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Part 1: A Simulation Study 
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Summary. When a character has a large additive genetic 
component in its variance, general combining ability esti- 
mates may be used for predicting cross performance. Fur- 
ther, if emphasis is placed on the ranks of the general 
combining abilities in a diallel rather than on their numeri- 
cal values, the incomplete partial diallel is a powerful tool 
for parental selection. In a self pollinating species, if gen- 
eral combining ability effects are equal to or greater than 
specific combining ability effects, 20% of the partial dial- 
lel is found to give enough information for accurate rank- 
ing of the parental general combining abilities. A gener- 
alised method for calculating general combining abilities 
from incomplete partial diallels is presented and tested by 
computer simulation over a large range of genetic popula- 
tion parameters. 
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Introduction 

A diallel is the set of all the possible crosses between a 
given number of parental lines. It can be represented by 
an N x N matrix where the ij th element represents the 
hybrid between parents i and j and the leading diagonal 
(ii th) elements represent the products of self-fertilization, 
that is, the parents. 

The full diallel (F.D.) may conveniently be divided 
into three groupings: the parental lines; one set of crosses, 
where for each ij th element i < j ;  and the reciprocal set of 
crosses where i > j. 

A partial diallel is either the full diallel excluding the 
reciprocals or the full diallel excluding both the recipro- 
cals and the parental lines. 

In this paper, the term 'incomplete partial diallel' 
(I.P.D.) refers to any subset of the partial diallel. 

Diallels have traditionally been used both to measure 
the mode of inheritance of quantitative genetic characters 
within a population and to isolate individual variations 
between parents in the diallel. A diallel experiment would 
normally have the observations of all the possible cross, and 
parental, genotypes carried out within a relatively uniform 
environment. This provides the mechanism for optimising 
the measurement of genetically controlled characters 
whilst helping to minimise environmental effects. 

This genetic component of a quantitative character can 
be divided into three effects: the additive genetic effect of 
each of the parents involved in the cross [called general 
combining ability (gca)]; a specific effect caused by the 
interaction of the two parental genotypes [called specific 
combining ability (sea)]; and a reciprocal effect (r) due to 
the reversal of the male and female parents. 

Thus, the model of a quantitative character (P) be- 
comes: 

Pij = mean effect + gca (parent i) + gca (parent j) 

+ sca cress ij) + rij (i) 

The model is completed by the addition of eij which 
represents the environmental effects as well as observa- 
tional error. 

Various methods have been proposed to estimate these 
effects from the diallel of observed values (Griffing 1956a, 
b; Dickinson and Jinks 1956; Hayman 1954a; Yates 
1947). Such analyses may be of use to the geneticist and 
breeder for evaluating the mode of inheritance of a given 
character within a population. 

With p parents used in a diallel, p(p-1) crosses have to 
be made and this rapidly becomes a very large number as 
p increases. For this reason, diallels with more than a few 
parents are rare and efforts are made to reduce their size. 
The simplest reduction is achieved by assuming a neg- 
ligible reciprocal effect and thus eliminating reciprocal 
crosses. This reduces the number of crosses to p(p-1)/2 
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and the model for the elements in this partial diallel be- 
comes: 

Pij =/a + gca i + gcaj +scaii + eij 

One may predict the phenotype of a particular cross 
with the use of diallel-type analysis; once a full analysis of 
a diallel has been made, the right-hand side of Eq. (ii) may 
be used to estimate the left-hand side. While this may 
yield interesting information about the fit of  the linear 
model, its practical applicability is questionable as the 
left-hand side values have already been observed. How- 
ever, if all the crosses are not observed, the missing ones 
may be estimated as follows: 

Pij = ~" + gcai + g6aj (iii) 

Here, a number of assumptions are made before such 
an estimate may fall within a reasonable range of ac- 
curacy. The first group of assumptions are the genetic 
assumptions of diallel analysis proposed by Hayman 
(1954b): 

(a) diploid segregation, 
(b) no difference between reciprocal crosses, 
(c) independent action of non-allelic genes, 
(d) no multiple alleles, 
(e) homozygous parents, 
(f) genes independently distributed between the par- 

ents. 
As Hayman showed, assumption (d) is only important for 
generations after the Fl generation. Gilbert (1958), Dick- 
inson and Jinks (1956) and Kempthorne (1956) give a full 
discussion on the implications of these assumptions and 
methods of adjusting diaUel analysis when some of them 
do not apply. Additional assumptions made here are: 

(g) the environment effects within blocks are small; 
(h) accurate estimates of the general combining 

ability can be made. 
Use of a homozygous genotype as a control at predesigned 
placements in an experimental block allows for environ- 
mental effects to be evaluated, and correction for this 
variation allows acceptance of assumption (g). 

