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The parametric restrictions of the Griffing diallel analysismode!:

combining ability analysis

José Marcelo Soriano Viana

Abstract

It was studied the parametric restrictions of the diallel analysis model of Griffing, method 2 (parents and F, generations) and model 1
(fixed), in order to address the questions: i) does the statistical model need to be restricted?ii) do the restrictions satisfy the genetic
parameter values?andiii) do they makethe analysisand interpretation easier? Objectively, these questions can be answered as. i) yes, ii)
not all of them, and iii) theanalysisiseasier, but theinterpretation isthe same asin the model with restrictionsthat satisfy the parameter
values. Themain conclusionswerethat: the statistical modelsfor combining ability analysisare necessarily restricted; inthe Griffing model

N N N
(method 2, model 1), therestrictionsrelative to the specific combining ability (SCA) effects, 3, 3. s5; =0ands; + X s, =0, fordlj,
j=i<j =1 j=1

do not satisfy the parametric val ues, and the sameinferences should be established from the anayses using the model with restrictionsthat
satisfy the parametric values of SCA effectsand that suggested by Griffing. A consequence of therestrictions of the Griffing model isto
alow thedefinition of formulasfor estimating the effects, their variancesand the variances of contrasts of effects, aswell asfor calculating

orthogonal sumsof squares.
INTRODUCTION

Theexpressonsgenera combining ability (GCA) and
specific combining ability (SCA) have been used sincethe
1940s (Sprague and Tatum, 1942) to designate properties
of endogamic familiesand inbred linesunder selectionin
hybrid production programs. Since then, maize breeders
have been aware of the need to eval uate endogamic fami-
liesinvolvedinthe selfing process, normally S; progenies,
in order to reduce the number of inbred lines. For this, the
families are normally crossed with atester (a single- or
double-crosshybrid or an open-pollinated popul ation) and
the progenies are then evaluated experimentally. Outstand-
ing endogamic families, capable of generating superior
progenies, i.e., with an elevated GCA, would continue to
beselfed. Theinbred lines produced would also be evalu-
ated based on crossing between themselves, asystem called
dialel. Theaim would beto identify pairsof inbred lines
that producethe best hybrids. This second stage of evalua-
tionisknown asthe SCA test.

Specific methodsfor estimating the effects of GCA
and SCA or the variances of these effects have been de-
scribed. These methodol ogiesgenerally consist of ananaly-
sisof variance of datafrom progenies obtained by diallel,
whether complete (Griffing, 1956a,b), partia (Geradi and
MirandaFilho, 1988), circulant (Kempthorne and Curnow,
1961), or otherwise. Themain characteristics of these meth-
odsarether generality, sincethey can be used for any spe-
cies, and the easiness of analysisand interpretation.

Among several methods of combining ability analy-
sSis, that described by Griffing (1956b) is probably the most

used. Easy computer handling, guaranteed by the avail abil-
ity of appropriateformulas, and the care the author and oth-
erstook to discussin detail the value of the effect variance
estimates or the effect estimates (Griffing, 1956a; Cruz
and Vencovsky, 1989) in breeding programs, have contrib-
uted to the widespread use of thismodel. Neverthless, not
every aspect of thismethod has been evaluatedin detail. If
the diallel’s parents are not a sample from a population,
i.e., when the model isfixed, then the parametric restric-
tions associated with the statistical model must be ad-
dressed. Does the model really haveto berestricted? Do
the imposed restrictions satisfy the genetic parameters?
Do therestrictions make analysisand interpretation easier?
The objective of this study wasto answer these and other
guestions.

MATERIAL AND METHODS

Thedataused here arethose reported by Gardner and
Eberhart (1966) (Tablel).

Parametric values of the components of
the Griffing (1956b) model

We consider a polygenic system with k genes, each
with two allelic forms and no epistasis, that are respon-
siblefor determining aquantitative character in adiploid
species with sexual reproduction. Independent of the re-
production system of the species (cross-pollination or self-
pollination), the genotypic mean of a population can be
expressed as
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k K k
M; = z«lmi + ig«l(Zpij -Da+2 z:l(pij - p%)d

where m; is the mean of the genotypic values of the ho-
mozygotesrelativeto locusi, p; isthefrequency in popu-
lation j of thelocusi genethat increases the trait expres-
sion, g is the difference between the genotypic value of
the homozygote with highest expressionand m,, and d, is
the deviation due to dominancerelativeto locusi.

