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METHODOLOGY

Components of variation of polygenic systems with digenic epistasis

José Marcelo Soriano Viana

Abstract

In this paper an extension of the biometric model of Mather and Jinksfor the analysis of variation with digenic epistasisis presented.
Epi static effects can contribute favorably to the determination of the genotypic values of selected individualsor familiesand of superior
hybrids. Selection will beinefficient, however, if thereisalarge number of interacting genes because the epistatic components of the
between-family and within-family genotypic variances are very high compared to the portion attributable to the average effects of genes.
Selection tendsto be efficient when the number of interacting genesisreduced, but this depends on the magnitude of dueto dominanceand
environmental variances. The dominance component (H) and the epistatic component due to interactions between homozygousand
heterozygous genic combinations (J) can only be estimated when one or more quadratic statisticsfrom the S; generation, obtained by

randomly mating F, individuals, are used.
INTRODUCTION

Breeders can assessthe potential of base populations
for their usein breeding programs and the selection effi-
ciency by assessing the relative importance of the addi-
tive, dominance and epistatic effectsin determining each
important trait, as well as choosing the selective proce-
durethat will maximize genetic gain with one or more se-
lection cycles. Inapolygenic system, additive effectsare
effectswhich areindividually attributableto genes deter-
mining a quantitative trait. The existence of differences
between the additive genetic values of theindividualsina
population isanecessary condition for intrapopulational
breeding. Theviability of abreeding program aimed at de-
veloping hybrids depends on the existence of dominance
effects, that is the interaction between allelic genes
(Hallauer and MirandaFilho, 1988; Falconer and MacK ay,
1996).

Epistatic effects are those effects due to interactions
between non-allelic genes. Many questions remain as to
theimportance of epistasisin breeding programs. In cross-
pollinated species, inwhich individua plants possess ho-
mozygous and heterozygous genic combinations, what is
theimportance of additivex additive, additivex dominance
and dominance x dominance epistatic effects? If the ob-
jective of abreeding program isthe devel opment of supe-
rior purelinesonly additivex additive, additivex additivex
additive, etc., epistatic effects can contribute to the supe-
riority of alinein relation to the outstanding parent be-
cause each population isformed of one homozygous geno-
type. If the objective of the programisto develop single,
double and three-way crosses, different kinds of epistatic
effects can beimportant to ensure the production of asu-

perior population because the genotype (or each genotype
present) has homozygous and heterozygous genic combi-
nations.

Inferencesregarding the genetic control of quantita-
tivetraits are made by means of methodsthat employ lin-
ear and quadratic statistics, e.g., means, variances and co-
variances. The methods normally employed in determin-
ing genetic components of generation meansand genotypic
variances and covariances do not permit the assessment of
the contribution of epistatic effects or the assessment of
their relativeimportance compared to other effects. In ge-
netic studiesit iscommonly thought that epistatic effects
contributelittle to the genotypic values of individuals, and
that epistatic varianceis small or negligible compared to
both additive and dominance variance. However, thereis
evidencefrom many analysesthat epistatic effects cannot
always beignored (Rishipal, 1993; Ramsay et al., 1994;
SahaRay et al., 1994; Rahman et al., 1994; Mgonjaetal.,
1994; Bartud et al., 1994; Dasand Griffey, 1995; Barakat,
1996).

In atheoretical work on the analysis of the genetic
effects of several il palm traits, Baudouin et al. (1995)
concluded that “ Epistasi s effects may contribute substan-
tially to population meansif the material tested is highly
heterozygous, the genetic baseis narrow (selected mate-
rial or few individuals used) or thereislinkage disequilib-
rium (dueto further selection and insufficient intercross-
ing generations.)”, although in the papers published by
Balatero et al. (1995), Gingera et al. (1995) and Holtom
et al. (1995) therewasno evidence of epistasis. Inal cited
papers, the methodol ogy used was generation mean analy-
siswith first degree epistasis, either exclusively or asso-
ciatedwithdialel (Bartud etal., 1994; Mgonjaet al., 1994)
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or tripletest crossanalysis (Ramsay et al., 1994), or with
analysisof variation without epistasis(Holtom et al., 1995;
Barakat, 1996). A limitation of generation mean analysisis
that the absence of the linear components attributable to
epistatic effects does not imply the absence of epistasis,
sincethelinear components of meanscan benull evenwhen
congtituent effectsare not. Inthiscase, there are both posi-
tiveand negative effects (Mather and Jinks, 1974; Kearsey
and Pooni, 1996). This problem reveal stheimportance of
analysisof variation using quadratic statisticsin establish-
ing inferences on the genetic control of quantitativetraits.

