e a t e r  than 1.0 thus 

d e m o n s t r a t i n g  the p r e s e n c e  of non-add i t i ve  c o m p o -  

nents  of genet ic  v a r i a t i o n .  Hence  they a lso  r e c o m -  

mended  fami ly  s e l e c t i o n  p r o c e d u r e s .  

In both the Canadian R a m b l e r  and the  A us t r a l i an  

C a n c r e e p  c u l t i v a r s ,  which w e r e  deve loped  f r o m  the 

r e s p e c t i v e  b r e e d i n g  popula t ions ,  65 p e r  cent  of the 

plants  a r e  c r e e p i n g - r o o t e d ,  and f u r t h e r  i m p r o v e m e n t  

appea r s  to be p r a c t i c a b l e .  

The a i m s  of the p r e s e n t  s e r i e s  of i nves t iga t ions  

a r e  to r e e x a m i n e  the gene t i c  v a r i a n c e  of c r e e p i n g -  

r o o t e d n e s s  in an advanced  b reed ing  populat ion and to 

i n v e s t i g a t e  the u t i l i za t ion  of g e n e r a l  and spec i f i c  c o m -  

bining ab i l i ty .  

M a t e r i a l s  and Methods 

Combining  ab i l i ty  e x p e r i m e n t s  

Six r andomly  s e l e c t e d  Fs c r e e p i n g - r o o t e d  p lan ts  de -  
scended  f r o m  the A u s t r a l i a n  b r eed ing  populat ion (Da-  
day 1962) w e r e  hand c r o s s e d  in r e c i p r o c a l  d ia l le l  c o m -  
binat ions  under  g l a s s h o u s e  cond i t ions .  The total  n u m -  
b e r  of plants  in the 28 f a m i l i e s  (6 x 5 ; two f a m i l i e s  
m i s s i n g )  was 2518. Each  fami ly  c o n s i s t e d  of a p p r o x i -  
ma te ly  90 f u l l - s i b  p lan t s ,  d i s t r i bu t ed  o v e r  four  r e p l i -  
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ca t ions .  The seed l ings  w e r e  grown in g l a s s h o u s e s  and 
t r ansp l an t ed  to the f ie ld  on 12 June  1966. The f i r s t  
advent i t ious  shoots  appea red  f r o m  c r e e p i n g - r o o t s  with-  
in s ix  months  a f t e r  t r ansp l an t a t i on .  

The plants  w e r e  s c o r e d  fo r  c r e e p i n g - r o o t e d n e s s  
v e r s u s  n o n - c r e e p i n g ;  the  f inal  s co r ing  was c a r r i e d  
out on the 1st N o v e m b e r  1967 (Daday et a l .  1974).  

B i o m e t r i c a l  methodology 

The combining  abi l i ty  ana lyses  w e r e  c a r r i e d  out a c -  
co rd ing  to Gri f f ing ( 1 9 5 6 a , b ) ,  Models  I and II.  The 
main use  of Model I was in the a s s e s s m e n t  of gene ra l  
and spec i f i c  combining  ab i l i t i e s  of each of the s ix  pa -  
r en t a l  l i n e s .  Model II was used  to obtain s o m e  ind i -  
r ec t  e s t i m a t e s  of cov(HS)  and c o v ( F S )  fo r  e s t im a t i ng  
the p ropor t i on  of the non-add i t ive  component  of the To-  
ta l  H e r e d i t a r y  V a r i a n c e  for  c o m p a r i s o n  with p r e v i o u s  
f indings on c r e e p i n g - r o o t e d n e s s  (Morley  a n d H e i n r i c h s  
1960; Daday 1962; H e i n r i c h s  and Mor ley  1962).  Al -  
though l u c e r n e  behaves  as an au to te t r ap lo id  (Twamley  
1955) p r i o r  e x p e r i e n c e  (Daday 1962; Gr i f f ing  1956a) 
has  shown that the c o v a r i a n c e s  e x t r i c a t e d  f r o m  the 
combining  abi l i ty  ana lys i s  may be  i n t e r p r e t e d  as fo l -  
lows (Kempthorne  1955) : 

