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A Genetic Theory of General Varietal Ability for Diploid Crops 
A. J. WRIGHT 

Plant Breeding Institute, Cambridge (England) 

Summary. The Use of estimates of general varietal ability (g.v.a.) of individual plants, as defined in an earlier paper 
(Wright, 1973), is examined in the contexts of both the population improvement and synthetic variety building phases 
of a breeding programme, and its theoretical efficiency compared with those of parental and g.c.a, methods of assess- 
ment. It  is concluded that selection based on g.v.a, may be useful during the varietal building phase when heritability 
is low. In the absence of epistasis, the g.v.a, variance is shown to account for all the variance among the synthetics of 

s which can be drawn from a large random-bred population, except for ~ a~. The possibilities of the predic- size 

tion of synthetic variety performance from 11 and polycross progeny data is discussed. 

x. Introduction 

In a recent publication (Wright, t973) it was 
argued that  although estimates of general combining 
ability (g.c.a.) were appropriate for the improvement 
of a large population or the first generation of syn- 
thetic varieties, the subsequent change due to in- 
breeding during multiplication should be taken into 
account by any method used to assess potential 
varietal constituents. The general varietal ability 
(g.v.a.) of an individual for diploid synthetics of a 
given size (s) was defined as the mean of all synthe- 
tics of this size having the individual as a common 
parent which could be drawn from a population of n. 
By expressing the expectation of any synthetic as the 
mean of all possible F 1 and 11 progenies among its 
parents, it was shown that  the g.v.a, of any indivi- 
dual can be expressed as a combination of its g.e.a. 
and the mean of its 11 (first generation inbred) pro- 
geny, the latter weighed according to the size of 
population and synthetic. 

The present paper examines the genetic basis of 
general varietal ability and its potential utility dur- 
ing the population improvement and varietal building 
phases of a breeding programme and compares it 
with more conventional means of assessment in these 
contexts. The possibilities of prediction of varietal 
performance from parental g.v.as, is also discussed. 

2. The Def in i t ion  of General Varietal Ability 

The genetic model use(t throughout  this paper is 
based on a single gene under disomic inheritance 
with beneficial allele A at population frequency p 
and allelomorph a at frequency q(== I .... p). The 
letters u and v are used to symbolise the frequencies 
of alleles A and a in synthetic varieties, and r, z, and 
w are as defined in the text. Genotypes A A ,  A a  and 
aa are given values a, d, and .... a respectively, where 
d takes positive or negative sign according to the 

direction of dominance. The absence of epistasis and 
linkage, and panmixis without gene immigration or 
natural  selection in varietal multiplication plots, are 
assumed. 

The derivation of a progeny testing method for the 
direct estimation of general varietal ability was given 
in a previous paper (Wright, 1973), and will be sum- 
marised here. Defining the general varietal ability 
of an individual (the i th )as  the mean of all synthetics 
of size s which have this individual as one of s parents 
chosen from a population of n, its expection can be 
expressed in terms of the n211 and F 1 families among 
these n parents as 

1 2(s  - t )  (s - t )  
5 -~a" + 2 ~ ( E ~  -t) Ea~k + 5~(~ -- i) Eakk + 

(~ - t)  (~ - 2) 
+ s2(n~---~) (~ =~)  2:a~ 

where au refers to the inbred progeny of the i th 
parent, aik to F x progenies involving this parent, ak~ 
to all other inbred progenies, and ala to all other F1 
families. Subtracting from this the sum of all I ]  fa- 

_, ( 5 - 1 )  
rallies multiplied by a factor ot s~n _-1~ and of all F 1 

(s - i) (s - 2) (i.e. terms which families multiplied by  s2in_ ]-) (n~ ~) 

are common to all parents and therefore without 
any effect on comparisons among g.v.as.) leaves 

(.  - 5) ( .  - ~) (5 - I) 

Since 2jai~ is equal to 2(n - -  t) times the mean of F 1 
progenies of the ith parent, then 

_ 2 ( . -  s) ( s -  (n -- s) 7 ,  + i) g.c.a.,, (I) 
g.v.a.~ s~(n -- 1) s~(n -- 2) 

i 2 ( ~ -  
or ~ 1 i+  fi ~)g .c .a . ,whennis large  

relative to s (2) 
where g.c.a, can be estimated as the mean of F1 pro- 
genies or the polycross progeny mean. 
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This definition of g.v.a, in terms of g.c.a, and 11 
progeny mean not only suggests a means of estima- 
tion in practice, but  also facilitaties its quantification 
in terms of the genetic symbols already defined. 

