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Summary. The use of  several $1 individuals to represent 
an So individual permits the use of a Design II mating 
scheme for plants with only one pistillate flower per 
plant. Estimates of additive (VA) and dominance (VD) 
variance from this mating scheme will be biased up- 
wards, when a small number (10) of individuals of 
each SI line are used. This bias can be computed, and 
the additive and dominance estimates can be corrected. 
Of  particular interest is the observation that the addi- 
tive genetic variance contributes to bias in estimates 
of VD. When So plants are non inbred and their selfed- 
progeny (S~ lines) are used to represent them in 
developing families for use in the Design II, ~A = 

VA( l+ l /2ml )  and ~ D = V D \ I + 4 m 2 / + \ m  2 ml 

where ml is the number of individuals used to rep- 
resent anSl  line in developing half sib-families and m2 
is the number of  individuals used to represent the $1 
line in making up full sib-families. For example, in a 
3x3 Design II, with about 10 individuals used to rep- 
resent each S1 line in each cross, m2 = I0 and mt = 30. 
When ml =m2  = 1, ~A = ( I + I / 2 ) V A = ( I + F ) V A  .and 
% = V D +  5 zVo = (1 + F)2VD. 
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Introduction 

Comstock and Robinson (1948) proposed two mating 
schemes to estimate additiye and dominance variance 
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in populations. These two mating schemes are com- 
monly referred to as Design I and Design lI, In 
Design I, a number of males are each mated to a set of  
females, a female being used in only one mating. The 
Design II is similar to a diallel mating scheme, except 
that each of a set of males is mated to each of a dif- 
ferent set of females. 

The Design II provides more precise estimates of  
dominance variance than the Design I (Comstock and 
Robinson 1952) and would be preferred where it can 
be used. Cockerham (1956) suggests a modification of 
the Design II that could be used with plants that have 
only one pistillate flower per plant (e.g., single-eared 
corn Zea mays L). Selfed progeny ($1) of  a parent plant 
(So) is used to represent the parent plant. The gametes 
from the selfed progeny are the same as those of the 
parent plant except as affected by the opportunity for 
recombination of linked genes. Cockerham notes that 
several plants from the selfed progeny should be used 
in each cross to ensure a representative sample. Sample 
sizes and methods of sampling were discussed b y  
Hammond and Gardner (1974). 

I f  F0 is the inbreeding of the So individual, then 

F1 1 +2F0 is the inbreeding of the Sl family derived 

by selfing the So plant. If  an infinite number of  
individuals are used to represent the $1 family then F0 
is the appropriate inbreeding coefficient t o  use in com- 
puting the genetic variances from the covariances of 
relatives. On the other hand, if a single St individual is 
used to make all crosses, the appropriate inbreeding 
level to use is F1 (0.5 if F0 = 0). Both of these alter- 
natives are clear. However, when a small (say 2 -10)  
number of individuals are used to represent each S1 
family, the appropriate coefficients for the additive 
and dominance variances have not been clear. This 
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Source Degrees Mean 
of freedom squares 

Expectations of mean squares 

Components Covariances 

Between male parents (A) n l -  1 MI4 
Between female parents (B) n2-  1 M13 
A x B (n 1 - 1) (n 2 -  1) MI2 
Within crosses nl n2 ( k -  1) MI! 

0 -2 + k O'2x m + k n 2 0 -2 

o "2 + k O'2xm + k n! 0.2 
0.2 + k a2x m 
0.2 

(a 2 -  Cov)+ k (Coy - C o v  1 - COV2) + k n2 COV2 

(0.2_ Coy) + k (Cov-  Covl - COV2) + k nl COVI 

(0.2__ COV) -[- k ( C o v -  Cov  I - Cov2) 

(0.2 -Cov)  

The symbols have the following meaning: 
n~ = number of male parents 
n2 = number of female parents 
k 
0.2 = 