Accepting that (g) is often true, there are two distinct 
options for estimating general combining ability [assump- 
tion (h)]: 

i. the use of a partial diallel; 
2. the use of an incomplete partial diallel. 
Use of a partial diallel is, however, of little value, as the 

objective is to predict cross performance and the partial 
diaUel involves all possible crosses. The partial diallel 
could, however, be used for estimating hybrids outside 
and/or between sets of diailels. Clearly it is not possible to 
estimate the result of a cross between a parent in a diallel 
and a parent which is not included in this diallel, as only 

the sea estimate of the parent in the diallel is available. If 
two diallels exist, and if one parent is in each diallel, then 
estimates of both sea's will be available and hence an 
estimate of the cross may be calculated. 

However, diaUel analysis with regard to gca estimating 
is an 'averaging' and 'fitting' process, involving all the 
hybrids produced from a parent and estimating their non- 
interactive genetic effect. This estimate is thus very sen- 
sitive to the set of genotypes used in the fitting process. 
Within a diallel, the gca estimates are fitted relative to 
other parents in the diallel. No information is necessarily 
obtained about parents outside the diallel nor about the 
effects of other parents on the diallel. For interdiallel 
crosses to be estimated with such sea's, it would be as- 
sumed that the addition and/or deletion of parents to 
either diallel would not affect the sea estimates of the 
remaining parental gca's. As Kempthorne (1956) showed 
such extrapolation from results within a diallel subset of a 
population to the population itself forms a weakness in 
the diallel method. 

This leaves the incomplete partial diallel as a source of 
gca estimation. Here, all the sea's are estimated within the 
same set of genotypes. However, a similar question still 
remains, as to whether the addition (towards a full diallel) 
or deletion (towards a sparser incomplete partial diallel) 
of elements from the diallel affects the sea estimates of 
the parents. There will, however, always be a gca estimate 
for every parent that could be used in the predicted cross. 
Here the problem is more one of precision than of rela- 
tivity. 

Lupton (1965) discussed the value of estimates of sea 
from incomplete partial diallels for making predictions of 
hybrid performance. The incomplete partial diallel he 
used was the 'tester cross' method where each parent is 
crossed to the same set of tester varieties, with no crosses 
between testers. Although he concluded that this method 
has advantages over other methods he tested, he spent 
little time discussing the error inherent in the gca estima- 
tion of incomplete diallels compared to the partial diallel 
estimates. Fyfe and Gilbert (1963), Kempthome and Cur- 
now (1961), Curnow (1963) and Bray (1971) do, how- 
ever, discuss the relative merits of various ways of samp- 
ling the diallel (incomplete partial diallel) as against using 
the partial diallel. 

Ranking 

These arguments regarding the accuracy of estimating 
combining ability effects are relevant when the objective 
in producing the diallel is to describe precisely the mode 
of inheritance - both for the population sampled and for 
individual members within that sample. As Gilbert (1958) 
points out, most breeders are only interested in the par- 
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ental lines and crosses themselves and not with their repre- 
sentativeness or otherwise of the population as a whole. 

Consider the breeder's main problem: he/she initially 
has only two sets of information - one consists of the 
characteristics of existing genotypes, and the other con- 
sists of the desired characteristics of the genotypes he/she 
wishes to produce. Hence, the evaluation of existing and 
new parental material for hybridisation is an essential part 
of the breeder's task. 

As shown earlier, before any prediction of unmade 
crosses can be used, the additive genetic effects (gca) must 
be estimated. These gca's have two estimable qualities: 
first, there is the gca value itself, usually expressed in units 
of the quantitative genetic character it represents; and 
secondly there is the relative positioning, or ranking, of 
parental gca's as compared to each other. Of the two, the 
latter is clearly more important to the breeder, who must 
work with the assumptions that two high-ranking gca indi- 
viduals have greater breeding potential than two low-rank- 
ing gca individuals. Hence the standard error of the gca 
estimates will be largely ignored, for the remainder of this 
paper, in favour of the accuracy of gca ranking in the 
incomplete partial diallel, as compared to the partial dial- 
lel. If the ranking of gca values is seen as the critical 
measurement then methods of diallel analysis can be reas- 
sessed according to this different criterion. 