3- Population Improvement with a View to Synthetic 
Variety Production 

In the improvement  of a large population,  the aim 
of the progeny test,  or other means of assessment, 
is to evaluate  the genes carried by  an individual 
with respect to their  potential  effect on the mean of 
the selected offspring generation. Any gain in per- 
formance of this new population over the unselected 
one will depend directly on improvements  of the gene 
frequencies at some or all loci concerned with the 
expression of the character.  The relationship be- 
tween populat ion mean and gene frequency is not a 
linear one, but  in general the size of the population 
and of the selected fraction is sufficiently large for 
the effect on gene frequency of the inclusion or rejec- 
tion of any  individual to be very small. Hence, for 
the small range of gene frequency concerned, no 
serious error is involved by  the assumption tha t  its 
relationship with populat ion mean is linear. This 
assumption is basic to the normal  theories of selection 
and response (see Falconer, t960). The choice of 
genotype A A  in preference to A a  is therefore equally 
beneficial as the choice of A a  in preference to aa, 
since the effect on the population gene frequency 
will be the same. Hence, only tha t  portion of the 
genotypic variance concerned with the linear effects 
of a gene substi tut ion is utilisable b y  selection (e.g. 
Fisher, t930). 

Although selection is normally carried out with 
the aim of improving the mean of the population 
itself, the above discussion applies equally to selec- 
tion aimed at the improvement  of the potent ial  of 
the population to produce good parents  for synthetic 
varieties, a quan t i ty  which can be more precisely 
defined as the mean of all synthetics of a certain size 
which could be drawn from the population. 

In  the construction of formulae for the prediction 
of response to selection based on any  method of 
assessment, the process can usefully be broken down 
into two components,  allowing a fuller understanding 
of the factors affecting the efficiency of selection. 
These are the change in gene frequency brought about  
b y  selection, and the consequent change in popula- 
tion performance.  The effect of one generation of 
selection of the populat ion frequency (p) of allele A 
can be expressed in terms of the linear regression of p 
onto the assessment values (x) on which selection of 
intensi ty  i is based as 

Ap --  ia~bp.~ = i % , / ~ ,  (3) 

where ap.~ is the covariance of p and x (Falconer, 
t960). Turning to the second component  of response, 
it is first necessary to quant i fy  the mean of synthetics 
which could be drawn from the population. The 

fragmentat ion of the population into a number  of 
smaller random mat ing groups (i.e. synthetic varie- 
ties) incurs inbreeding with a coefficient of I/2s (Fal- 
coner, t960). The mean of all synthetics of size s 
which can be produced is therefore 

+ F  
y , - - ( p  . -  q )a  + 21~q ( t t ~s ) d ,  (see Gallais, 

t967). 
The rate  of change of this expression with respect to 
a change in gene frequency is found most s imply by  
differentiation as 

dp --  2 a + d ( q - - p )  I 2s 

The expected response to selection, in terms of syn-  
thetic var ie ty  production, is therefore the product  of 
expressions (3) and (4), after summation over genes, 
with the appropriate  expectations for ap.~ and a~ 
substituted. Table t gives the expectation of these 
statistics when selection is based on parental  pheno- 
type or estimates of general combining ability or 
general varietal  ability, and finally the expected 
response to selection of unit intensity. I t  should be 
noted tha t  the error variance (a~) has been included 
only for the sake of completeness, and cannot be re- 
garded as necessarily being constant  for alLimethods 
of assessment used, variat ion being introduced ac- 
cording to the field design used (especially in the case 
of g.v.a, estimation), as well as by  possible differen- 
tial within family variances and genotype • environ- 
ment  interaction. For this reason, factors of s are 
of little significance here, and may  be partially can- 
celled from the formulae. The right hand column 
of the table gives expectations for the case F = 0, 
where a~s = ~ v~ 2uva~ and aa.as = ~ 2uwxas. 

