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Simulation of Quantitative Characters from 
Qualitatively Acting Genes 1 

I I .  O r t h o g o n a l  S u b d i v i s i o n  o f  H e r e d i t a r y  V a r i a n c e  i n  t w o - l o c u s  G e n e t i c  S y s t e m s  

S.  J A N A  

Crop Science D e p a r t m e n t ,  U n i v e r s i t y  of Sa ska t c he w a n ,  S a s k a t o o n  (Canada)  

S u m m a r y .  The phenotypes associated with the nine genotypes in a quant i ta t ive  genetic system consisting of two 
loci, each having two alleles can be described in terms of nine parameters,  giving a system of nine linear equations. 
Populations with desired magnitudes and known nature of intra-  and interlocus interactions are obtained by  the use 
of this linear combination model. The to ta l  sums of squares for genotypes in these populat ions are par t i t ioned into 
orthogonal components denoting addit ive and dominance effects of the two loci and the four types of nonallelic inter- 
actions between them. In  most  cases, the relat ive magnitudes of dominance and epistatic variances are found to be 
considerably smaller than the actual  proport ions of these genetic effects. Duplicate interaction produces larger epi- 
stat ic variance than complementary  type  of gene interaction. At  the higher levels of epistasis, dominant  epistasis 
yields much larger epistat ic variance than recessive epistasis. No epistat ic  variance is produced in the absence of 
epistat ic effects. But, appreciable contributions of addit ive and dominance gene actions to the to ta l  genotypic va- 
r iabi l i ty  are obtained even in the complete absence of these effects, if addit ive • dominance and dominance • domin- 
ance epistatic effects, respectively, are present.  I t  is concluded tha t  in elucidating the nature of gene action in 
simplified genetic systems, the est imates of first degree parameters  obtained from the linear combinat ion model are 
more useful than the orthogonal components of genotypic sum of squares. 

Th rough  a series of e legan t  e x p e r i m e n t s  T h o d a y  
and  his col leagues ( t96t  and  la ter )  have  d e m o n s t r a t e d  
t h a t  a t  leas t  some of the  po lygenes  con t ro l l ing  me-  
t r i ca l  cha rac t e r s  in o rgan i sms  can be l oca t ed  wi th  
suff ic ient  accu racy  and  the i r  i n d i v i d u a l  effects  can be 
recognized.  The  resul t s  of severa l  o the r  i nves t i ga t i ons  
(see S tewar t ,  1969 for a review) s t r eng then  the  asser-  
t ion  t h a t  con t inuous  v a r i a t i o n  in q u a n t i t a t i v e l y  in-  
he r i t ed  cha rac t e r s  m a y  of ten  be con t ro l l ed  b y  on ly  a 
few gene loci. These  d iscover ies  po in t  out  the  far  
r each ing  imp l i ca t i ons  of b i o m e t r i c a l  ana lys i s  w i th  
loca tab le  po lygenes  in e luc ida t ing  our  knowledge  of 
q u a n t i t a t i v e  gene t ic  sys tems .  

Conven t iona l  b i o m e t r i c a l  ana lys i s  of a s impl i f ied  
two- locus  gene t ic  sy s t em was r e p o r t e d  b y  Fasou la s  
and  A l l a r d  (1962). T h e y  used  a f ac to r i a l  gene t ic  
mode l  g iven  in Cockerham (t954) for p a r t i t i o n i n g  the  
t o t a l  geno typ i c  sum of squares  in to  o r thogona l  com- 
ponen t s  spec i fy ing  add i t i ve ,  d o m i n a n c e  and  ep i s t a t i e  
gene act ions .  Since then  severa l  o the r  s tudies  on 
two-  or th ree - locus  genet ic  sys t ems  have  been pub l i sh -  
ed where  o r thogona l  scales were used to  s e p a r a t e  
add i t i ve ,  dominance  and  ep i s t a t i c  va r i ances  (Lee, 
Cockerham and  Smi th ,  1968; Russel l  and  E b e r h a r t ,  
t970 ;  Russel l ,  1971 ; v o n  der  Pah len  and  Goldenberg ,  
t 9 7 t  and  Wi l son  and  Lee,  t971).  O r t h o g o n a l i t y  has  
the  a p p e a l  to  t he  users  of second degree  s t a t i s t i c s  
because  of the  des i rab le  m a t h e m a t i c a l  p roper t i e s .  
Howeve r ,  t he  e s t i m a t e s  of the  f i rs t  degree  p a r a -  
me te r s  r evea l  t h a t  in all  the  six s tud ies  rev iewed  
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above,  the  r e l a t ive  role of a d d i t i v e  gene ac t ion  t ends  
to  be in f l a t ed  and  t h a t  of dominance  and  ep is tas i s  
de f l a t ed  ( Jana ,  197t ;  and  J a n a ,  in press) .  An  im- 
p o r t a n t  po in t  never  seems to have  been  m a d e  is t h a t  
r e s t r i c t i ng  our  choice to  o r thogona l  scales is mere-  
ly  a m a t h e m a t i c a l  convenience ,  which  needs  to  be exa-  
m i n e d  f rom biologica l  cons idera t ions .  This  p a p e r  
p u r p o r t s  to  examine  the  consequences  of a p p l y i n g  
Cocke rham ' s  (t954) o r thogona l  scales to  e s t i m a t e  
c ompone n t s  of genet ic  v a r i a t i o n  in two locus gene t ic  
sys t ems  wi th  b io log ica l ly  i n t e r p r e t a b l e  in te r locus  
in t e rac t ions .  