Notethat p; isequal to 1 or to Oif the speciesis auto-
gamous. In the case of alogamous species, the population
isin Hardy-Weinberg equilibrium and isnot endogamic. If
population j isone of the N parents of adiallel, the geno-
typic mean of the hybrid produced by crossing populations
jandj'is

k k k
Mj; = iglmi +i§1(pij +p;-1)3 +i§l(pij + Py - 2P;p;) 0,

The mean of the hybridsinwhich parent j participates,
including populationj,is

k k k
M; =i§1mi +i§1(pij +p-1)a +i§1(pij +p - 2p;p)d;

wherep, isthe average frequency in the parents of thedial-
lel of thelocusi genethat increases character expression.
Thediallel meanis

k k k
M. =Xm+3(2p-1)3+2%p (1-P)d
Theeffect of GCA of populationj correspondsto
k
M; -M. =i§1(pij -p)la+(1-2p)d] =g

If the parents are open-pollinated populations, the
greater the value of the GCA effect of a population, the
greater the frequencies of the genesthat increase the trait
expression and the greater the differences between thegene
frequencies of the population and the average frequencies
in the diallel’s parents. If the parents are inbred lines or
purelines, thegreater theval ue of the GCA effect of apopu-
lation, the greater the number of genes that increase the
trait expression and, consequently, the greater the number
of positive differences between the gene frequency of the

Tablel - Mean grainyield (bushels/acre) of six corn
populations and their hybridst.

1-M  2-HG 3-GR 4-BR  5-K  6-K,
1-M 910 %88 a1l %3 @5 1007
2-HG 917 @7 o71 %1 1054
3-GR 879 1013 916 1033
4-BR %6 B4 1027
5-K 913 1016
6-K, %2

From Gardner and Eberhart (1966).

population and the average frequency inthediallel’s par-
ents. Therefore, the effect of GCA is an indicator of the
superiority of the population and of itsdivergencerelative
tothediallel’s parents, thus providing the same informa-
tion asthe parameters’ population effect’ (v;) and ‘ variety
heterosis' (H,) of the Gardner and Eberhart (1966) model.
Thecorrel ation between the GCA effect and v; approaches
closeto 1 asthe degree of dominance approaches zero. For
onegeneand populationswith p; valuesequal t0 0,0.1, 0.2,
0.3,0.4,0.5,0.6,0.7,0.8,0.9 and 1, the correl ation values
are0.87 and 1 when |d/a| = 2 and d/a= 0, respectively.

The genotypic means of population j and the hybrid
of parentsj andj’ canbeexpressed as

M, = M +23 (p,-P)la + (1-20)d] +
+ [ Zé(p” -P)? d} =M _+2g+s;

M, =M.+ X (p,-P)Ia +(1- 2p)d] +
+3 (o - Pa +(1-29) o] +

+ szl{ﬁ(pij -p) 0Py - ) - [Pypy - (B)]}d =
=M_+g+g +S;

where s; isthe effect of SCA of apopulation with itself,
ands; istheeffect of SCA of populationsj andj’.