The occurrence of the te rm a s in both (t) and (2) 
for selection in a panmictic population based on 
g.v.a., and resulting in the appearance of a] terms in 
the response formula demonstrates an impor tant  
proper ty  of this means of assessment. As total  res- 
ponse is derived by  summation over all genes, the 
selective effort expended in the advancement  of any 
gene is proportional to the rate of response of tha t  
gene in terms of synthetic var iety improvement .  
Clearly, the selective effort generated by  the differen- 
tiation among assessment values is applied as effi- 
ciently as possible. A strict analogy exists between 
this situation and that  prevailing during selection for 
population mean per se based on breeding value or 
g.c.a, with a s replaced by  a. I t  is clear from the table 
that  the efficiency of g.c.a, or parental  assessment 
will be improved as the correlation of a and as over 
all genes is increased. This correlation will be increa- 
sed not only in the trivial cases where dominance 
levels are low or s is high, but  also when a and hence 
a s values are high for all or most genes; that  is when 
additive variance is high and narrow sense heritabil i ty 
consequently large. Apart  from these observations, 
it is not possible to say what are the relative efficien- 
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Table  t .  Improvement in population potential for synthetic variety production following selection of uni, t intensity based on 
various criteria 

General  case F = 0 

Variances of: 
pheno type  
g . c . a .  

g.v.a. 

Covariances of p wi th :  
pheno type  
g.c.a. 

g.v.a. 

Response to selection for: 

pheno type  

g.c.a. 

g . v . a .  

where:  

X 2 p q ( I  + F) o@+ X4pZq 2(1 -- F a) d z + a~ 
pq (t + F) a s + a~ 

2pq( l  + F )  C~}F ~ p 2 q Z ( t  -- F 2) d 2 +  a~ 
$2 -{- S~ 

X pq (I + F ) ~ x F  
2~pq  (1 + F) ~, 
z~ Pq (1 + F) o~'F 

X 2pq (1 + F) O, FO, FS 

V z ~ 2 p q ( t  + F) o~}+ 2 4 p ~ q  2(1 -- F 2) d ~ + r 

x~ 2pq (1 + F) OCFFO~FSIs 

V22pq (I + F) o,~F#~ ~ + ~ p~q~ (~ -- F~) d~/s* + o'k 
c, = a + d(q --  p) 

as = a + d (q -- p) (1 -- ~/2s) 

(~ - F) 
aF = a +  d ( q - -  p ) ( l  + F )  

C,~F = a + d (q -- p) ( ( S ~ s 1 )  + 

= a + d ( q  --  p)  (~ O~F S \ 

(~ - ~ )  

(1 @ F) 2s] 

~ + E )  
2s 

<~ + o'~ + ,~'~ 
1 2 
~'~A + ~ 

s ~ -  ~ s  + ~ ~b + o~ 

Pq~ 
Pq,~ 

pqo~s 

~A .AS  

V~ + o~ + o~ 
l ffA .AS  

'1 '2 

O /s) ~ s  

V~/s~) a~s + (1/4 s4) @ + a~ 

Table  2. The relative efficiencies of varietal building methods 

General  case F = 0 

Covariance of g.v.a, wi th :  

pheno type  

g.c.a. 

Response to selection for: 

pheno type  

g.c.a. 

g.v.a. 

Among  synthet ics  

_z~ 2pq (I + F )  ~F~-F + 
S 

Z 2p2q = (1 --, F 2) d z 
S g 

2pq (1 + F) o~ro~ee + ~ 2pzq z (1 -- F 2) d2/s 

V-~ 2pq (l + F) @ + 2 4p2q 2 (1 -- F 2) d 2 + ~ 

Z Pq (1 + F) O~O~FF 

Z 2pq (I + F) 2 p2q~ _ o~FFfs + z~ (t F 2) d2/s 3 

V--~ 2pq (1 + F) O@F/s~ + 2 p2q 2 (I -- F 2) d2/s ~ + a~ 

- -  ~TA.AS ~- - - -  S 28, 2 t'l]') 

t 
-2S etA'AS 

f f A . A S ~ -  (I /2S) 0"g 

l ffA .AS 

O/s) o~s + (1/4~ ~) ,~g 

4 S  

_ 0/2) , ,~s+  (2n- 1/4~) og 
f @  2n- I 
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cies of the various means of assessment, if only be- 
cause of the inconsistency of ayz, but,  the error of 
est imation of g.v.a, will almost inevitably be large, 
lowering the efficacy of this method.  