M o d e l s  a n d  M e t h o d s  

The phenotypic  values associated with the nine geno- 
types obtained by  al l  combinations of a pair  of alleles 
(I- i  and J- j )  at each of the i th  and j t h  loci can be con- 
venient ly expressed in the form of a 9•  9 coefficient 
matr ix  and a 9-space parameter  vector as follows (Seyffert, 

966) : 
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where 22, 21, . . . , O0 are phenotypic  values corresponding 
to I I J J ,  I I J j  . . . . .  {ij j  genotypes, respectively, and the 
parameters  are described as, 

ai = addit ive effect of I / i  
a i = addit ive effect of J / j  
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di = dominance effect of I / i  
d i = dominance effect of j / j  
aa i i  ~ interaction between ai and a i 
ad i i  = interaction between ai and d i 
da i i  = interaction between di and a i 
dd i i  = interaction between di and d i 
Y = effect of residual genotype and 

environment 

The relationships among the first eight parameters 
giving various classical gene interactions are (Jana, 1971) : 

Classical 
Relationship among parameters epistasis F 2 ratio 

ai = di, aj  = d b aa i f  = adi ~ = dai I = ddi  j 9 : 3  : 3 : t 
ai = di = a I = d~ = aai ~ ~ a d i j  = dai1 = ddi j Complementary 9:7 
ai = di =/= d 1, a I ~ dj = aai j ~ adi  ~ ~ dai j = ddi  ~ Recessive 

epistasis 9 : 3 : 4 
a i =  di ~ a j  = d ~ =  - -  aa i i  = - - a d i j  = - - d a i j  ~ Duplicate 15:1 [B] 

- -  ddi  1 
a~ = d i  =/: d i, a~ ~ d I = - -  aai t ~ - -  adi ~= Dominant  

= - -  dai ~ = - -  ddi ~ epistasis 12: 3 : 1 
ai = di = - -  aj = - -  d t = aai ~ = adi J-= dai J = ddi l Inhibi tory t3:3  

By the use of the coefficient matrix in [A] it is possible 
to simulate two-locus quant i ta t ive genetic systems with 
desired amounts of additive, dominance and epistatic 
effects. The relationships in [B~ can be used to produce 
such genetic systems which are characterized by classically 
interpretable nonallelic interactions. 

The parameter Y in ~A3 is defined as the effect due to 
environment and the genotype excluding the i th and j t h  
loci. The residual genotype provides the common genetic 
background in which the phenotypic difference among the 
nine genotypes a t  the i th and j t h  loci are considered. 
Hence. the results of the present investigations are in- 
dependent of the sign and magnitude of Y. 

The eight parameters in [B] are at t r ibuted to the genetic ai 30.0 
effects of I / i  and J / j .  The size of a parameter measures ai 20.0 
the relevant effect as deviation from Y, either in positive di 30.0 
or negative direction. The sum of the absolute values of di 20.0 
the eight parameters is described as the total  genetic aai i  0 .0  
effect. The absolute value of a parameter,  expressed as adi i  0 .0  
percentage of the total  genetic effect, is considered as dai i  0 .0  
a reliable estimate of the relative magnitude of the effect ddi j  o .0  
specified by the parameter.  Additive 50.0 

The nine genotypes produced by all possible combi- Dominance 50.0 
nations of two pairs of genes, I - i  and J - j ,  provide a situ- Epistasis 0.0 
ation analogous to a two-factor experiment with three i / a  0 .0  
equispaced quant i ta t ive levels. Hence, the main effects 
of I / i  and J / j  can be subdivided into linear and quadratic 
orthogonal comparisons, which are equivalent to additive 
and dominance effects, respectively, in genetic termino- 
logy. Cockerham (1954) proposed four orthogonal sub- 
divisions of the interaction effect. Applied to the nine 
genotypes in the above two-locus model, Cockerham's 
orthogonal scales have the following form: 