When thereisnegative unidirectional dominance, the
s; values are positive. If the deviations due to dominance
arepositive, the s; values are negative. When the SCA ef-
fect of apopulation with itself isnull, the population has
the same gene frequencies as the average frequenciesin
the group of thediallel’s parents. Furthermore, the higher
the absolutevalue of s;, the greater the differences between
the genefrequenciesin the population and the average fre-
quenciesin the diallel’s parents. Therefore, s; isalso an
indicator of the population’sdivergencerelative to the pa-
rental group. For one gene and populationswith p; values
equal t0 0, 0.1, 0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9 and 1,
the correl ation between the absolute values of g;and s; is
0.965 for any degree of dominance (d/a# 0). Thes; values
thus provide the same inferences as the estimates of the
parameters’ average heterosis and‘ variety heterosis' of the
Gardner and Eberhart (1966) model. Although s; isamea-
sure of the population divergence relative to the diallel’s
parentsand ‘variety heterosis’ isanindicator of thediffer-
ences between the genefrequenciesin the population and
the average frequenciesin the other genitors, the correla-
tion between the absolute values of these parameters for
one geneis 1, independent of the populations and of the
degree of dominance (d/a 0).
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When thereisnegative unidirectional dominance, the
lowest values of ;. identify the populationswith the great-
est differences in gene frequencies between themselves
and in relation to the average frequenciesin the diallel’s
parents. The highest valuesidentify the populations with
the smallest differencesin genefrequencies, but with dif-
ferent genefrequenciesrelative to the average frequencies
in the diallel’s parents. When there is positive unidirec-
tional dominance, thelowest s; values are associated with
populationswith the smallest differencesin genefrequen-
cies, but which have differencesin genefrequenciesrela-
tivetotheaveragefrequenciesinthedialé’sparents. The
highest valuesindicate popul ationswith the highest differ-
encesin genefrequencies between themselvesandinrela-
tion to the average frequenciesin the genitor group. Inde-
pendent of the direction of the dominance effects, s; val-
ues close to the average value indicate popul ations with
small differencesin genefrequencies between themselves
and relativeto the average frequenciesinthe parental group.
If thes; value equals zero, the gene frequenciesin one of
the populations are equal to the average frequenciesinthe
diallel’sparents. The average value of the SCA effects of
different populationsis

1 N N N

N(N - 1)/2 jgkjvz::l%J o N(N-1) 12:"1 i

Thereforethe SCA of populationsj andj’ isanindi-
cator of the divergence between them and of their diver-
gencefromthediallel’s parents, inamanner similar tothe
parameter ‘specific heterosis' (S;) of the Gardner and
Eberhart (1966) model. For one gene and populationswith
p; valuesequal t0 0, 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9
and 1, the correlation between the effect of SCA of two
populations and specific heterosis is 0.998, independent
of the degree of dominance (d/a= 0). This and the other
results given above show that the methods of Griffing
(1956b) and of Gardner and Eberhart (1966) are not
complementary but indeed absolutely equivalent interms
of inference.

The phenotypic means in adialel table can be de-
finedas

Yi=M +2g+s;+§
Y =M +g+g +5; +8;

whereg; and g; arethe average values of theresidues as-
sociated with the observationsfor population j and the hy-
brid of parentsj andj’, respectively.

Theequations above defineastatistical model that is
necessarily regtricted, since E(g) =0and E(s;) = 0 (j fixed),
in contrast to statistical models with fixed effects, where
the researcher decides whether to impose parametric re-
strictions or not. Thus, the restrictions associated with the
previoudy defined modd for combining ability analysisare

(i)jig,- = 0and (i) éﬁi’ -0,

forall j, giving N + 1linearly independent restrictions.

Thismodel istherefore not the same asthat defined
by Griffing (1956b) (method 2, model 1), whaose restric-
tionsare

N N N N
()X g =0, (i) X X s, =0and(iii) s +jzl§j, =0,
j=1 j=1j =1 =

forall j, giving N + 1 linearly independent restrictions.
Notethat restrictions (i) and (iii) inthe latter case do
not satisfy the parametric va ues of the SCA effects, since

l N

B 1 N N _
DIEPY S = N(N+1)j§1 ]

S=—
© N(N+1)/2 ==

N N N
and, therefore, E&ﬁr = %jz-‘f”' Why, then, were they
considered by Griffing (1956b)? The answer issimply be-
causethey allow oneto obtain formulasfor the estimation
of the effects and the effect variances and for the calcula-
tion of the sumsof squaresof the GCA and SCA. Theavail-
ability of formulas is an indispensable condition for the
widespread use of methodsin quantitative genetics, and d-
lowstheelaboration of softwarefor data processing by pro-
fessionals who are not specialized in thisfield and in the
theory of linear models. Themode! described hereisof full
columnrank and, therefore, it ispossibleto develop formu-
lasfor estimating the effectsand their variances and for com-
puting the sums of squares. Aswill be shown, whenthereis
dominance, the sum of sguares attributable to the null hy-
pothesis for GCA effectsis not orthogonal to the sum of
squares dueto the hypothesisof nullity of the SCA effects.
Despite the differences between thetwo models, the
hypothesesthat can betested coincide and include:

1. Hyy) - equality of the treatment means (parents and hy-
brids): totest this hypothesisisthe same astesting that
there are no gene frequency differences between the
genitors(p; = p; for all i andj).