However,  some expected results of hypothet ical  
selection for g.v.a., part icularly in the longer term, 
m a y  be examined. One result of the opt imal  balance 
between potent ial  response and applied selection 
pressure already discussed is tha t  no selection is 
applied to any  gene which is at its opt imal  popula- 
t ion frequency. This, is identical with the case of 
normal  selection for population mean, except tha t  an 
equilibrium gene frequency can now only exist when 

requiring a higher level of overdominance as the size 
of synthet ic  is reduced. Selection for g.v.a, will favour 
the recessive homozygote  when gene frequency ex- 
ceeds this equilibrium, that  is 

( ' )  a + d  1 - - 2  s 

2d -- 

I t  can also be seen tha t  for any value of s, when d is 
positive ~s is greater  than  ~ when p is greater  than 
0.5, but  smaller when p is less. Hence selection for 
g.v.a, will apply  a relatively greater  selection pressure 
on genes for which p > 0.5, and less when p <  0.5 
than  would any conventional  method of assessment. 
The reverse will be true for genes for which d is 
negative. Over a series of selection cycles, this would 
therefore tend to bring about  a different disposition 
of gene frequencies, with genes with positive do- 
minar~ce increments tending more towards extremely 
low or high frequencies, and those with negative do- 
minance more towards intermediate  frequencies. 
This is a reflection of the relat ively lower importance 
of maintaining heterozygosi ty  which cannot be sub- 
sequently utilised by  synthetic  varieties, and in its 
differential effects on genes with positive and negative 
dominance relations shows interesting similarities to 
the theory of reciprocal recurrent selection. 

4- Building the Synthetic 
Although, as already shown, the relationship be- 

tween gene frequency and performance can be assum- 
ed linear when selection is aimed at population im- 
provement ,  this is not the si tuation during the varie- 
tal  building phase of the breeding programme. The 
effect on varietal  gene frequency of the selection or 
rejection of any  individual is larger, part icularly with 
small synthetics,  and can involve such a large change 
in gene frequency tha t  the curvature of the relation- 
ship, which is the basis of inbreeding depression, must  
be taken into account. 

In considering the role of the use of g.v.a, in this 
context ,  comparisons among the three genotypes 

A A ,  Aa, and aa will be made in respect both of their 
g.v.a, values, and the means of all synthetics they 
enter into. The relevant contrasts to be made are 
linear ( (A A -- aa)/2) and quadrat ic  (A a--  (A A + aa)]2), 
and hence the ratio of these two, giving a meas- 
ure of the curvature of the relationship, in what  
might be regarded as a form of 'dominance '  ratio. 
I t  must  be noted that  in the derivation of compari-  
sons among synthetic means, the value of a synthetic  
with mean gene frequency will be used in place of the 
mean of synthetics with varying gene frequencies. 
Although these quantities are not the same, the 
purely quadratic nature of the relationship of gene 
frequency and var ie ty  mean ensures tha t  the differ- 
ence is constant for a given value of s, irrespective 
of the mean gene frequencies involved, and so the 
discrepancy disappears on making the comparisons. 

(a) For large n 

When ( s -  t) parents for a synthetic have been 
chosen from the population, the mean of the resul- 
t an t  synthetic will be 

Ys = (u --  v)a + 2uvd ,  

where 
( s -  t ) p + z  

U ~ . . . . . . . .  
S 

where p is the gene frequency of the population and 
hence the mean frequency of the (s --  1) chosen pa- 
rents, and z tha t  of the sth. Giving z values of t, { or 
O, the following relations can easily be found among 
the three possible synthetics:  

linear ................................... 
$ 

quadratic --  '} d 
S 2 

d 
and thus quadratic/l inear . . . .  

(5) 
If similar comparisons are made among g.v.a. 

values, linear and quadratic contrasts are 

and 

• 
2d] 

leading to a ratio identical with that  at (5). 

(b) For small n 

For the case where n is small relative to s, the si- 
tuation is changed in three respects. First, the exact 
contribution of the 11 progeny mean to the modified 
progeny test, as in formula (1), must  be considered. 
Secondly each genotype represented in the polycross 
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receives a unique pollination, since the ( n -  t) 
genotypes contr ibuting to it are significantly differ- 
ent from any other set of (n - -  t). Thirdly,  the (n--  1) 
genotypes from which (s --  t) m a y  be chosen as com- 
panions to tile sth also va ry  from genotype to geno- 
type? 