I 2 (1 )  Cov(HS) = ~ eA 

2 2 1 5NA) (2) Cov(FS)  = l ( b A  + ~ 

Denoting the Total H e r e d i t a r y  Va r i ance  by r and 
i ts  addi t ive  component  by ~ ,  it is  obvious  that ~^ = 
~H - ~ is  the  o b s e r v e d  non-add i t ive  componen t .  It is  
noted that ~A = ~ only i f  at tent ion is  r e s t r i c t e d  to 
a s ing le  locus ,  e . g .  Binet  and M o r r i s  (1962) ; Binet  
(1963) ,  whe re  full b i o m e t r i c a l  exposi t ion  is  found, 
or i f  i n t e r - l o c u s - i n t e r a c t i o n  of the a l l e l e s  i s  n e g l i -  
g ib le .  This l a t e r  a s sumpt ion  is  r a r e l y  jus t i f i ed  h e n c e ,  
in o p e r a t i v e  cond i t ions ,  

^2 > ;[~ 
~NA 

Collating and rear ranging  ( I )  and (2 ) :  

^2 
CNA Cov(FS) - 2 Cov(HS) 
^2 - Cov(FS) - Cov(HS) = q 
r H 

This s t a t i s t i c  m e a s u r e s  the non-add i t ive  p ropo r t i on  
of total  gene t ic  v a r i a b i l i t y .  

In d ia l l e l  c r o s s e s  Gr i f f ing  (1956b) showed that 
^ 2  ^ 2  ^ 2  cA =2 Csc~ and ~^ =c,o~ 

1^2  
Thus Cov(HS) = ~ Vgca 

~ ~,l~~)--ov'---" ^2 1 ^2 and = r + ~ Csca 

^2 
s e a  

^2 Then q 2~ + 

gca sca 

Cov(FS) - Cov(HS) 
Cov(HS) = (1 - q ) - I  

b e c a u s e  it e x p r e s s e s  exp l ic i t ly  the non-add i t ive  c o m -  
ponent of the Total H e r e d i t a r y  V a r i a n c e .  

Resu l t s  

Combining abi l i ty  e x p e r i m e n t  

The cont r ibut ion  of the s ix  pa ren ta l  plants  to the mean 

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

f rom a r e c i p r o c a l  d ia l le l  c r o s s i n g  s y s t e m  is  p r e s e n t -  

ed in Table 1. There  w e r e  c o n s i d e r a b l e  d i f f e r e n c e s  b e -  

tween s o m e  pa ren ta l  genotypes  in t h e i r  cont r ibut ion  

to th is  i nc idence ,  genotype 93 being the bes t  c o n t r i -  

bu tor  of high f r e q u e n c i e s  of  c r e e p i n g - r o o t e d n e s s  to 

i ts  h a l f - s i b  p rogeny .  In addi t ion,  c e r t a i n  p a r t i c u l a r  

c r o s s e s  ( e . g .  97 • 15) p roduced  fu l l - s ib  f a m i l i e s  

with h igher  f r e q u e n c i e s  of c r e e p i n g - r o o t e d  plants  than 

the o ther  c r o s s e s .  The gene ra l  and spec i f i c  comb in -  

ing a b i l i t i e s ,  and r e c i p r o c a l  d i f f e r e n c e s ,  as  compon-  

ents  of o b s e r v a b l e  total  h e r e d i t a r y  v a r i a n c e  ( G r i f -  

ring 1956a ,b ) ,  all  had highly s igni f icant  mean s q u a r e s  

(Table 2),  indicat ing the p r e s e n c e  of c o n s i d e r a b l e  a -  

mounts  of both addi t ive  and non-add i t ive  gene e f fec ts  

on c r e e p i n g - r o o t e d n e s s .  

E s t i m a t e s  of the gene ra l  and spec i f i c  combin ing  

abi l i ty  e f fec t s  a r e  d i sp layed  in Table 3. 

It i s  consp icuous  that p lants  93, 8, 15 and 79, in 

that o r d e r ,  a r e  those  which show the h ighes t  pos i t i ve  

gene ra l  combin ing  a b i l i t i e s ,  the  c o r r e s p o n d i n g  e s t i -  

ma te s  fo r  p lants  13 and 97 being nega t ive .  