2. Hy - nullity of the GCA effects (g; = for all j): in the
case of rejection of the hypothesisH,, testing thishy-
pothesisisthe same astesting that the GCA effects of
populationswith different genetic structuresare null. Of
course, therejection of Hy, meansthat there arediffer-
encesin the gene frequencies between the parents; ac-
ceptance of the hypothesisdoes not imply the contrary.

3. Hy - nullity of the SCA effects (s for all j andj’): if
there are gene frequency differences between the par-
ents, testing this hypothesisis the same as testing that
thereisno dominance (d, for al i).

RESULTS AND DISCUSSION

Although thereisadifference between the analyses
of variancefor grainyield of six corn populationsand their
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Tablell - Analyses of variance of grain yield (bushels/acre) of six corn populations and their
hybrids, based on the model with restrictions that satisfy the genetic parameter values and the
Griffing (1956b) model (valuesin parenthesesfor general combining ability, GCA).

Source of Degrees of Sum of Mean sguare F Probability
variation freedom squares

Treatments 20 4732 237 333 0.0002
GCA 5 226.2(234.2) 45.2(46.9) 6.37(6.60) 0.0001 (0.0001)
SCA 15 2389 159 224 0.0141
Errort 60 426.0 71

The degrees of freedom and the mean square are provided by Gardner and Eberhart (1966). SCA, Specific

combining ability.

Tablelll - Estimates of the GCA effects (@J), the SCA effects
of a population with itself (qu), the variances of these effects and
of the variances of contrasts between themselves for the model
defined in this study and for the Griffing (1956b) model.

Population Model defined in this study Griffing model
Igj ASJJ @J /éjj
1 -1.708 2358 1462 2232
2 -0142 4792 -0.200 -4057
3 -2125 -4625 -2162 -3932
4 1292 2758 1488 2532
5 2192 1092 1787 1282
6 4875 -10325 4125 -8.207
V(8)=0.8218 V(8)=0.73%
V(G -8)=19722 V(@ -8)=17750
V(§) =6.4097 V(§)=38036
V(§-8,)=126222 V(3 -§,)=7.1000

TablelV - Estimates of the SCA effects of different populations
(§;) for the diallel analyses using the model defined in this study
(values abovethediagonal) and the Griffing (1956b) model
(values below the diagonal), as well as estimates of variances
of the effects and of contrasts between them.

Parents 1 2 3 4 5 6

1 3875  -1842  -1058 0625 0.758
2 4.305 -1808 -0825 -0342 3892
3 <1432 -1.095 5358 -0.858 3775
4 -0882  -0.345 5.818 -0475 0242
5 0593 -0070 -0607 -0457 2142
6 1.880 5318 5.180 0.930 3105

Model defined in this study Griffing model

hybridsusing the model described here and that proposed
by Griffing (1956b), in relation to the sum of squares at-
tributable to the null hypothesis of the GCA effects(Table
I1), theinferences remain the same, namely, there are dif-
ferencesin the gene frequencies between the popul ations
and there is dominance in the polygenic system under
analysis.

The differences between the estimates of the GCA
effectsand the SCA effects of each population with itsel f
in the two modelsdid not change the inferences sincethe
correlations between the estimated values of g; and of s;
are, respectively, 0.9955 and 1. Nevertheless, thevariances
of the estimates of the effects and the contrasts between
the effects of the model defined in this study are greater
(Tablelll). Population 6 hasthe genesthat increaseyield at
the highest frequency, and isthe most divergent relative to
the parental group. Thispopulation ought, therefore, to be
selected for an intrapopulational improvement program.
Population 4 is the second best, but not the second most
divergent, and can also be chosen for intrapopul ational
improvement. Thenegatives; valuesindicate unidirectional
positive dominance.