Simulation Methods 

A computer program was written, for the CDC Cyber 173, 
to simulate observations from a diallel of a self-pollinating 
species. The following specifications were used: 

1. two variables GCAR and SCAR were chosen to 
represent the variances of the general and specific com- 
bining abilities respectively. 

2. P values were chosen at random from a normal 
distribution with mean zero and variance GCAR, 
[N(0,GCAR)]. These values were then assigned as repre- 
senting the gca values of the p parents in the diallel. 

3. p(p+l)/2 values were then chosen at random from 
a normal distribution with mean zero and variance SCAR, 
[N(0,SCAR)]. These values were then assigned to repre- 
sent the specific combining ability values plus the environ- 
mental effect of all the hybrids and selfs. 

4. individual observations could then be generated 
using equation (iii), where the last two terms have been 
combined, i.e. 

Pij = mean + gca i + gcaj + scaij + eij 
, 

scaij 

It should be noted that the values generated in steps 2 
and 3 above do not conform exactly to the standard deft- 

nition •gca i = ~scaij = 0. As they are taken at random 
from the normal distribution they will only approximate 
this restriction. 

This simulated diallel can now be analysed as a com- 
plete or an incomplete partial diallel. It was systematically 
reduced to incomplete partial diallels representing 2, 4, 6, 
8 and 10 crosses per parent. Each of these reduced diallels 
was then analysed for gca estimates which were ranked 
and compared to those of the partial diallel. The analysis 
took the form of a least square analysis to minimise (~E~j) 
where 

Eij= Pij - g6ai - g6aj - 

The simulation was carded out for diallels of size P = 
15, 20, 30 and 50. The number of diallels simulated for 
each of these parental numbers was 100, 50, 30 and 14 
respectively. Each simulation replicate was independent of 
the others and represented a completely new set of par- 
ents. The number of replications was a fimiting function 
of the computer time needed for the simulations. The 
random number generator used was the IMSL program 
library's GGNOR (IMSL 1977), using as its starting-point 
seed: SEED = (time of day) x (date), thus ensuring a 
unique starting-point for each simulation. 

As the accuracy for the hybrid prediction using this 
method is clearly dependent on the proportional contribu- 
tion of gca to sea, a number of GCAR and SCAR variables 
were used for the diallel generation. The values used were 
1024, 256, 64, 16, 4 and 1. All permutations (36) of these 
values of the GCAR and SCAR values were used for each 
size of diaUel. In all, 27,936 diallels were simulated. 
Figure I illustrates the method used for systematically 
sampling the partial diallel for the incomplete partial dial- 
lels. 

The rank differences are evaluated by subtracting the 
rank obtained for a parent in the incomplete partial diallel 
from the rank of the same parent in the partial diaUel. 
This is done for all parents and the absolute values of 
these differences are stored as ten values representing how 
many parents in the diallel varied in rank by zero, how 
many varied in rank by one and so forth, up to how many 
varied in rank by nine. 

Results 

a) Ranks 

After each diallel was simulated and analysed, a tally was 
taken of the number of parents, in the incomplete partial 
diallels, which differed in rank from those in the partial 
diaUel. 

Of the 36 combinations of gca to sca variance ratios 
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PARENT NUHBER 

1 2 3 4 5 5 7 8 9 10 

1 P A B C D E D C B A 

2 P A B C D E D C B 

3 P A B C D E D C 

4 P A B C D E D 

.5 P A B C D E 

6 P A B C D 

7 P A B C 

8 P A B 

9 P A 

10 P 

Fig. 1. This figure illustrates how the incomplete partial diallels 
were systematically sampled. The partial diallel consists of the 
parents (P) and all of the crosses (A, B, C, D and E). The .two 
crosses per parent incomplete partial diallel consists of P + A. 
Similarly, the 4, 6 and 8 crosses per parent incomplete partial 
diailel consist o f P + A + B , P + A + B + C ,  a n d P + A + B + C + D  
respectively 

which were used, eleven were unique, e.g., the ratio of  the 
variance of  gca's from the distribution N(0,1024) to the 
variance of  sca's from the N(0, 256) distribution is the 
same as for the two distributions N(0, 64) and N(0, 16) 
(1024/256 = 64/16 = 4.0). The eleven distinct ratios were 
1024, 256, 64, 16, 4, 1, 0.25, 0.0625, 0.0156, 0.0039 and 
0.00098 with replications 1, 2, 3, 4, 5, 6, 5, 4, 3, 2, and 1 
respectively. 