22 2t 20 12 11 t0 02 01 00 

ai ~ 1 1 1 o o o - 1  - 1  - 1  

a i  ~ 1 0 --1 1 0 - 1  1 0 - 1  
di ~ t t 1 - 2  - 2  - 2  t I 1 
d i ~ 1 - 2  t 1 - 2  1 1 - 2  1 
aa i i  ~ 1 0 - t  0 0 0 - 1  0 1 [C] 
adi i  ~ 1 - 2  1 0 0 0 - 1  2 - 1  
d a i j  ~ 1 0 - 1  - 2  0 2 I 0 - 1  
d d i i  ~ 1 - 2  1 - 2  4 - 2  1 - 2  1 

Since the above contrasts are mutually orthogonal, the 
sum of squares due to genotypes can be subdivided into 

contrast is given by 

SSc~  - -  C~ k =  t , 2 , . . . , 8  

c- 2 l =  1 , 2  . . . . .  9 

where clk is the coefficient of the lth genotype and nl is 
the number of individuals giving the mean phenotypic 
value of the /th genotype. In the present studies on 
simulated populations nl's are always t00. The relative 
magnitudes of additive, dominance and epistatic vari- 

ances are determined as the percen- 
tage of total  sum of squares for 
genotypes. 

Results  

a)  C o m p l e t e  d o m i n a n c e  p r o d u c i n g  

the  9 : 3 : 3 : 1  r a t i o  i n  the  F~ 

Table  I conta ins  the  propor-  
t ions of addi t ive ,  dominance  and 
epis ta t ic  effects in two-locus ge- 
net ic  sys tems wi th  comple te  do- 
minance  and equal  magn i tudes  

of in te rac t ion  effects as in the  first  group in [B]. The  
resul ts  of fac tor ia l  genet ic  analysis  of the  popula t ions  
s imula ted  f rom these propor t ions  of genet ic  effects  
are g iven in Table  2. W h e n  epistasis  is absent ,  75% 

Table 1. Genet ic  effects a t t r ibu ted  to the i th a n d  j t h  loci 
g i v i n g  the 9 : 3 : 3 : 1  rat io i n  the F 2 genera t ion .  T h e  total 
addi t ive ,  d o m i n a n c e  a n d  ep is ta t ic  ef fects  are expres sed  as 

percentage o f  the total genet ic  ef fect  

Effect (I) (II) (In) (IV) (V) (VI) (VII) 

25.0 25.0 22.2 15.0 10.0 3.0 
20.0 15.0 11 .1  10.0 5.0 2.0 
25.0 25.0 22.2 15.0 I0.0 3.0 
20.0 t5.0 11 .1  10.0 5.0 2.0 

2.5 5.0 8.3 12.5 t7.5 22.5 
2.5 5.0 8.3 12.5 17.5 22.5 
2.5 5.0 8.3 12.5 17.5 22.5 
2.5 5.0 8,.3 12.5 17.5 22.5 

45.0 40.0 33.3 25.0 15.0 5.0 
45.O 40.0 33.3 25.0 15.0 5.0 
10.0 20.0 33,3 50.0 70.0 90.0 
0.2 0.5 1.0 2.0 4.7 18.0 

i = ]aa d + ]adii[ + dai/[ + Iddii[ 
a = [ai] + ] a i l  

Table 2. S u m s  o f  squares  f o r  or thogonal  c o m p a r i s o n s  ex-  
pressed  i n  percen t  o f  the total geno typ i c  s u m  o f  squares  i n  
seven  r e la t i o n sh ip s  described i n  Table  t .  V ~ / V A  is 0 .333  

i n  all cases 

Comparison (I) (II) (lII) (IV) (V) (V]) (VU) 

ai 5t.9 45.2 52.7 53.3 39.0 29.4 12.7 
a~ 23.1 29.4 20.6 16.4 21.3 13.7 t0,4 
di 17.3 15 .1  17.6 17.8 13.0 9.8 4,2 
dj 7.7 9.8 6.9 5.5 7.t 4.6 3,4 
aaig 0.0 0.3 t.2 3.9 11.0 23.9 38.9 
adi~. 0.0 0.1 0.4 1.3 3.7 8.0 13.0 
d a i j  0.0 0.1 0.4 1.3 3.7 8.0 13.O 
dd~1 0.0 0.0 0.2 0.4 1.2 2.7 4.3 
Additive 75.0 74.6 73.3 69.7 60.3 43.1 23.1 
Dominance 25.0 24.9 24.5 23.3 20.1 14.4 7.7 
Epistasis 0.0 0.5 2.2 7.0 19.6 42.5 69.2 