Although the estimates of the SCA effects of differ-
ent populationsin thetwo models are different, theinfer-
encesthat can be established are the same, sincethe corre-
lation between the estimated valuesis 0.985. Differences
between the variance values of the effectsand the contrasts
were aso observed (Table V). The variance estimates of
§; effects and of the contrasts between these effects are
lowest for the model devel oped above. Populations 3 and
4,2 and 6, 1 and 2, and 3 and 6 showed the greatest differ-
encesin genefrequencies between themselvesandinrela-
tiontotheaveragefrequenciesinthediallel’s parents. Thus,
for interpopulational improvement programs, the second
pair ought to be selected, because of the superiority of
population 6. Therewaslittle divergence between parents
1and 6, and 1 and 5, and from them rel ative to the group of

V(§)=4832

V(§)=5579

parents, sincetheir SCA effectscomecloseto the average

V(8 -§,)=11.439 V(3 -5,)=12425
VG, -§,)=8.678 V(§;-§;-) =10.650
V(3 -5,) = 13.806 V(5 -§) =12425
V(§-§,) = 10.650 V(§-§;)=8875

value (0.865). Therewereonly dlight differencesin gene
frequency between populations 1 and 3, and 2 and 3, a-
though they were divergent inrelationto the diallel’s par-
ents. Thefreguenciesin these populations ought to belower
than the averagefrequencies.
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CONCLUSIONS

The statistical modelsfor combining ability analysis
of apopulation group are obligatorily restricted. Theres-

i=1si =1

N N N
trictions 2 X s; =0ands; + X's; =0, forall j, of the
=1

model proposed by Griffing (1956b) (method 2, model 1)
do not satisfy the parametric values of SCA effects. Al-
though there are differences between the anal ysis accord-
ing to the model described here and that suggested by
Griffing (1956b), the inferences should be the same. A
consequence of the restrictions of the Griffing (1956b)
model isto alow the definition of formulasfor estimating
the effects, their variances and the variances of contrasts
of effects, aswell asfor the cal culation of orthogonal sums
of squares. In conclusion, itisgenerally quite safeto use
the Griffing model.

RESUMO

Com o propésito de estender os conhecimentos tedricos
sobre o model o de andlise dial élicamai s comumente empregado
pelos melhoristas, o de Griffing, proposto em 1956, discute-se
neste trabal ho as restri¢des paramétri cas associ adas ao método 2
(paisegeracdesF,), modelo 1 (fixo). Asquestdes que conduziram
aelaboragdo desteartigo foram: i) 0 model o estatistico tem que
sex restrito?; ii) asrestrigdes satisfazem osval ores dos parédmetros
genéticos?eiii) elastornam aandise eainterpretacdo maisfaceis?
Deformaaobjetiva, estas questdes podem ser assim respondidas:
i) sim; ii) nemtodas; eiii) aandlisesim, masainterpretacdo éa

mesmado model o restrito definido nestetrabal ho. Asprincipais
conclusdes sdo: os model os estatisticos de andli se de capacidade
de combinagdo de um grupo de popul agdes sdo obrigatoriamente

N N N
restritos; as restrigoes _Zl _Zlgj, =0es; +~21 s; =0, paratodo
j=1=j = ir=

j, do modelo proposto por Griffing, ndo satisfazem os valores
paramétricos dos ef el tos de capaci dade especificade combinagéo;
emborahgjadiferencasentre aanalise segundo o modelo definido
neste trabalho e aproposta por Griffing, asinferéncias aserem
estabel ecidas devemn ser exatamente asmesmas, umaconseqiiéncia
dasrestri¢des do model o de Griffing é possibilitar adefinicao de
foérmulas paraaestimagdo dos ef eitos, das suasvarianciase das
variancias de contrastes entre efeitos, e parao célcul o das somas
de quadrados, o que certamente foi fundamental paragarantir o
uso generalizado destametodol ogia
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