Speci f ic  combining  abi l i ty  e f fec t s  w e r e  a lso  s ign i -  

f icant ly  b e t t e r  in s o m e  c r o s s e s  ( e . g ,  97 x 15) than 

in o t h e r s .  

Table 1. Mean p e r c e n t a g e  of c r e e p i n g - r o o t e d  plants  in 
the F6 genera t ion  

P a r e n t s  97 8 13 15 93 79 Mean 

97 74 .1  80 .0  94.9  77 .8  76.1  80.6 
8 76 .0*  84.6 94 .0  96.4  88.6 87.9 

13 57.8  77.7  67.3 69.9  72 .4*  69.0  
15 87.7 93.9 70 .0  89.7  83.9 85.0  
93 98.7 94.8  82.6 87 .0  90.8  90.8  
79 91.8 94.2  74 .3  88.4 94.0  88.5 
Mean 82.4 86.8  78 .3  86 .3  85.6  82.4 83.6  

It i s  submi t t ed  that th is  s t a t i s t i c  i s  a m o r e  expedient  * E s t i m a t e  of m i s s i n g  va lues  equal  r e c i p r o c a l  plus 
ind ica to r  than the conven t iona l :  m a t e r n a l  effect  
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T a b l e  2.  G e n e r a l  a n d  s p e c i f i c  c o m b i n i n g  a b i l i t y  a n a l y s i s  f o r  c r e e p i n g - r o o t e d  p e r c e n t a g e s  

M e a n  S o u r c e  D . F .  
S q u a r e s  

Expected Mean Squares 

M o d e l  I M o d e l  II 

c o m b i n i n g  5 3 6 6 . 3 6  * ~  ~ . 0 5 2  v2 + v + 8 2 0 . 0 5 2  c2 
a b i l i t y  ( g . c . a . )  e ~ gh  e 

h 
Specific ~-~,~ 
combining 9 58.08 ~ 0.052 2 + a2 + 2 2 0.052 2 

e i ~ Shj e 
a b i l i t y  ( s . c . a . )  h < j  

Reciprocal i2 i_% ~,~-~r 2 2 
effect 13 58.88 ~ 0.052 2+ v + e hj 0.052 Se 

h<j 
Block • 2 2 2 
Family 81 17.14 0.052 ~ + ~. 0.052 

e 1 e 

2 2 
E r r o r  2407 1 2 . 1 4  o 

e e 

J + + 2~ 2 + 12o 2 
I r g 

J + + 2~ 2 
1 r 

+ a. 2 + 2~ 2 
1 r 

2 
+ ~ .  

I 

Components of variance 

g . c . a .  3 8 . 5 4  
s . c . a .  2 0 . 4 7  
R e c i p r o c a l  2 0 . 8 7  
B l o c k  • f a m i l y  1 6 . 5 1  

~ *  P < 0 . 0 0 1 ;  ~*~ P < 0 . 0 1 ;  
7#0 .052  i s  t h e  i n v e r s e  of  t h e  h a r m o n i c  m e a n  of  t h e  n u m b e r  of  p l a n t s  p e r  p lo t  

Reverting our attention to Table 2 it seems infor- 

mative to partition the "Sums of Squares" on which 

those variance components are based. All the three 

genetic variance components are partitioned to as- 

certain each parental plant's contribution. Table 4 

summarises the operatively effective conclusion to 

be drawn from the data, viz. the individual worth of 

the parents and the favourable and unfavourable mat- 

ings. 

The low average specific combining ability vari- 

ance associated with genotype 93 indicates that geno- 

type 93 uniformly transmits its high creeping-rooted 

ability to all of its progenies, whereas the high spe- 

cific combining ability variance associated with geno- 

Table 3. Estimates of general (gi) and specific (sij) combining ability effects 

IJ ^ 

Parents gi Order 
97 8 13 15 93 79 of  _ Ri 

97 - 1 0 . 6 3 0 0  0 . 4 3 2 5  7 , 8 0 7 5  1 . 6 4 5 0  0 . 7 4 5 0  - 2 . 6 9 5 0  5 
8 5 . 2 5 7 5  3 , 0 3 2 5  1 . 5 7 0 0  0 . 7 7 0 0  4 . 7 2 9 0  2 