eight orthogonal components. Let  C~ be the kth ortho- V I / V a  0.0 0.01 0.03 0.10 0.33 0.99 2.99 
tona l  contrast in [C], then the sum of squares for that  _ _ 
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of the total gene controlled variability is attributed 
to additive effects and 25% to dominance deviations. 
The average degree of dominance expressed as the 
ratio of total dominance variance and total addi- 
tive variance I(VD/VA) is t/3. As long as dominance 
is complete (a i = di and aj = di), the dominance 
ratio remains unchanged irrespective of the magni- 
tude and nature of epistasis. Although with an 
increase in the values of epistatic parameters an 
increasing role for epistatic variance is revealed, the 
contribution of epistasis to the total variability among 
genotypes is always less than the actual amount of 
epistasis present. Like VD/VA, the ratio between total 
interaction variance and additive genetic variance 
(VI /VA)  is a measure of the average nonallelic inter- 
actions. Since VD/V a is constant (.333), the inter- 
action ratio increases with the increase in the amount 
of epistasis. I t  may be pointed out here that  all 
effects in Table I are considered as positive deviations 
from Y. A change in the direction of effect will alter 
the results in Table 2 as the phenotypic differences 
associated with the nine genotypes will be different. 
For example, if the interaction terms are negative, an 
increased role for epistatic variance will be detected. 

inflated role for additive gene action. The overesti- 
mation is caused at the expense of both dominance 
and epistasis in complementary and inhibitory systems. 
With duplicate interaction 50% of the genotypic 
variance is attributed to epistasis which is same as the 
relative magnitude of the first degree epistatic para- 
meters. 

c) Recessive and dominant  epistasis 

When dominance of the i th and ]th loci are not 
equal, the complementary interaction breaks down 
to recessive epistasis. The extent of nonallelic inter- 
action would then depend on the size of d i. I t  is 
then theoretically possible to have more than 50% 
epistasis (limit 66,6%). Table 4 contains proportions 
of the eight genetic parameters at various levels of 
dominance at the j th locus. Considering positive d i 
and d i, populations are simulated and the components 
of genetic variance in such populations are presented 
in Table 5. As before, the components of variance 
show diminished roles for dominance and epistasis. 
The average degree of interaction measured as Vr /Va  
increases steadily with the increase in epistasis as the 
variance ratio VD/Va is always t/3. 

b) Complementary,  duplicate and inhibitory interactions 

I t  is evident from the relationships in [B] that  
epistasis, dominance and additive effects constitute 

Table 4. Genetic effects attributed to the ith and jth loci 
with recessive epistasis. The total additive, dominance and 
epistatic effects are expressed as percentage of the total 

50%, 25% and 25% of the total genetic effect, re- E ffec~ - -  
spectively, in genetic systems characterized by above 
three types of classical interactions. The orthogonal ar 
subdivisions of the genotypic s.um of squares reveal ai 
no change in the degree of dominance (VD/VA = t/3), d~ 
but the relative contributions of interaction compo- di 

aai  i 
nents are different for the three types of epistasis adii 
(Table 3). Since definite relationships among the daii 

genetic effect 

(I) (II) (ni) (IV) (v) (vi) (vii) 

eight parameters exist for a n y  of the three classical 
interactions, a change in the direction of an effect 
does not affect the results given in Table 3- In all the 
three cases the variance components indicate an 

Table 3. Genetic effects with classical interactions and 
sums of squares due to orthogonal comparison expressed in 
percent of total sum of squares for genotypes. VD/VA is 0.33 

Effect 

42.50 35.00 25.00 14.00 5.00 1.85 
2.50 5.00 8.33 12.O0 t5.00 16.05 

42.50 35.00 25.00 14.00 5.00 1.85 
2.50 5.OO 8.33 12.00 t5.00 16.05 
2.50 5.00 8.33 12.00 15.O0 16.05 
2.50 5.OO 8.33 12.00 15.O0 16.05 
2.50 5 .00 8.33 12.00 15.O0 16.05 

ddii 2.50 5.00 8.33 12.o0 t5.00 16.o5 
Additive 45.00 40. 0033.33 26.00 20.00 t7.90 
Dominance 45.00 40.00 33.33 26.00 20.00 t7.90 
Epistasis 10.00 20.00 33.33 48.00 60.O0 64.2O 
i/a O.22 0.50 1.O0 1.85 3.00 3.59 