0.2xm 

a2m = 
a2 = 
Coy = 
Cov 1 = 

Cov2 = 

number of progeny foreach mating or cross 
variance among individuals from the same mating 
progeny variance arising from interaction of the contributions of male and female parents 
progeny variance arising from differences among female parents 
progeny variance arising from differences among male parents 
total variance or covariance between an individual and itself 
covariance between full sibs - plants with both parents common 
covariance between maternal half sibs - plants with only the female parent in common 
covariance between paternal half sibs - plants with only the male parent in common 

a from Cockerham (1956) 

paper is intended to clarify that point and also to show 
how to remove the biases that can occur. 

Model 

The analysis of  variance from a Design II is given by 
Cockerham (1956) and is reproduced in Table 1. Rela- 
tionships between the variance components and covari- 
ance among relatives are discussed by Cockerham, who 
also gives the expectations of  the covariances in terms 
of  the genetic parameters in the base population. Thus, 

[ l + F m \  / l + F m  \2 higher order (1) 
- -  VAA+ COV 2 : ~ - - - - - - - ~ ) W  A -t- / 4 ) epistatic t e r m s .  

/ I + F f / v  ~ + / I + F f / 2 v ,  + higher order 
Cov l=~- - - -~ ]_  _ A \ - - - ~ ]  ~ epistaticterms. (2) 

+ higher order epistatic terms,  (3) 

where VA is the additive genetic variance, VD is the 
dominance genetic variance; and all other terms are 
part of  the epistatic variance, V~ is the additive x ad- 
ditive, VAD is the additive x dominance, and so on; and 
Fro, Ff are the inbreeding coefficients of  the paternal 
and maternal plants, respectively. 

The covariances will be increased when selfed 
progeny of  a parent are used to represent the parent in 
making the crosses. To determine the bias of  the esti- 
mates, six assumptions are made to simplify the cal- 
culations: 

1) Because the selfed ($1) progeny of  any of  the So 
parents can be used as either male or female, it is 
possible to use a square diallel, i.e. nl = n2 = n. 

2) All plants are equally inbred, i.e. F m = Ff = Fi. 
3) The number  (k) of  plants measured from a cross 

is larger than the number  (m2) of  SI plant s used to rep- 
resent an So in a particular cross. 

4) The number  (m2) of  $1 plants used to make a 
cross is the same for each So plant and each So plant is 
represented over all crosses by ml $1 plants, and each 
S1 plant is used to make only one cross, m~ = n m2. 

5) There is no limit to the number  of  generations of  
inbreeding of  So parents but all S1 plants are equally 
inbred with inbreeding coefficient Fj. 

6) Maternal effects are unimportant. When Fm = Ff 
= Fi equations (1), (2) and (3) reduce to: 

[ l + F i \  [ l + F i  ~2 
COVI = C o v 2  = ~ T ) V A ' - { - "  ~ - - - ~ ) V A A +  . . .  (4) 

[ l + F i ~  / l + F i ~  2 [l+Fi \2 

[ l + F i \  3 / l + F i \  4 
+ + . . . .  

When the epistatic variance is absent, the additive 
genetic variance can be estimated from (4) and the 
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dominance variance from 

/ l + F i  \2 
C o v - C O v l - C O v 2 = C o v - 2 C O V l = / T )  VD. 

Solution and particular case examples 

(6) 

The bias introduced by using Sj's (individual members 
of Si lines) to estimate VA and VD is determined by 
considering covariances. The contributions of epistatic 
components to estimates of VA and VD are included in 
the Appendix. 