13 - 5 . 0 5 5 0  - 0 . 5 6 7 5  - 0 . 0 6 7 5  - 1 2 . 4 8 3 0  6 
15 - 3 . 4 9 2 5  - 2 . 2 9 2 5  2 . 5 4 2 0  3 
93 0 . 8 4 5 0  5 . 6 5 4 0  1 
79 2 . 2 5 4 0  4 

L e a s t  S i g n i f i c a n t  D i f f e r e n c e s  
^ ^ 

s i j  - Sik  7 , 1 2  

~ ^ 5 . 8 7  ^i  3 - Skl 
gi - gj 4 . 1 2  

i ~j,k; j #k 

i #j,k,1, j #k,l; k #I 
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Table 4. E s t i m a t e s  of gene ra l  and spec i f i c  combin ing  
abi l i ty  and r e c i p r o c a l  v a r i a n c e s  a s s o c i a t e d  with each 
paren t  and e s t i m a t e s  of the env i ronmen ta l  v a r i a n c e s  
on individual  ( $~ ) and mean  b a s e s  (~2) for  c r e e p i n g -  
root  

~2 ^ 2 ^ 2 -+ Indv. Mean 
P a r  ent g t ~s ~ Cr 
No.  Bas i s  Mas i s  

~2 ~2 
e 

97 5.914 39.494 94.24 
8 21.476 33.367 - 1 . 3 0 "  

13 154.478 8.571 51.042 
15 5.113 23.434 - 2 . 1 7 "  
93 30.619 - 0 . 2 5 5 "  31.68 
79 3.732 - 3 . 0 7 6 "  17.60 

1132.20 12.14 

* A nega t ive  va lue  i m p l i e s  a z e r o  o r  s m a l l  v a r i a n c e  

type 15 ind ica t e s  that t h e r e  a r e  spec i f i c  combina t ions  

of genotype 15 with o the r  genotypes  with h ighe r  f r e -  

quenc ies  than would be expec ted  ( e . g .  97 x 15) and 

o the r  combina t ions  with much lower  f r e q u e n c i e s  ( e .  

g.  13 • 15) than expec t ed .  F o r  t h e s e  r e a s o n s  geno-  

type 93 is  p robab ly  s u p e r i o r  to 15 fo r  inc lus ion  i n t h e  

product ion  of a synthe t ic  c u l t i v a r ,  and genotype 15 is  

p robably  s u p e r i o r  to 93 if spec i f i c  high c r e e p i n g - r o o t -  

ed combina t ions  a r e  r e q u i r e d .  

D i scus s ion  

Gene t ic  a spec t s  

Having e s t ab l i shed  the p r e s e n c e  of s igni f icant  addi-  

t i ve  and non-add i t ive  gene e f fec t s  f rom the ana lys i s  

of gene ra l  and spec i f i c  combining  abi l i ty  v a r i a n c e s  

( q . v .  Table 2),  we can co l l a t e  the f indings of Mor ley  

and H e i n r i c h s  (1960) ; H e i n r i c h s  and Mor ley  (1962) ; 

Daday (1962) and our  p r e sen t  f indings in Table 5. 

This tab le  shows ,  in con t r a s t  to the finding of 

Mor l ey  and H e i n r i c h s  (1960) ,  that r e s u l t s  r e p o r t e d  

by Daday (1962) ,  H e i n r i c h s  and Mor l ey  (1962) ,  and 

a lso  our  c u r r e n t  inves t iga t ion  ind ica te  the p r e s e n c e  

of subs tan t ia l  gene t ic  v a r i a n c e  componen t ,  due to 

non-add i t i ve  gene e f f ec t s ,  account ing fo r  the i m p o r -  

tant spec i f i c  combining  ab i l i t i e s  (q.  v .  Tables  2 and 3 ) .  

Husbandry  and b reed ing  a spec t s  

The present investigation was conducted under spaced 

plant conditions but previous results (Daday et al. 