i : [aaiil + la&l[ + ]daii[ + ]ddiil 
a = lad + lail 

0.50 
16.50 
0.50 

16.5o 
16.50 
16.50 
16.5o 
16.5o 
17.00 
17.00 
66.00 

3.88 

ai t2.5 30.00 t8.75 42.86 
a i 12.5 30.00 t8.75 tO.7t 
di 12.5 10.00 6.25 14.29 
d i 12.5 10.00 6.25 3.57 
aaii 12.5 tl.25 28.13 16.07 
adii 12.5 3.75 9.37 5.36 
daii 12.5 3.75 9.37 5.36 
ddi: t2.5 1.25 3.12 1.79 
Additive 25.0 60.00 37.50 53.57 
Dominance 25.0 20.00 12.5o t 7.86 
Epistasis 50.0 20.00 5 0 . 0 0  28.57 
i/a or VI/VA 2.0 0.33 1.33 0.53 

ai 74.34 71.46 60.48 34.32 10.71 5 .26 3.54 
a i 0.44 2.36 9.68 27.I2 42.86 46.49 47.64 
di 24.78 23.82 20.16 11.44 3.57 1 .75 1.18 
d i o.15 0.78 3.26 9.04 14.29 15.5o 15.88 
aaii 0.16 0.88 3.63 10.17 16.07 17.44 17.86 
adii 0.06 0.29 1.21 3 .39  5 .36 5.81 5.96 
daii 0.06 0.29 1.2t 3.39 5 .36 5.81 5.96 
dd~ i 0.02 0.1o 0.40 1.13 1 .78 1 .94 1.98 
Additive 74.78 73.82 70,16 61.44 53.57 51.75 51.t8 
Dominance 24.93 24.06 23,39 20.48 17.86 17.25 17.06 
Epistasis 0.29 1.56 6.45 18.08 28.57 31.00 31.76 
VI/VA 0.004 0.021 O.O92 0.294 0.533 0.599 0.621 

in all cases Table 5. Sums of squares for orthogonat comparisons ex- 
__  pressed in percent of total genotypic sum of squares in 

Variance for the effect genetic systems with recessive epistasis given in Table 4. In  
Absolute all cases VD/VA ratio is 0.333 
value of the Comple- Dupli-  Inhibitory 
effect mentary cate Comparison (I) (II) (III) (IV) (V) (VI) (VII) 
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Duplicate gene interaction reduces to dominant  
epistasis if di 4= d i. The proportions given in Table 4 
can be used to simulate genetic systems with domi- 
nant  epistasis when the signs of aa~i, adii, dai i and 
dd~i are opposite to tha t  of d i. Lett ing di and d i po- 
sitive and interactions negative, populations with 
three phenotypes of dominant  epistatic systems are 
produced. The orthogonal subdivisions of the geno- 
typic sums of squares in these populations are pre- 
sented in Table 6. I t  is evident from the results tha t  
at a low level of epistasis, there is no difference be- 
tween recessive and dominant  epistasis with regard to 
the relative contributions of various gene actions. 
This is expected, because at the lower levels of epi- 
stasis either system approximates  complete domi- 
nance with no epistasis described in Table t column 
(I). The differences, however, become obvious at  the 
higher levels of epistasis. At these levels dominant  
epistasis yields larger epistatic variance than reces- 
sive epistasis. When total  epistatic effect is about  
60%, the components of genetic variance method 
at t r ibutes  a larger relative role to epistasis. With still 
larger epistasis, little or no difference between the 
relative magni tude of total  epistatic effect and epi- 
static variance is detected. The corresponding vari- 
ance component  with recessive epistasis is one-half 
of the former. These differences are reflected in the 
interaction variance ratios (V1/VA) as VD/VA is 
constant (t/3). An interesting feature of the results 
given in Table 6, column (V) is tha t  although there 
are 5% additive and 5% dominance effect of the i th 
locus, the sums of squares for these two effects are 
zero. Such results readily lead to the erroneous con- 
clusion tha t  additive and dominance gene actions are 
absent at this Iocus. 