In  making comparisons between any  two indivi- 
duals with respect to the mean of all synthetics they  
can enter, some synthetics involve both  individuals 
and contr ibute nothing to the comparison. Of the 
remainder,  each synthet ic  containing the first can be 
matched  with one containing the second but  other- 
wise identical. The gene frequency of the remaining 
(n - -  2) genotypes all of which contr ibute  equally to 
this second class of synthetics is therefore 

r i p - -  iv - - z  r ~  
(n - 2) 

where w and z are the gene frequencies of the two 
genotypes being compared. A contrast  between any  
two synthetics is given by  

Yl - -  Y2 = 
= 2  {,,(iv - z) + d{(iv -- z) {s -- 2 (s -- l)r} -- iv~ + z~}} 

s s 
1 and Subst i tut ing values of 1, 

linear and quadrat ic  contrasts  
found to be 

(n 2) d(q -- p) tt + 

s{~ - 2} 
and 

0 as appropriate ,  the 
among genotypes are 

.(, 4)} 

(n - 2s)d 
2s2 (n -- 2) 

giving a "dominance"  rat io 

(n -- 2s)d (6) 

2sl(n-- 2)a + d(q--p) n ( l - - + ) }  " 

Turning to the expectat ions of g.v.a. (equation t) 
in this situation, as noted earlier, each individual 
receives pollen from the remaining ( n -  1) in the 
population. Whether  es t imated as a polycross mean 
or by controlled pair crossing, its g.c.a, value is 
therefore equivalent to the mean of only (n - -  t) /v a 
progenies. In terms of the single locus model dis- 
cussed here, the usual biometrical  expectat ion of 
g.c.a, value when n is large can be restored by  means 
of the inclusion of the inbred progeny mean with 
a coefficient of t in .  Hence, 

(n -- t) F1 + ~fl = g.c.a. 
n 

" ' "  Fa  -~- I1 / (  n -  I ) =  g.c.a. ( ~ )  

and the g.v.a, value is therefore 

2 ( n -  1) (s - 1)F1 (n -- 2) 

2(s -- 1) (n -- 2s) 
= g 'c ' a '  s ~  - 1) + s~K--- 1 ) I ~ .  

The coefficient in the last t e rm is therefore the resi- 
dual weighting applied to the 11 progeny mean after 
restoration of the biometrical  expectat ion of g.c.a. 
for a large population. Comparing the values of the 
modified progenies for the three genotypes then 
gives linear and quadrat ic  contrasts:  

s { ( n - -  2 )a  + d ( q - - p )  n ( t - - f ) }  

s~(n - 1 )  

and 
1 

(n -- 2s) 2 d  

s 2 ( n -  1) 
and a "dominance"  ratio identical with (6). 

I t  is clear, therefore, tha t  irrespective of the size 
of the population under test, general varietal  abil i ty 
applies a bias in favour of heterozygous genotypes 
which matches tile advantage  of synthetics with 
these included as parents,  and is therefore opt imal  in 
terms of ranking individuals as potent ia l  parents.  

5" Re la t ive  E f f i c i e n c i e s  o f  Varietal  B u i l d i n g  M e t h o d s  

The variance among g.v.a, values as given in 
Table t represents the variance among groups of 
synthetics with one common parent ,  and hence the 
variat ion accounted for by  fi t t ing one g.v.a, to each 
synthetic. Therefore, f i t t ing the g.v.a, values of all s 
independent  parents  accounts (when F : 0) for 

s + ~ aD. (7) 

The demonstrat ion in the foregoing Section tha t  all 
variat ion among g.v.a, values is utilisable during 
var ie ty  building confirms tha t  all the variance of 
g.v.a, values is par t  of the to ta l  variance among 
synthetics. This allows the expected response to 
selection of varietal  parents  to be expressed simply 
as the ratio of the variance of g.v.a, values to the 
s tandard  deviation of their es t imated values. This 
expectat ion,  after some cancellation of terms in s, 
is given in Table 2. By  the application of conventio- 
nal theory  of correlated responses (Falconer, t960), 
the expected response to selection of varietal  parents  
using est imates of g.c.a, or phenotype  can now be 
found as 

i a~.~ (s) 
ax 

where a~.g is the eovariance of the assessment criterion 
with g.v.a. The expectat ion of these covariances are 
given in the upper  par t  of Table 2 and the response 
formulae below. As in Table t, no equivalence exists 
between the different error variances, and definite 
assertions as to the superiori ty of any  part icular  
method cannot be made. However,  the potent ia l  
advantage  of g.v.a, assessment is greater  for this 
varietal  building phase than  during population im- 
provement ,  because both linear and non-linear corn- 
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ponents  of variance are of direct benefit.  Again, the 
efficiency of conventional methods of assessment will 
be enhanced by  an increased correlation of a and as. 