1974) confirmed that creeping-rootedness was also 

expressed under row sward conditions. Creeping- 

Table 5. Summary of genetic analyses of creeping-rootedness 

Source  M&H; '60  D ; ' 6 2  H&M; '62  H&M; '62  H&M; '62  H&M; '62  H&M; '62  H&M; '62  D . G . B . ' 7 1  

Y e a r  of 1950 1961 1951 1952 1952 1951 1952 1952 1967" 
Exp.  

Feature Score Score Score Score Class Score Class Score Class 
C ov(FS)  0 .153 0.206 0.074 0.276 0 .032 0.196 0.039 0.405 43.63 
Cov(HS) 0.091 0.038 0.047 0.131 0.014 0.081 0.019 0.169 19.27 
( l - q )  -~  0.6813 4.4211 0.5745 1.1069 1.2857 1.4198 1.0526 1.3969 1.2644 
q < 0 0.7738 < 0  0.0966 0.2222 0.2957 0.0499 0.1839 0.2089 

2 2 2 2 2 
CNA = CH - CA = CDominance + CEpis tas is  

^2 
CH Cov(FS) - Cov(HS) 

'~l-q'-I = ~ = Cov(HS) 

eA 

^2 
~NA Cov(FS) - 2 Cov(HS) q_-~ = 
^2 Cov(FS) - Cov(HS) 
CH 

M&H = Morley and Heinrichs; H&M = Heinrichs and Morley; D = Daday; D.G.B. = Daday, Grassia and Binet 
* Cov(FS) and Cov(HS) were calculated from mean cross-products in each analysis except the present one, 
where they were calculated from the components of variance for specific and general combining ability. 
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r o o t e d n e s s  was s ign i f i can t ly  c o r r e l a t e d  with s u r v i v a l  

in l u c e r n e  (Daday 1967) under  spaced  plant cond i -  

t i ons .  Plant  husbandry  p r a c t i c e s  fo r  op t imal  u t i l i z a -  

t ion of the gene t ic  s u b s t r a t e  w e r e  d i s c u s s e d ,  and 

might  war ran t  f u r t h e r  a g r o n o m i c a l  i n v e s t i g a t i o n s .  

Attent ion was given to fo rage  product ion  of c r e e p -  

i n g - r o o t e d  l u c e r n e  and Lutz (1970) found that  t h e f o r -  

age produc t ion  of Hunte r  R i v e r  Ca local  c u l t i v a r )  is  

s u p e r i o r  to that of C a n c r e e p  ( c r e e p i n g - r o o t e d  c u l -  

t i v a r ) .  In c o n t r a s t ,  Daday et a l .  (1974) d e m o n s t r a t e d  

that no s igni f icant  d i f f e r e n c e  ex i s t s  be tween f o r a g e  

produc t ion  of C a n c r e e p  and Hunte r  R i v e r .  

It is  conc luded  that convent ional  m a s s  s e l e c t i o n  

(by " t r unca t i on"  on individual  p e r f o r m a n c e  only) is  

not adequa te ly  ef f ic ient  as it can not ful ly u t i l i z e  the  

ava i l ab le  gene t ic  v a r i a t i o n .  As we have  p r e s e n t e d  

c o n c l u s i v e  p roof  of the p r e s e n c e  of subs tan t ia l  non-  

addi t ive  componen t ,  we a s s e r t  that to avoid u n d e s i r -  

ab le  " p l a t e a u i n g " ,  jud ic ieous  combina t ions  of f ami ly  

s e l e c t i o n  with a p p r o p r i a t e  r e f i n e m e n t s  ( e . g .  r e c i -  

p r o c a l  r e c u r r e n t  s e l ec t i on )  s e e m s  to be a d v i s a b l e .  

Substant ia l  hybr id  v i g o r  e x i s t s  (at  l eas t  po ten t ia l ly )  

in the c u l t i v a r  we i n v e s t i g a t e d .  Although u t i l i za t ion  

of h e t e r o s i s  for  f o r a g e  product ion  (Tysdal et a l .  1942) 

in l u c e r n e  was c o n s i d e r e d ,  t h e r e  w e r e  s e v e r a l  p r o b -  

l e m s  such as clonal propagation~ self fertilization 

(Hanson et al. 1964), effect of environmental factors 

on self-compatibility (Dane and Malton 1973), which 

may be further investigated before a heterosis pro- 

gramme is undertaken. 
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