Table 6. Sums of squares for orthogonal comparisons ex- 
pressed in percent of total genotypic sum of squares in 
genetic systems with dominant epistasis derived from the 
relationship given in Table 4 by setting all interactions 

negative. In  all cases VD/VA ratio is 0.333 

Comparison (I) (II) (III) (IV) (V) (VI) (VII) 

ai 74.64 72.81 63.16 25.68 0.00 2.58 4.83 
a i 0.12 0.73 3-95 16.44 25.00 24.14 23.39 
di 24.88 24.27 2t.05 8.56 0.00 0.86 1.61 
dj 0.04 0.24 1.32 5.48 8.33 8.05 7.80 
aaii 0.18 1.09 5.92 24.66 37.50 36.21 35.08 
adii 0.06 0.36 1.97 8.22 12.50 t2.07 tt.69 
da~ i O.O6 O.36 t.97 8.22 12.50 12.07 1t.69 
ddii 0.02 0.12 0.66 2.74 4.17 4.02 3.90 
Additive 74.76 73.54 67.t0 42.12 25.00 26.72 28.22 
Dominance 24.92 24,51 22.37 t4.04 8.33 8,91 9.41 
Epistasis 0.32 1.94 10.52 43.84 66.67 64.37 62.37 
VI/VA 0.004 0.026 0.157 1.041 2.667 2.409 2.210 

The above results (Table 6) are produced by  con- 
sidering dominance effects of both loci in the positive 
direction. The general trend remains unchanged when 
either d~ or d i is negative. If d i is negative and d i po- 
sitive, a slightly larger est imate of epistatic variance 

is obtained with recessive epistasis. Under similar 
conditions dominant  epistatic system has a smaller 
epistatic variance than when both d~ and d i are po- 
sitive. However, the reduction is so small at higher 
degrees of epistasis tha t  the relative magnitude of 
epistatic variance for dominant  epistasis is still con- 
siderably larger than  tha t  for the former. 

d) No dominance, partial dominance 
and overdominance 

The classical interactions dealt with in the previous 
sections are defined under the condition of complete 
dominance. The departure from complete dominances 
opens numerous possible relationships among the 
genetic parameters  even when aa~i ~- adii = da~i = 
= ddi# The factorial genetic analysis of some of the 
relationships given in Table 7 are considered mean- 
ingful in the present context.  I t  can be seen tha t  
incomplete dominance generally leads to a larger re- 
duction in epistatic variance than  overdominance. 
Clear cases of overdominance m a y  not be reflected in 
the variance ratio (VD/V,4) because of the inflated 
role for additive effects. On the other hand, the ab- 
sence of dominance of either or both loci does not 
yield a zero variance for the effects if ddii has a non- 
zero value. Similarly, if ad~i =4= 0 and da~i =~ O, there 
is additive variance at the i th and ]th loci, respecti- 
vely, even in the complete absence of additive gene 
action. The discrepant results are due to the differ- 
ences between the orthogonal comparisons in EBl 
specifying additive and dominance effects and the 
unique solutions far the first degree parameters  
derived from [AJ (given in Jana,  1971). The additive 
effects, a,. and a i have nonzero coefficients for the 
single heterozygotes in EBI, which are absent in the 
unique solutions. The inclusion of the single hete- 
rozygotes in the additive comparisons leads to the con- 
tr ibution of adij and da~j to the variances for a~ and ai, 
respectively. The additional nonzero coefficient (--2) 
for the double heterozygote in the dominance com- 
parisons in [B l results in an equal contribution of 
ddij gene action to variances due to d i and d i. 

No variat ion due to any of the epistatic gene actions 
is produced if the value for the effect in [A 1 is zero. 
The reason for the coincidence can be found in the 
similarity of the coefficients of the nine genotypes for 
the four epistatic effects in [B~ and the unique solu- 
tions of the linear equations given in J a n a  (t971). 

D i s c u s s i o n  

A var ie ty  of biometrical methods are available for 
the genetic analysis of metrical traits.  Most of these 
techniques are based on the implicit assumption tha t  
the continuous variations in quant i ta t ively  inherited 
characters are mediated by  a large number  of genes, 
each having such a small effect tha t  they can only be 
studied en masse, in terms of average effects of genes 
or groups of genes, often referred to as the effective 
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Table 7. Genetic effects attributed to the ith and jth loci with incomplete dominance and various degrees of nonallelic inter- 
actions (Column a) and the sums of squares for orthogonal comparisons expressed in percent of total genotypic sum of squares 

(Column b) 