Duncan's Multiple Range Test (Duncan 1955) was per- 
formed on the components of  the eleven groupings of  
variance ratios to see whether a scaling difference was 
present. No significant differences were found. Thus, the 
original thirty-six groupings of  gca/sca ratios were reduced 
to eleven. 

Of these remaining eleven groups, five had a larger gca 
component than sea component, one had equal compo- 
nents and five had smaller gca components than sca com- 
ponents. As would be expected, the latter five yielded 
many differences in the gca rank estimation. Table 1 
shows Spearman's rank correlation coefficient for all the 
diaUels simulated with a variance ratio of  1 or greater. The 
range and scatter o f  this coefficient did not differ appre- 
ciably for these ratios, so only the range (from the 256:1 
ratio down to the 1 : 1 ratio) is shown. Although this table 
shows the stability of  the ranks for the various incomplete 
partial diallels, it is difficult to visualise from this informa- 
tion alone the significance o f  the rank changes. For this 
reason, tables were also drawn up to show the number o f  
gca estimates which did not change at all for the respec- 
tive simulations. Similarly, tables showing rank changes o f  
one or less, two or less and up to nine or less changes in 
rank were also compiled. As these tables are cumbersome, 

Table 1. Range of Spearman's rank correlation coefficients for 
gca:sca variance ratios of 256:1 to 1:1. The ranks of the gca esti- 
mates from the partial diallel are compared to those from the 
incomplete partial diallel. The bracketed numbers represent the 
percentages of the crosses from the partial diallel used in the in- 
complete partial diallel 

15 parent 20 parent 30 parent 50 parent 
diallel diallel diallel diallel 

10crosses 0.999-0.979 0.999-0.968 0.999-0.964 
per parent (71.4%) ( 5 2 . 6 % )  (34.5%) 
I.P.D. 

8 crosses 0.999-0.969 0.999-0.957 0.999-0.955 
per parent (57.1%) ( 4 1 . 2 % )  (27.6%) 
I.P.D. 

6 crosses 0.999-0.955 0.999-0.950 0.999-0.948 
per parent (42.9%) ( 3 1 . 6 % )  (20.7%) 
I.P.D. 

4 crosses 0.999-0.940 0.999-0.936 0.999-0.935 
per parent (28.6%) ( 2 1 . 1 % )  (13.8%) 
I.P.D. 

2crosses 0.999-0.918 0.999-0.896 0.999-0.918 
per parent (14.3%) ( 1 0 . 5 % )  (6.9%) 
I.P.D. 

0.999-0.966 
(20.4%) 

0.999-0.959 
(16.2%) 

0.999-0.952 
(12.2%) 

0.999-0.938 
(8.2%) 

0.999-0.912 
(4.1%) 

a subset of  them appears here as Tables 2a, 2b and 2c 
showing, for a twenty parent diallel, the percentages of  
observed changes in the estimated gca ranks. The com- 
plete set of  such tables is available from the author. Here 
the full range of  variance ratios is shown to indicate the 
rapid loss of  information which occurs when the gca/sca 
ratio drops below one. 

From these tables it is possible to estimate the proba- 
bility o f  the breeder making an incorrect decision based 
on an incomplete partial diallel. He may, for example, be 
looking at 20 possible parental lines and wish to choose 
those with the top five gca values. If  a parent is ranked 
fifth then any rank change towards an increased rank will 
cause it to be incorrectly ranked outside the top five. 
From Table 2a (in a twenty-parent diallel with two crosses 
per parent and a variance ratio of  64:1 (100-77.87)% of  
the diallel would be expected to change rank. As the rank 
change is only important in one direction, this statistic 
can be halved to encompass only changes towards the 
lower ranks. The approximate chance of the fifth ranked 
parent not being ranked in the top five then becomes: 

�89 = �89 

= 11.07% 

Similarly, from Tables 2b and 2c the estimates for the 
fourth and third ranked parents become: 
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� 8 9  = 1.35% (Table 2b)  

� 8 9  = 0.165% (Table 2c)  

The probabi l i ty  for the first and second ranked parent  

are ob ta ined  f rom the  rank difference tables o f  four  or  less 

and three or  less respect ively (not  presented here).  