In some genetic studies it is therefore necessary to
take into account the contribution of epistatic effects to
the expression of one or more traits under analysisto ob-
tain unbiased estimates of the genetic parameters. Mather
and Jinks (1974) and K earsey and Pooni (1996) discusses
the effect of epistasis on genotypic variances and covari-
ances without considering the estimation of the epistatic
components. The present paper isan extension of the model
presented by the above authorsinwhich | consider analysis
of variation in the presence of first degree epistasis.

COMPONENTS OF VARIATION

Thegenotypic vauesof individuasfor adigenic sys-
tem with epistasisin which the geneshave independent as-
sortment and two allelic forms (A/aand B/b) are presented
inTablel (Mather and Jinks, 1974), wheredisthediffer-
ence between the genotypic val ue of the homozygotewith
greatest expression and the mean of the genotypic values
of the homozygotes (m), h is the difference between the
genotypic value of the heterozygote and m, i is the epi-
static effect dueto the presence of two homozygousgenic
combinationsin anindividual, j isthe epistatic effect at-
tributable to the presence of one homozygous genic com-
bination and one heterozygous genic combinationand | is
the epistatic effect due to the presence of two heterozy-
gousgenic combinations. If P, and P, aretwo homozygous
parents having different allelic genesat thetwo loci under
consideration, regardless of the gene distribution in the
parents, the following can be shown:

Variance (V) of the genotypic values of theF, individuals
is:

Vie= 2 (da+ )+ (hz 1) + 7 (%) +

+ (J2 +Ja)+ (12)+ 5 (G *+ Oufid) +

Tablel - Possible genotypes of two loci.

BB Bb bb

AA m+d,+d,+iy
Aa m+h,+d,+jpa
aa m-d,+dy-iy

m+d,+hy+jy
m+h,+hy,+ 1,
m-d,+hy-ju

m+d,-dy-ig
m+h,-dy - jba
m-d,-dy+izy

+2 (Nl + L)

Variance of the genotypic meansof the F; familiesis:
Virg= 5 (0 0B) + 6 () + (%) +
1, .
+ 1_6(Jzab + sza) 256(12ab) 7 (daJab + Q) +
1
+ 0 (hale + hply)

Mean of the variances of the genotypic values of theindi-
vidualsinthesameF; family is:

V=l dy+ Lre )+ S+
1,. . 3 1,,. .
+ g(Jzab + %) +6_4(12ab) + 3 (Ao + Aija) +
1
+ 16 (hds + hply)

Covariance (W) between the genotypic value of theF,in-
dividua and the genotypic mean of itsF; family is:

Wiezs = % (P +d?) + %(h2a+ h%) + %(izab) +

1, . 3 ) _
¥ E(Jzab * 1) +a(12ab) + g (dajap + Dujia) +
+ 3—3; (h.1s + holy)

Variance of the genotypic means of the S; biparental fami-
lies (obtained by the random mating of F, individuals) is:

Vig=+ (d2 + ) + g (Mot PR + (%) +
2 (0 o) + 5 () * = (U + Chie) +
+ E (hds + hply)

Mean of the variances of the genotypic values of theindi-
vidualsinthe same S; biparenta family is:
D (1) + (%) +

Vo= 3 (Pt ) +

11,. .
+ a(.lzab + %) + 256(12ab) + (daJab + dyjpa) +
+22 (o + hile)

Covariance between the mean of the genotypic values of

the F, parents and the genotypic mean of their S; biparenta

familyis:

Wigs = § (ot ) T 0% %)+
1823 4 a b, 16 ab b

1,.
+ 1605 *
1 . .
+Z(dajab+ yja)

Variance of the genotypic means of the groups of F, fami-
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lies (the F, progeniesin agroup have acommon F, ances-
tor) is:

Vie= S s+ Lierr) + 2z +
i 12 i2 2
L 20+ ) + g () + L (0t i) +

256(h 1ab + hblab)

Mean of the variances of the genotypic means of the prog-
eniesin thesamegroup of F, familiesis:

Vo= (Ol2 +d)+ 55 (h2 +hz)+—(I %) +

—— (12 12 - 2 - i i
(J + 20 + T (1) + 76 (Cho + i) +

128 (h 1ab + hblab)

Mean of the variances of the genotypic values of theindi-
vidualsinthesameF, family is:.