Effect (I) (II) (III) (IV) (V) (VI) 

a b a b a b a b a b a b 

ai 0.00 0.22 50.00 72.07 0.00 5.91 12.50 34.28 30.00 58.86 20.00 41.69 
a i 0.00 0.22 30.OO 27.07 0.00 5.91 7.50 18.73 20.00 27.55 f0.00 t2.09 
di 50.00 70.66 0.00 O.O2 12.50 16.28 0.00 1.38 2O.OO 9.t8 30.0O 29.69 
d~ 30.0O 26.54 0.00 0.O2 7.50 8.89 0.00 1.38 10.00 2.66 20.00 t3.90 
aao 5.00 t.32 5.00 0.45 20.00 35.45 20.00 24.88 5.00 O.98 5.00 1.48 
ad~i 5.00 0.44 5.00 0.15 20.00 5.9t 20.00 8.29 5.00 0.33 5.00 0.49 
daii 5.00 0.44 5.00 0.15 20.00 5.91 20.00 8.29 5.00 0.33 5.00 0.49 
dd~ i 5.00 0.15 5.00 0.05 20.00 3.94 20.00 2.76 5.00 OAf 5.00 0.16 
Additive 0.00 0.44 80.00 99.1 5 0.00 11.82 20.00 53.00 50.00 86.41 3O.00 53.78 
Dominance 80.00 97.21 0.00 0.05 2O.O0 25.17 0.00 2.76 30.00 11.85 50.00 43.59 
Epistasis 20.00 2.35 20.O0 0.80 80.00 63.01 8O.O0 44.23 2O.00 t.74 2O.00 2.63 
d/a or VD/VA -- 220.33 0.00 0.00 -- 2.13 0.00 O.05 0.6O 0.14 1.67 0.8I 
i/a or Vz/VA -- 5.33 0.25 0.01 -- 5.33 4.00 0.83 0.4O 0.02 0.67 0.05 

a = l a d + l a ~ l  
d = Idzl + IdjI 
i = laa~jl + ladij[ + ]daijI + Idd~:j[ 

factors. If, however, some components of a polygenic 
system can be located and their individual effects 
identified, it is possible to analyze them one by  one 
like the so-called oligogenes. Formal  biometrical  
analysis of several quant i ta t ive  characters controlled 
by  two or three loci, or short chromosome segments 
marked  by  them, have been under taken in recent 
years in the hope tha t  such studies would be useful 
in clarifying the nature  of gene controlled variabi l i ty 
in polygenic systems (Fasoulas and Allard, t962, Lee, 
Cockerham and Smith, 1968; Persson, t969 and t971, 
Russell and Eberhar t ,  "1970; Russell, t971; von der 
Pahlen and Goldenberg, 1971; and Wilson and Lee, 
197t). The addit ive and dominance gene actions of 
individual loci and interlocus interactions were 
est imated by  the use of the second degree statistics. 
When phenotypic  values associated with all possible 
genotypes are known, a reliable est imate of the first 
degree parameters  is given by  the solutions of simul- 
taneous linear equations (Seyffert, 1966). Such esti- 
mates  detect much larger roles for intralocus and 
interlocus gene interactions than revealed by  the 
components of genetic variance (Jana, 1971; and 
Jana,  in press). With the increasing evidence 
in favour of the view tha t  quant i ta t ively  inherited 
characters are often controlled by  a much fewer genes 
than ordinarily believed, it seems worth while to ex- 
plore the consequences of s tandard biometrical  ana- 
lysis of simplified genetic systems with biologically 
well defined gene interactions. Fisher (t918) intro- 
duced the method of part i t ioning heredi tary variance 
into additive, dominance and epistatic components 
which was further  extended by  Cockerham (t954) to 
the subdivision of epistatic variance into various com- 
ponents  of nonallelic interaction, such as, additive • 
additive, addit ive • dominance and dominance • 
dominance, etc. The characteristic technique by  
which these geneticists sought to separate gene actions 

involves orthogonal comparisons specifying various 
genetic effects. I t  can be seen from the results pre- 
sented in this paper  tha t  the components of heredit- 
ary  variance lead to an overest imation of the con- 
tr ibution of additive effect, and therefore, cannot be 
considered as a reliable guide in understanding the 
nature  of gene action underlying phenotypic  differ- 
ences. For example, with complete dominance, va-  
riance due to dominance effect is only one-third of the 
additive variance leading to the usual conclusion of 
part ial  dominance. The relative magnitudes of epi- 
static variance are different for different types of 
epistasis even when the total  epistatic effects are 
equal. When orthogonal scales are used, duplicate 
interaction and its deviation, dominance epistasis 
provide bet ter  evaluation of the role of epistasis than  
complementary  gene interaction and recessive epi- 
stasis. Much of the epistasis remain undetected by  
the components of genetic variance when the extent  
of interaction among loci is relatively small. If, 
however, an epistatic effect is completely absent,  no 
variat ion due to tha t  effect is detected. Similar con- 
clusions cannot be extended to addit ive and do- 
minance gene actions when certain types of nonallelic 
interactions are present. 