Table 3 summarises these results for the 15, 20,  30 and 

50 parental  diallels for gca/sca ratios > / 1 ,  where the in- 

complete" partial  diallel contains  approx imate ly  20% of  all 

possible crosses. The 20% (or its closest approx imate )  in- 

comple te  partial diallel was chosen,  as this was observed 

Table 2a. Means and standard errors of the percentage of parents 
in 20 x 20 diallel whose GCA estimates do not change in rank 
when the incomplete partial diallel analysis is compared to the 
partial diallel analysis 

2 crosses per 4 crosses per 6 crosses per 
GCA/SCR parent parent parent 
variance (20/190=10.5% (40/190=21.1% (60/190=31.6% 
ratio of possible of possible of possible 

crosses) crosses) crosses) 

1024.0 91.00 • 1.12 93.40 +, 1.05 94.00 +, 1.03 
256.0 87.30 • 0.99 88.60 • 1.03 90.90 +, 0.97 

64.0 77.87 +_ 1.03 81.27 +, 0.99 85.23 +, 0.90 
16.0 62.82 +, 0.91 68.45 +, 0.99 72.30 • 0.87 
4.0 43.54 +, 0.81 49.48 +, 0.87 55-56 • 0.93 
1.0 25.67 +, 0.64 29.95 +, 0.69 36.22 +- 0.70 

0.2500 15.78 • 0-58 19.62 +- 0.57 22.24 +, 0.66 
0.0625 11.95 • 0.52 13.87 +, 0.55 15.20 +, 0.63 
0.0156 9.00 • 0.53 10.33 • 0~55 11.80 +, 0.68 
0.0039 8.95 • 0.64 9.90 -+ 0.72 12.10 +, 0.80 
0.0010 9.60 +, 0.99 10.90 • 1.00 10.30 +, 0.84 

Table 2b. Means and standard errors of the percentage of parents 
in a 20 x 20 diaUel whose GCA estimates do not change in rank 
more than one when the incomplete partial diallel analysis is com- 
pared to the partial diallel analysis 

2 crosses per 4 crosses per 6 crosses per 
GCA/SCR parent parent parent 
variance (20/190=10.5% (40/190=21.1% (60/190=31.6% 
ratio of possible of possible of possible 

crosses) crosses) crosses) 

1024.0 100.00 +- 0.00 100.00 • 0.00 100.00 +, 0.00 
256.0 99.10 +, 0.26 99.20 +, 0.24 99.50 • 0.19 

64.0 97.30 -+ 0.37 97.70 +, 0.35 98.23 +, 0.33 
16.0 90.78 +, 0.59 93.15 +, 0.51 94.97 +, 0.43 
4.0 77.84 • 0.71 83.00 +, 0.69 86.94 +, 0.59 
1.0 56.67 • 0.75 63.02 +, 0.75 69.00 +, 0.66 

0.2500 38.82 • 0.81 45.16 • 0.75 49.04 +, 0.77 
0.0625 29.00 +, 0.73 34.55 +, 0.78 36.82 +, 0.82 
0.0156 25.53 +, 0.76 26.37 +- 0.82 29.40 +, 0.88 
0.0039 24.40 +, 1.13 25.30 +, 0.97 31.80 • 1.13 
0.0010 25.10 +, 1.52 24.60 +, 1.55 28.30 +, 1.49 

Table 2c. Means and standard errors of the percentage of parents 
in a 20 x 20 diaUel whose GCA estimates do not change in rank 
more than two when the incomplete pzrtial diallel analysis is com- 
pared to the partial diallel analysis 

2 crosses per 4 crosses per 6 crosses per 
GCA/SCR parent parent parent 
variance (20/190=10.5% (40/190=21.2% (60/190=31.6% 
ratio of possible of possible of possible 

crosses) crosses) crosses) 

1024.0 100.00 +- 0.00 100.00 +, 0.00 100.00 +, 0.00 
256.0 I00.00 +, 0.00 100.00 +, 0.00 100.00 +, 0.00 

64.0 99.67 +, 0.15 99.80 +, 0.09 99.83 +, 0.09 
16.0 97.82 +, 0.29 98.73 +, 0.20 99.25 +, 0.17 
4.0 92.58 +, 0.41 94.92 +, 0.39 96.38 • 0.34 
1.0 74.38 +, 0.70 80.52 +, 0.60 85.18 +, 0.55 

0.2500 55.24 +, 0.80 62.42 +, 0.74 68.10 +, 0.79 
0.0625 43.97 +, 0.85 49.40 +, 0.81 53.40 +, 0.85 
0.0156 38.70 +, 0.91 40.83 +, 0.95 44.77 +, 1.00 
0.0039 35.50 +, 1.22 38.60 +, 0.99 45.05 • 1.13 
0.0010 36.90 +, 1.50 38.40 • 1.62 42.50 +, 1.38 

to  be a reasonable cu t -o f f  po in t  be tween  having an exces- 

sively large number  o f  crosses and having too  l i t t le infor- 

mat ion .  The select ion o f  five parents  only  is used, as this 

would  be a practical  number  for a plant  breeder  to  use in 

more  extensive exper imenta t ion .  It is however ,  on ly  an 

example  and plant  breeders  may  in fact  wish to  choose 

more (or fewer)  parents  f rom their  original diallel. 