V=3 (d2 + dzb) + (h2 + hzb) + oA (I ab) +

+ 1_6(Jzab +] ba) 256(12ab) + 32(da|ab + Oyjpa) +
1
+ 64 (hoda + yly)

Covariance between the genotypic mean of the F; progeny
and the genotypic mean of itsF,family groupis:
W1F34

(Ol2 +d%) + 35 (h2 +ha) +7 (I ") *

_(JZ +J ba) 1024(1zab) + 16 (dalab+dbjba) +

256(h ld) + hblab)
Mean of the covariances between the genotypic value of an
F; individual and the genotypic mean of itsF, progeny in
the same group of F, familiesis:

W2F34

(OI2 +0|2)+—(hz +h%) + 16 (I ") *

—02 + ) + 5 (120) + 5 (clo + Chi) +

Covariance between the genotypic valueof an F, individual
and the genotypic mean of itsF, family group (covariance
between the genotypic value of the F, parent and the geno-
typic mean of its F, descendants) is:

Wiesa= 2 (dat ) + 56 (Pt 1) + 5 (%) +

_l 12 12 2
(J +J ba) 256(1 ab)+16 (dalab+dbjba)+

128 (h ld) + hblab)

Variance of the genotypic valuesof the F; individualsis:
Vs = Vi + Vs

Variance of the genotypic valuesof the S; individualsis:
Vg=Vig+ Vo=V

Variance of the genotypic meansof the F, familiesis:
Vepra = Vi +Vory

Variance of the genotypic values of the F, individualsis:
Ve =Viea+ Vo + Varg

Covariance between the genotypic valueof an F;individua
and the genotypic mean of itsF, family is:

Wea = Waggs + Woeg,

L et usnow consider apolygenic system with interac-
tion between genic combinations of two loci and geneswith
independent assortment. If thereareadlelic differencesfor
al loci among theinitial parents, then:

1 1 1,.1 3 1 1

Vip= 5D+ H+ 1450+ 0L+ DI+ HL

1 1 1 1 3 1 1

Vio= 2D+H+ 21+ Lo 3L+ Zoor
Vas= D+ LH+ 21423+ 31+ 1DI+LHL
Wim=3D+SH+ 1+ 20+ 2L+ 3p3+ SHL
Vig= gD +geH+ Ll + 20+ 21 + 203+ LHL
Vis= ZD+H+ 21+ 23+ 35 L+ D0+ SHL
Wigs = io+%|+%a+%m

Vi = %D+6—]‘ArH+%rl+6—]‘4J+K%6L 1D+ 5 HL
V=3 D+osH+ 2l + 23420l + DI+ HL
Va=iD+2H+23 1+ 134 3 ) v 1pgily

8 16 64 16 256 32 64
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1 1 1, .1 3 3 3
==D+=H+=l+=J+——L+=DJ+—=
Wirs 2D 32H 4I szJ 1024" 16DJ 256HL

15,1, .5 .1
Wara= 3D+ 1gH* 16! 7167

3,.3 3
56- T3P gt

Wire= 2D+ SH+ 21 423420 | +2DJ+ 2

2P+ 4t 167 T 256 162 T 128t

where:
D= Yd? is a parameter determined by the sum of the

sguares of the deviations between the genotypic value
of the homozygote with greatest expression and the
mean of the homozygotes, for each locus of apoly-
genic system, and isafunction of the additive effects;
H= ;hzr is a parameter determined by the sum of the

sguares of the deviations between the genotypic value
of the heterozygote and the mean of the homozygotes,
in relation to each locus of a polygenic system, and
isafunction of the dominance effects;

= X 2i%(r<s)isaparameter determined by the sum

of the squares of the epistatic effects between two
homozygous genic combinations (additive x additive
epistatic component);

J= Y Y j2%(r#9) isaparameter determined by the sum

of the sguares of the epistatic effects between aho-
mozygous genic combination and a heterozygous
genic combination (additive x dominance epistatic
component);

L= ; % 12, (r < s) isaparameter determined by the sum

of the squares of the epistatic effects between two
heterozygous genic combinations (dominance x
dominance epistatic component);

DJ= 2 ZS d.js (r#9s) isaparameter determined by thesum

of the products between the d deviation of alocus
and the epistatic effect between ahomozygous genic
combination of the same locus and a heterozygous
genic combination;

HL = ; % hls(r#s; ls=1g) isaparameter determined by

the sum of the products between the h deviation of a
locus and the epistatic effect between the heterozy-
gous genic combination of the same locus and an-
other heterozygous genic combination.