We assume there are ml individuals of a particular 
Si line. Sj is one of these individuals. When this Si line 
is crossed to several other Si lines, members of the re- 
suiting progeny are half-siblings with the Si line in 
question as the common parent. Among the half- 

1 
siblings, - -  have a single Sj plant as their common 

m~ 
parent and the remainder are from different Sj plants 
in the Si line. The covariance between half-sibs with a 

common Sj would be ( - ~ )  VA and its probability of 

appearing in a sample of two individuals from the 
1 

half-sib family would be . The covariance for the 
ml 

other types of half-siblings in the family would be 

( ~ - ~ ) V A  with of m l - I  the probability Thus, a 
ml 

covariance of half sibs (Covl) would be 

Covl = 1/4VA (i + Fi) + (1 +Fj)  
ml 

=I/4VA ( l + F i ) +  �9 . (7) 
ml 

In the case of full-siblings, there are m2 members of 
each Si line so the probability that two full-siblings 
have the same Sj parent is 

1 and C'o'v = 1 { ( ~ ) V A +  ( - ~ ) 2 V D }  
m2 m2 

+ / 1 _ 1 ~ / [ l + F i \  [ l + F i  ~2 / vo / 

(lTi; vo} 
+ vA 

m2 

+ ~ -  (F j -  Fi) (2 + Fi+ Fj)} . (8) 

AYtms ,ACov-  COVl - Cov2 = C o v -  2 Covz (because 
COV 1 = Cov2) = 

{ ( ~ ) ( . 1  1 )VA}+I /4 ( I+F i )2V D 
ITI2 ml 

1 
+ 4 m2 (Fj - Fi) (2 + Fi + Fj) Vo. (9) 

The estimate of additiveA genetic variance (~a) can 
be found by substituting COVl for Cov~ in equation (4), 

4 
and then VA = ~ COVl and using equation (7) 

{ ( 1 / ( F j -  Fi // and the part in (10) 
~A = VA 1 + / 1 - - ~ i  } \ ~ ] !  brackets is bias�9 

The estimate of dominance va/,(riancAe (r162 canAbe 
found from equation (6) using Cov, Co ~vl, andACov2 
instead of Cov, COVl, and Cov2. We let Cov~ = Cov2 so 

4 A A 
that ~D-- ( C o v - 2 C o v  0, and using (6) and 
(9) (1 + Fi) 2 

4 m2 ml VD - (1 + Vi) ----------5 VA 

+ 1/4 (1 + Fi)2 VD + _ ~ 1  (F j -  FO (2+Fi+Fj )  VD 
4m2 

(F j -F i )  m2 1" VA = V D + 2  (1 + Fi) 2 

1 (Fj -F i )  
+ (2 + F i + Fj) Vo. 

m2 (1 + Fi) 2 
(11) 

In the case of So plants which are non-inbred, Fi = 0, 
__l F j -  7, and equations (10) and (11) simplify to 

and 

~D = VD + ( ' 12  ml 1 "IVA+T~5 VD' ! #m2 (13) 

Thus, it is clear that estimates of VA and V D are  biased 
upwards with small samples of $1 plants used to rep- 
resent the So individuals from which the $1 lines are 
derived by self-pollination. It is interesting to note that 
~D includes part of the additive genetic variance. 

If So plants were inbred (Fi ~ 0) the effect of small 
numbers of $1 plants representing So individuals would 
be reduced and less bias would occur. 

If a single individual was used to represent each S~ 
line from each So plant (ml = mE = 1), then from (12) 
'~A=(I+�89 and from (13) r162 
= ( l +  F)EVD . Thus, bias due to VA disappears in this 
case. The same result would be obtained if an infinite 
number of individuals were used to represent each Sl 
when So individuals were inbred to the 0.5 level (or 



when $2 lines were used to represent $1 individuals 
which represented So individuals). 

If  m~ and m2 vary between families, arguments of  
King and Henderson (1954) can be used to obtain aver- 
age values of  m l and m2. There are at least two cases 
that need to be considered: 1) When some S~ plants are 

1 
used in more than one mating per full-sib family, - -  

should be raplaced by ~ n2 m2 ( ~  ni)2, where ni is the number  

of  times each S~ plant is used. This is the probability 
that two full-siblings come from mating the same $1 
individual. If  we let P1 be the proportion of  a half-sib 

1 
family contributed by any Sl plant, then ...... can be 

p2 ml 
replaced by (~-~ pi)2 ; .  (2) when ml and mE vary be- 

tween So individuals in the same set of  the Design II or 
among sets, then m I and m 2 are replaced by the 
harmonic means of  their values. 