As the probabil i t ies  in these tables are associated wi th  

the probabil i t ies  o f  all o f  the parents and no t  jus t  the first 

five ranked parents,  these est imates can be considered up- 

per l imits  and accordingly it  would  be expec ted  tha t  the  

exact  probabil i t ies  would  be lower.  For  this reason and 

for the sake o f  brevi ty,  s tandard errors associated with  

these est imates were no t  included in Table 3. 

b) Prediction 

The values o f  the gca est imates were used to  'p redic t '  the  

partial diallel componen t s  using Eq. (iii). Each o f  these 

es t imated crosses can then  be compared  to  the observed 

value (in this case the original s imulated value). The abso- 

lute value o f  the expec ted  value less the observed value 

was calculated for each e lement  o f  the diallel, and then  a 
( ~ , E x p  - Obsl ) 

mean ~ de termined  for the entire par- 

tial diaUel. The calculat ions were done wi th  all the incom- 

plete partial  diallels tha t  were tes ted,  and these results are 

summarised in Table 4. The absolute  value was used as it  

was felt  that  the magni tude  rather  than  the direct ion o f  
the deviat ion f rom the observed was the impor t an t  statis- 
tic. 
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Table 3. Probability of the top five ranked parents being incorrectly ranked outside of the top 
five when the incomplete partial diaUel is compared to the partial diaUel 

Ranking Variance ratio 

1024 256 64 16 4 1 

15 parent diallel 1 0.0000 0.0000 0.0000 0.0001 0.0005 
4 crosses/parent 2 0.0000 0.0000 0.0000 0.0005 0.0023 
(30/105=28% of 3 0.0000 0.0000 0.0003 0.0027 0.0127 
possible crosses) 4 0.0000 0.0017 0.0060 0.0224 0.0495 

5 0.0207 0.0330 0.0721 0.1248 0.2013 

20 parent diaUel 1 0.0000 0.0000 0.0000 0.0004 0.0017 
4 crosses/parent 2 0.0000 0.0000 0.0002 0.0021 0.0069 
(40/190=21.1% of 3 0.0000 0.0000 0.0010 0.0064 0.0254 
possible crosses) 4 0.0000 0.0040 0.0115 0.0342 0.0850 

5 0.0030 0.0570 0.0937 0.1577 0.2526 

30 parent diaUel 1 0.0000 0.0000 0.0002 0.0004 0.0064 
6 crosses/parent 2 0.0000 0.0000 0.0002 0.0026 0.0207 
(90/435=20.7% of 3 0.0000 0.0006 0.0020 0.0138 0.0530 
possible crosses) 4 0.0000 0.0061 0.0135 0.0589 0.1329 

5 0.0444 0.0678 0.1259 0.2244 0.3167 

50 parent diallel 1 0.0000 0.0000 0.0000 0.0021 0.0214 
10 crosses/parent 2 0.0000 0.0000 0.0010 0.0082 0.0520 
(250/1225=20.4% of 3 0.0000 0.0011 0.0031 0.0325 0.1026 
possible crosses) 4 0.0029 0.0064 0.0329 0.0991 0.2011 

5 0.0414 0.0996 0.1707 0.2771 0.3693 

0.0062 
0.0191 
0.0501 
0.1274 
0.3063 

0.0217 
0.0488 
0.0974 
0.1849 
0.3502 

0.0419 
0.0790 
0.1424 
0.2414 
0.3906 

0.0973 
0.1487 
0.2196 
0.3096 
0.4230 

Theor. Appl. Genet. 56 (1980) 

Table 4. Means and standard errors of the mean deviation of the 
predicted partial diallel and the incomplete partial diallel. All 
values are based on a gca:sea variance ratio of 1024:64. The brack- 
eted numbers represent the percentage of the crosses from the 
partial diallel used in the incomplete partial diallel 

15 parent 20 parent 30 parent 50 parent 
diallel diallel diaUel diaUel 

Partial 6.04 • 0.45 6.03-+ 0.65 1.91 • 0.21 1.94 +- 0.31 
Diallel (100.0%) (100.0%) (100.0%) (100.0%) 

10 crosses 6.14 • 0.46 6.19-+ 0.67 1.98 • 0.23 2.01• 0.34 
per parent (71.4%) (52.6%) (34.5%) (20.4%) 
I.P.D. 