The genotypic variances of the generations obtained
by backcrossing are functions of the described genetic pa-
rametersand al so of othersthat depend on the gene distri-
butioninthe parents.

DISCUSSION

The possible kinds of digenic epistasisare shownin
Tablell for apolygenic system with k genes. The param-

eters[h], [i], [j] and [I] are due to dominance, additive x
additive, additivex dominance and dominance x dominance
components of means, respectively (Mather and Jinks,
1974; Kearsey and Pooni, 1996).

Inthe F, generation thetotal (Vy,), between-families
(V pen) and within-families (V g,en) genotypic variancescan
be expressed inthefollowing way:

s ) o e ]
o 1) ) e
ey e )

v o) o e

(33 (B
o) T o)
Vour= (3) 0+ (3) e (B (3) 0+(2) -

l 2n-3 l 2n-2
+|= + =
(2) DJ (2) HL

N———
>
N

The covariance between the genotypic va ue of indi-
vidua F, and the mean genotypic valueof itsprogeny F,,.
is:

o 3] o )
CRRERCR
G ) )
Rl

After aninfinite number of selfing generations, with-
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out selection, mutation, migration or genetic drift, wehave:

lim Ve, = 1im Vepen = 1im Weyq,y =D +1
n— oo n— e

n— oo

limVguen=0
n— o

Therefore, asexpected, inthe generation with anin-
breeding coefficient of one (F = 1) the covariance between
relatives, the differences between the genotypic val ues of
the individuals in the population and the differences be-

887

tween the mean genotypic values of thefamiliesaredueto
the differences between the additive genetic valuesand the
additive x additive epistatic values of theindividuals. Con-
sequently, epistatic effects between homozygous genic
combinations can beimportant in the determination of the
superiority of apurelinein relation to the best parent. In
breeding programswith self-pollinated plants, the common
objectivefor successive selection cyclesistofix thegreat-
est number of favorable genesin aline. However, the ef-
fects of interaction between homozygous genic combina-

Tablell - Typesof digenic epistasis.

Duplicate, negative dominance

Type Components of variation Components of means
Complementary, positive dominance D=H [h], [i1, [j1, [1] positive
_ (k-1
I=L —(T) D
J=DJ=HL=(k-1)D
Complementary, negative dominance D=H [h], [i], [1] negative and [j] positive
_ (k-1
I=L —(TJ D
J=DJ=HL=(k-1)D
Duplicate, positive dominance D=H [h] positiveand [i], [j], [I] negative

I=L=(k—'1JD

J=-DJ=-HL=(k-1)D
D=H

I=L=(k—'1)D

J=-DJ=-HL=(k-1)D

Dominant and recessive, positive D=H [h] > Ofor positive dominance and
or negative dominance k-1 [h] < O for negative dominance
I=L :(—) D
2
J=(k-1)D
DJ=HL
Recessive, positive dominance D=H [h], i1, [i1, [1] positive
I=L
J=2l
DJ=HL positives
Recessive, negative dominance D=H [h], [i], [1] negative and [j] positive
I=L
J=2l
DJ=HL positives
Dominant, positive dominance D=H [h] positiveand [i], [j], [I] negative
I=L
J=2l
DJ=HL negatives
Dominant, negative dominance D=H [i], [1] positiveand [h], [j] negative
I=L
J=2l
DJ=HL negatives
Duplicate genes with cumul ative effects or non- D=H [h] positiveand il, [j], [I]
epistatic genic interaction, positive dominance I=L with the same sign
J=2l
DJ=HL positives
Duplicate genes with cumulative effects or non- D=H [h] negativeand [i], [I]
epistatic genic interaction, negative dominance I=L with sign different to [j]
J=2l

DJ=HL negatives

2

[i1, [1] positiveand [h], [j] negative

2
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tions of desirable genescan contributein anegativeway to
the genotypic value of aselected line. If favorable genes
increasetrait expression and the component [i] ispositive,
the additive x additive epistatic effects contribute to the
superiority of apurelinein relation to the outstanding par-
ent. The same istrue when the genes of interest decrease
trait expression and the component [i] isnegative.