Hill ( t97t) gives the variance among all synthe- 
tics which can be drawn from a random bred popula- 
tion as 

" (2~ - ~) ~5  (8) 
~ + 4s a �9 

Hence, the expected response to selection among 
synthetics is as shown in Table 2. If the error varian- 
ce of g.v.a, and synthetic  est imation were the same, 
then the former method would be expected to be 
slightly the more efficient. However, Hill suggests 
t ha t  selection among all but  the smallest synthetics 
will always be  a less efficient procedure than selec- 
tion of parents,  because the variance among such 
synthetics is low. But  it is clear tha t  the success of 
the varietal  building process must  always be limited 
by the quant i ty  of variat ion available among possible 
synthetics.  As in the case of a hybrid breeding pro- 
gramme,  the advantage  of parental  selection lies in 
the far smaller number  of trial entries which have 
to be tested, and in addition, the fewer seasons re- 
quired to produce seed for progeny testing than for 
second generation synthetics. 

In a random bred population, the variance among 
synthetics not accounted for parental  g.v.as, is only 

( s -  I ) @ .  This suggests that ,  at least when the 
2 s  a 

necessary assumptions are fulfilled, the performance 
of any  specific synthet ic  can be predicted from the 
g.v.as, of its parents  with a high degree of accuracy. 

6. D i scuss ion  

The examinat ion of the role of general varietal  
abil i ty in both  population improvement  and varietal  
construction phases of a breeding programme de- 
monst ra tes  the essential cont inui ty of the underlying 
theory. Although the model used in the development 
has been highly restricted in terms of assumptions 
with regard to epistasis and multiple allelism, it is 
probable tha t  these could be considerably relaxed. 
The chief requirement with regard to epistatic inter- 
actions is tha t  the relationship between coefficient of 
inbreeding and population mean should be linear, or 
very nearly so, for all possible synthetics which can 
be produced. Multiple alleles can probably  be dealt 
with in much the same way as in the t rea tment  of 
more familiar population parameters ,  al though this 
might itself depend on the absence of epistasis and 
linkage (Hill, t97t) .  

The impor tant  difference between the population 
improvement  phase of the breeding programme,  whe- 
ther this is a single cycle of selection and recombina- 
tion or part  of a recurrent series, and the varietal  
building phase, is tha t  the former is concerned to 
raise the performance of synthetics which might be 
produced from the selected group after reconstitution 

as a random mating population, whereas the lat ter  is 
concerned simply with the performance of tile syn- 
thetics to be produced from the selected group as it 
stands. This is in direct parallel with the more usual 
types of selection and response prediction where an 
improvement  is required in the mean of the selected 
population after a generation of random mating,  or 
of the mean of the selected group per se. This analogy 
is strikingly revealed by  a comparison of the response 
formulae in Tables I and 2, where those dealing with 
the improvement  of the potential  of the following 
generation (Table 1) resemble response formulae based 
on narrow-sense heritability, and those concerned 
with immediate  improvement  resemble formulae 
using heritabili ty in the broad sense. In the cases 
both of population mean and varietal  mean improve-  
ment ,  the portion of the immediate  gain obtained 
which is due to the non-linear portion of variance is 
lost during the subsequent random mat ing cycle. 
I t  is also interesting to note that  the analogy is not 
between g.v.a, and g.c.a, as might have been expected, 
but between g.v.a, and genotype. 