8 crosses 6.22-+ 0.47 6.28• 0.68 2.00-+ 0.23 2.03-+ 0.35 
per parent (57.1%) (42.1%) (27.6%) (16.2%) 
I.P.D. 

6 crosses 6.33 • 0.48 6.37 • 0.70 2.02 • 0.24 2.06 f 0.36 
per parent (42.9%) (31.6%) (20.7%) (12.2%) 
I.P.D. 

4 crosses 6.50 • 0.50 6.51 • 0.72 2.05-+ 0.25 2.19 • 0.37 
per parent (28.6%) (21.2%) (13.8%) (8.2%) 
I.P.D. 

2 crosses 6.71 • 0.52 6.77 • 0.76 2.11 • 0.27 2.16 -* 0.40 
per parent (14.3%) (10.5%) (6.9%) (4.1%) 
I.P.D. 

For  il lustrative purposes only  the gca/sca variance ra- 

t ios o f  1024:64  are shown in Table 4. As the mean devia- 

t ion is related to  the sea variance, the comple te  range o f  

variance ratios may  be calculated,  f rom this table,  by  use 

o f  the fol lowing formula:  

new mean  deviat ion = old mean  deviat ion 

x ~ /new sea variance + ~/64-" 

[For  a 15 parent  diallel with 4 crosses for parent ,  the  

mean  deviat ion expec ted  wi th  a gca:sca variance ratio o f  

256 :16  would  be: 

6.04 x ~/16 + 8 = 3.02] 

Discussion 

As can be seen f rom Tables 1, 2a, 2b and 2c very lit t le 

change occurs in the ranking o f  the gca est imates when 

the partial  diallel is reduced.  
As would  be expec ted ,  the gca/sca variance ratios 

which have a higher sea c o m p o n e n t  than gca c o m p o n e n t  

lead to inaccuracies in the incomple te  partial diallel rank- 
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ing. This indicates that only characters with a gca/sca ratio 
of one or greater should be analysed in an incomplete 
partial diallel. Whilst this restriction excludes some charac- 
ters, many agronomic characters conform to this restric- 
tion (cf. Griffing 1956b; Reddy 1976; Chaudhary et al. 
1977; DhiUon and Singh 1977; and Lupton 1965). 

The added ranking information gained by using the 
partial diallel would not outweigh the extra work in- 
volved, instead of making a partial diallel with twenty 
parents (190 crosses) twenty percent of a forty parent 
partial diallel may be made (160 crosses). Here, fewer 
crosses have been made but twice the number of parents 
have been included. In terms of finding the best parents to 
use in a breeding program, little information is lost by 
using only a fraction of the diaUel. Table 3 shows the 
estimated upper probabilities for parentals being ranked 
outside the top five; for most gca/sca variances the proba- 
bility of not finding the top three parentals is small. If 
more than five parents are to be chosen, these proba- 
bilities become even smaller. 

A critical part of this analysis is the inclusion of the 
parental lines themselves. Simulations were run excluding 
the parents and it was found that the number of observed 
values had to remain the same for similar results to be 
obtained. That is, if the twenty parents were not used in 
the diallel then twenty additional crosses would have to 
replace them in the analysis to give results with approxi- 
mately the same number of ranking changes. As increasing 
the number of crosses necessary is disadvantageous, the 
parents were used in the diallel instead. 

On a theoretical basis, this can be justified on the 
grounds that the plant breeder is fundamentally only in- 
terested in the breeding material itself and thus any bias 
introduced by the inclusion of the parental lines is a bias 
within the population genetic parameters of the species, 
rather than a bias within the genotypic subset used. As the 
breeder is mainly concerned with the bias affecting the 
parental lines he is selecting from, bias that affects infor- 
mation on parents outside the diallel is tolerable. 

The simulated diallels were in the form of mean values 
for each genotype; in the field, the observations would of 
course be in the form of replicates of some convenient 
number. As replicated trials are the more usual use of least 
squares analysis, the method is easily adapted to multiple 
replicate input rather than input in the form of means. 
Because of the way in which the mean values were simula- 
ted, input in the form of replicated trials was not neces- 
sary for the simulation testing of the method. Also, as the 
diallel consists only of parental lines and F~ 's, replication 
is only needed to minimise the environment differences, 
which are not relevant to this type of computer simula- 
tion. 