D i s c u s s i o n  

The utilization of several S 1 plants to represent an S o plant in 
matings allows the Design II system to compute variance com- 
ponents for species such as single-eared corn where the 
Design II could not be used normally. Comstock and Robinson 
(1952) noted that this design gives a more precise estimate of 
dominance genetic variance than Design I. 

Unfortunately, there will be a bias in estimates of additive 
and dominance variance. This can be reduced by using larger 
numbers of S l plants to represent each So. For a constant 
relationship between m I and m2, the coefficients of VA and V D 
in their overestimate will be inversely proportional to the 
number of $1 plants used to represent each S 0. The bias de- 
creases fairly rapidly until m 2 is about 10 and then the reduc- 
tion slows considerably. It would seem reasonable to have at 
least 10 Sl's represent each So. If a record of the number of 
plants used to represent each S o is kept, a weighted estimate of 
ml and m2 can be obtained and the bias estimated. This 
would enable a more accurate estimate of V A and VD. The 
estimate of V D from this method will not be completely inde- 
pendent of VA, as is normally the case with a Design II. How- 
ever, the increased precision in estimating V D relative to a 
Design I will compensate for this deficiency. The degree of 
dominance will be overestimated, when the biases in estimates 
of VA and V D are not considered. The bias in the coefficients 
of V A and V D will be less when the initial parents are partially 
inbred. Thus, use of an $4 to represent an $3 will make less 
difference than use of an S 1 for an So. However, the coeffi- 
cients of higher terms in the epistatic variance will be greater 
where S O plants are inbred. 

C o n c l u s i o n  

The use of  S 1 plants to represent So parents in a 
Design II mating system will lead to overestimates of  
additive and dominance genetic variance. 

Recording the number  of  SI plants used for each So 
enables the estimation of  these biases and hence their 
correction. When this is done the Design II becomes a 
valuable tool for estimating components of  variance. 
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A p p e n d i x  

The coefficients of  epistatic components to estimates of  
additive and dominance genetic variance can be cal- 
culated by extension of  the same arguments, as in the 
body of  this paper, to the epistatic components given 
by Cockerham (1956). The arguments are as follows: 

(a) The coefficient (CAA) of  VAA (additive x additive 
variance) in ~A (estimate of  additive genetic variance) 
is given by 

( ~ - ~ )  (1--~ml) (Fj= Fi) (2 + F i+  Fj) 
CAA = + (1 + Fi) 

The first term is the coefficient of  VAA in a 
Design II without sampling bias and the second term is 
the extra contribution f r o m  using Sl's to represent 
an So. 

(b) The coefficient (C~A) of  VAA in ~'D (estimate of  
dominance genetic variance) is given by 

1 
C~A = 1/2 + (1 + Fi) ---------~ (Fj - Fi) 

�9 ( 2 + F i + F  i) m2 2m1 " 

In this case, the first term represents the coefficient 
of  V~ in the estimate of  VD from a Design II not con- 
taining sampling bias while the second term represents 
the extra contribution from using Sl'S to represent 
an So. 

(c) Coefficient ( C ~ )  of  V ~  in ~D. 

, l + F i  1 
CAD = - - - ~ -  q" [(1 + Fj) 3 - (1 + Fi) 3} 

2 m2 (1 + Fi) 2 

(d) Coefficient (CbD) of  VDD in estimate of  Vt) 

, / l + F i \  2 1 
C D D = / ~  ) + 4 m z ( l + F i ) 2  {(1 + Fj) 4 -  (1 + Fi)4} . 
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