The term as can be described as the "average 
effect" (Fisher, 1930) of a gene in terms of the pro- 
duction of synthetic varieties, Whereas the "avelage  
excess" is represented by  a under conventional  
assessment and a s in the case of g.v.a. The equiva- 
lence of average excess and effect achieved by the 
use of g.v.a, is also the rationale behind other breeding 
procedures, occurring in its most advanced form in 
reciprocal recurrent selection (Comstock, Robinson, 
and Harvey,  1949), and leads to a linear component  
of variance which is always directly utilisable by 
selection. In the case of the improvement  of a large 
population this is the variance of general combining 
abilities, which, for hybrid improvement ,  is defined 
with respect to the reciprocal population and is a 
component  of variat ion among crosses in the hybrid 
population (Griffing, 1962). In the case of synthetic  
var ie ty  production, it has been similarly shown tha t  
the linear variance is a component  of the total  vari- 
ance among synthetics. 

I t  was suggested earlier that  the covariance of 
and a s terms across genes, upon which the efficiency 
of conventional assessment in par t  depends, will be 
high when narrow-sense heritabil i ty is high. This, of 
course, is the very condition under which progeny 
testing of any sort tends to be less efficient than simp- 
ler phenotypic assessment. Therefore, whereas paren- 
tal phenotypic assessment will tend to be the most 
efficient procedure early in a breeding programme, the 
reduction in heritabil i ty later on may  impose the 
need for some form of progeny testing. At this stage, 
the use of g.c.a, estimates will probably still be more 
effective than g.v.a., if only because of the inherent 
practical difficulties of the estimation of g.v.a, values 
for the members of a large breeding population. But  
it is during the final phase of varietal  construction 
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that  the estimate of g.v.a, has its greatest potential. 
At this time, heritability will probably be low, and 
because of the relatively low correlation of ~ and % 
when genes are close to their optimal frequencies, 
and because of the nonqinear component of variance 
among g.v.a, values, considerable alterations of the 
ranking of potential parents according to the two 
methods may occur. Another reason for the preferen- 
ce of g.v.a, at this time is that,  providing earlier 
selection has been successful, most genes will have 
the beneficial allele at a frequency in the range 0.5 to 
I. This means that  for those genes with positive 
dominance relations ~, values will be higher than e, 
while negative dominance will lead to higher ~ terms. 
Since the existence of inbreeding depression itself 
depends on the predominance of positive dominance, 
then the linear component of variance of g.v.a, will 
be greater than the linear 'covariance'  of g.c.a., thus 
enhancing the efficiency of g.v.a, assessment. Of 
course, the significance of all these arguments will 
be strengthened as the size of synthetic to be produc- 
ed is reduced. 

In Section (5) it was concluded that,  in a large 
random-bred population, without multiple alleles or 
epistatic interaction, the variance among synthetics 
not accounted for by general varietal ability is very 
small. The important  new assumption here concerns 
the size of the population, since the variance among 
synthetics from a limited population is unknown, 
and the significance of the changed coefficients of 
g.c.a, and 11 in the expectation of g.v.a, under these 
conditions is uncertain. However, the implication is 
that  specific varietal effects are likely to be unimpor- 
tant ,  and since g.v.a, is a function only of g.c.a, and 
11 progeny, the specific combining abilities of indi- 
vidual crosses among the parents have a trivial effect 
on the expectation of any varietal mean. Estima- 
tion of the importance of specific varietal effects 
experimentally could be achieved by means of designs 
such as those suggested by Hill (t966). Although a 
considerable area of uncertainty remains, which can 
probably only be resolved by  empirical means, the 
estimation of general varietal ability offers a promis- 
ing basis for the prediction of the mean performance 
of any specified synthetic by means of 11 and poly- 
cross progenies or any other direct estimator of 
g.c.a, values. 

A common problem in varietal construction is to 
decide on the optimal number of parents. E a c h  
additional parent has a lower genetic potential than  

those already included, but decreases the loss due to 
inbreeding (Graumann, t952). In quantitative terms, 
this is expressed as an increase in variance among 
synthetics as their size is reduced, but a dcerease in 
their overall mean (Gallais, 1967, Busbice, 1969, Hill, 
t97t).  As a rule of thumb, a compromise lying be- 
tween 4 and t0 has been recommended (Kinman and 
Sprague, t945, Gallais, Guy, and Lenoble t970). 
However, the identi ty and  number of parents in the 
best possible synthetic which can be produced from 
a given population will depend on" the exact distri- 
bution of genotypes at each locus, and be a specific 
property of the population. A method of direct esti- 
mation of the expected performance of any synthetic 
would allow this difficulty to be overcome. 
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