Rather than looking at the best parental gca, all pos- 
sible crosses between parents can be predicted [Eq. (iii)] 

and then the best of the predicted crosses chosen. With 
lines appraised for a number of characters, the use of cross 
prediction would give a simpler selection procedure to the 
breeder than the individual use of the gca estimates for 
each character. 

In terms of the accuracy of these predicted crosses as 
compared to the observed values, Table 4 gives an indica- 
tion of the critical features of this simulation. The most 
important point to note from the table is the closeness of 
fit between the predictions based on the partial diallel and 
those based on the incomplete partial diaUel. It is also 
observed that as the diallel increases in size the mean de- 
viation decreases, which seems to be due to the larger 
sample size (same number of crosses per parent - but 
more parents) having a 'buffering' effect on the IObs-Expl 
values. Using Tables 3 and 4, the following breeding plan 
is suggested: 
Generation 1 

(1) A decision is made by the breeder on the parents 
He/she wishes to assess. 

(2) The parental lines are grown and crosses made to 
give approximately twenty percent of the partial diallel 
crosses, as suggested in this paper. 
Generation 2 

(3) The incomplete partial diallel is observed for the 
quantitative genetic character considered important. 

(4) The least squares diallel analysis, as suggested in 
this paper, is undertaken on the observed values obtained 
in 3 above. 

(5) Using the average error of the observed less the 
predicted values of the diaUel observations and the vari- 
ance of the estimated gca values, the gca/sca ratio may be 
approximated from Table 4. Table 3 can be used to ap- 
proximate the probability of choosing the top five par- 
ents. If this probability is not favourable then more than 
five parental lines may have to be chosen (similarly fewer 
may be chosen). 
Generation 

(6) Embark on normal breeding program with par- 
ental lines chosen. For other than half seasonal crops, this 
plan would have to be extended a year as the diallel would 
now have to be grown in a different year to part 1. 

As the accuracy of the gca parental ranking procedure 
depends critically on the gca/sca variance ratio, step five is 
vitally important and yet in a sense irrelevant. If the gca/ 
sea variance is unknown, so is the precision of the parental 
selection, however, short of increasing the size of the in- 
complete partial diallel in a breeding program, this is the 
most accurate information attainable. If the accuracy is 
suspect, then the number of parents chosen may have to 
be increased, but provided it is not increased to include all 
the parental material, some enhancement of efficiency has 
been obtained. 

Step five may not be necessary if the breeder has an 



232 Theor. Appl. Genet. 56 (1980) 

approximation of  the gca/sca ratio for that character in 
the population, either from the literature or from his/her 
own diallel analysis o f  a subset o f  the parental lines. As 
stated earlier, this extrapolation from a diaUel subset to 
the population may not be precise but it should give a 
reasonable approximation to the population gca/sca vari- 
ance ratio. 

The most important aspect of  this method is not any 
ability to select the parental lines precisely, but rather to 
help the breeder increase the chances of  finding these 
lines. Like all breeding methods this one yields no certain 
way of  finding the one individual in the many thousands 
that the breeder is seeking, but any methods for a given 
input of  resources, which improve the chances of  isolating 
a genotype that approaches the optimum, are worth im- 
plementing. 

The breeder is limited in the number of  plants that can 
be managed; with many crosses early generation selection 
must be much more intense than if only a few crosses 
were used. Thus, by minimising the number of  crosses, a 
greater number of  the more relevant later generation selec- 
tions may be grown, giving more chance of  isolating the 
genetic extremes sought. The postulate that Ft prediction 
is correlated with later generation homozygotes is beyond 
the scope of  this paper, however, F1 prediction has direct 
use for hybrid crops. 

It should be noted that although variances and stan- 
dard errors associated with the gca estimations have been 
largely ignored throughout this paper, the least squares 
analysis method used does provide this type o f  informa- 
tion. However, as shown earlier, this is really only of  im- 
portance in the partial diallel case and thus the particular 
form of  analysis used is also suitable for conventional dial- 
lel analysis. For purposes of  testing, all the least square 
diallel analyses were done in parallel with the standard 
method of  Griffing (1956b). For the partial diallel case 
both methods gave identical results, but for the incom- 
plete partial designs, the two methods gave markedly dif- 
ferent results, the overall ranking remaining far more con- 
sistent with the generalised least square method. The least 
squares computer program used is available from the 
author both in the form of  a PASCAL language program 
as well as in flowchart form, suitable for translation into 
FORTRAN. 
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