Although in rare cases (eg. Table 6, column V) the 
relative magni tude of epistasis is less than the pro- 
portion of epistatic variance, the reverse si tuation is 
most frequent. The general underest imation of the 
role of epistasis is in no way unique to the Cocker- 
ham's  (t954) model. The modified analysis of vari-  
ance of diallel table proposed by  Lee et al. (1968) also 
leads to similar results (Jana, 1971, and Jana,  in 
press). What  appears  to be the absence of epi- 
stasis from the regression analysis of a r ray  variances 
and covariances in two sets of diallel crosses reported 
by  Persson (t969 and t971), there are16% to 20% epi- 
stasis, largely of ad ii and ddii types (Jana, in press). The 
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reasons for the failure to detect  some of the classical 
interact ions by  the graphical  analysis of diallel crosses 
are described in detail  by  Mather  (t967). Determin-  
ing components  of genetic var iance from segregating 
populat ions  b y  the me thod  of least-squares maxi-  
mizes addi t ive effect and thus minimizes dominance  
and epistasis (Crow and Kimura ,  1970). Therefore,  
when segregation at a few gene loci adequa te ly  ex- 
plains the var ia t ion in a metr ical  character ,  and when 
all genotypes  and associated pheno types  are identi-  
fied, it seems desirable to use the simpler and more 
direct me thod  of analysis proposed b y  Seyffert  (t966) 
than  the sophist icated biometr ical  techniques deve- 
loped for the analysis of complex polygenic systems.  
The meri t  of the former  analyt ical  me thod  becomes 
more  evident  when the  aim of an invest igat ion is to 
seek for a physiological  and biochemical  in terpre ta-  
t ion of dominance  and epistasis. 

Z u s a m m e n f a s s u n g  

Die in einem quant i ta t iv-genet i schen  Sys tem mit  
ie 2 Allelen an 2 Loci m6glichen 9 Ph~inotypen, die 
mi t  den entsprechenden Genotypen  assoziiert sind, 
k6nnen durch  einen Satz von 9 linearen Gleichungen 
beschrieben werden. Mit Hilfe dieses Modells der 
linearen Kombina t ion  wurden Popula t ionen  mit  will- 
ktirlich gew~ihlter Dimension und  Art  der In te rak t ion  
innerhalb der und  zwischen den Loci konstruier t .  Die 
Gesamtsummen  der Abweichungsquadra te  fiir die 
Geno typen  derart iger  Popula t ionen  werden in ortho-  
gonale Kom pone n t e n  zerlegt, die den addi t iven und  
den Dominanz-Ef fek ten  bzw. den vier Ar ten  der 
nichtallelen In te rak t ion  der beiden Loci zugeschrieben 
werden k6nnen.  In  der Mehrzahl  der F~ille sind die 
relat iven Gr6genordnungen  der Dominanz-  und  Epi-  
s tasie-Varianzen wesentlich kleiner als die tatsiich- 
lichen Anteile dieser Effekte.  Eine gegenseitige Ver- 
t re tbarke i t  nichtalleler Gene (duplicate gene action, 
t5 : l -Spa l tung)  fiihrt zu einer gr6Beren Epistasie-  
var ianz  als komplement~ire Genwirkung (9:7-Spal-  
tung).  Bei s tark  ausgepr~igter Epistasie ftihrt die 
sog. dominante  Epistasie (t 2 : 3 : l -Spal tung)  zu einer 
wesentl ich gr6Beren Epis tas ievar ianz  als die rezessive 
Epistasie (9 :3 :4-Spal tung) .  In  Abwesenhei t  epi- 
s tat ischer  Effekte  wird keine Epis tas ievar ianz  beob- 
achtet .  J edoch  werden bemerkenswerte  Beitriige 
addi t iver  und  dominan te r  Genwirkungen zur  geno- 
typischen Gesamtvariabilit~it auch bei v611iger Ab- 

wesenheit  derar t iger  Wirkungen  beobachte t ,  wenn 
In te rak t ionen  des Typs  addi t iv  • dominan t  bzw. 
dominan t  • dominan t  vorliegen. Hieraus  wird ge- 
schlossen, dab die Aufkl~irung der Art  der Genwir- 
kung  in einfachen genetischen Sys temen gezeigt hat ,  
dab die Sch~itzwerte der Pa ramete r  1. Grades, die aus 
dem zit ierten Modell mi t  l inearer Kombina t ion  er- 
hal ten werden k6nnen,  b rauchbare r  sind als die or tho-  
gonalen Kombina t ionen  der genotypischen Summe 
der Abweichungsquadra te .  
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