Differently to the quadratic components of variation,
which areawaysgreater than or equal to zero, the compo-
nents DJ and HL can be negative. The sign of the compo-
nent DJ isdetermined by the signs of the additive x domi-
nance epistatic effects (j). When positive, it can be con-
cluded that epistatic effects due to interactions between
homozygousand heterozygous genic combinationsare pre-
dominantly positive, evidence of complementary genic
action or recessive epistasis or dominant and recessive
epistasisor duplicate geneswith cumul ative effectsor non-
epistatic genic interaction, thelast two with positive domi-
nance. If the additive x dominance effects are most nega-
tive, DI will belessthan zero, indicating duplicate genic
action or dominant and recessive epistasis or dominant
epistasisor duplicate geneswith cumul ative effectsor non-
epistatic genic interaction, the last two with negative domi-
nance. When thereisno additive x dominance epistatic ef-
fects, thenDJ= 0.

Asthedominance effects (h) and the epistatic effects
between heterozygous genic combinations (l) can be nega-
tive, null or positive, if the component HL ispositiveit can
be concluded that these effects should be predominantly
positive or negative, indicating complementary genic ac-
tion or recessive epistasis or dominant and recessive epista-
sisor duplicate geneswith cumulative effects or non-epi-
static genic interaction, the last two with positive domi-
nance. When HL isnegative, thereisevidencethat the domi-
nance and dominance x dominance effects have opposite
signs, an indication of duplicate genic action or dominant
and recessive epistasis or dominant epistasisor duplicate
geneswith cumulative effects or non-epistatic genicinter-
action, the last two with negative dominance. If there are
no dominance or dominancex dominance epistatic effects,
then HL is zero.

Considering that the objective of abreeding program
isintrapopulational breeding or hybrid development, epi-
static eff ects between favorable homozygous genic com-
binations and heterozygous genic combinations, aswell as
between heterozygous genic combinationsthemselves, are
causes of covariance between relatives and of genetic vari-
ability inthe populations. Nevertheless, if these effectshave
asigndifferent to the additive effects of thefavorablegenes
they contribute negatively to the determination of the ge-
notypic values of theindividuals, thuslimiting the genetic
gan.

Therelativeimportance of epistatic effectsin deter-
mining aquantitativetrait can be assessed from the analy-
sisof thevaluespresentedin Tableslll to 1X. Tablel 1 shows
the percentage of various genotypic variances and covari-

ances attributabl e to differences between the additive and
dominance genetic values of individualsin the popul ation,
assuming compl ete dominance and the absence of epista-
sis. Independent of the number of genes and the genera-
tionsinvolved, differencesbetweentheindividualsinrela-
tion to their additive genetic values always determine the
major part of the genotypic variance and covariance when
compared to the proportion attributabl e to deviations due
to dominance, thisbeing true even when thereis epistasis
(seeTables|V tolX). Thedifference between fractions at-
tributabl e to additive and dominance effects increases as
the popul ation approaches homozygosis. In comparison to
thevaluesin Table 1, the percentage attributable to the
differences between the additive genetic values will be
greater if there is partial dominance and less if there is
overdominance.

Assuming deviations d of approximately the same
magnitude, if there is complementary genic action or re-
cessive epistasis, as the number of interacting genes in-
creasesthegreater isthe proportion of genotypic variances
and covariances due to epistatic effects (Table IV). The
sameistruewhen thereisduplicate genic action or domi-
nant epistasis, also assumingd, =dforeachd, (r =1, ..., K)
(Table V). For thelast two typesof epistasis, sincethe com-
ponents DJ and HL are negative and have ahigh magnitude,
comparedto D, H, | and L, the values of many genotypic
variancesand covariancesininitial segregant generations
can be negative if the number of interacting genesisthe

Tablelll - Percentage of genotypic variances (V) and covariances (W)
attributable to differences between additive and dominance genetic
values, assuming complete dominance and absence of epistasis.

VorwW % Additive % Dominance
values values
Vi 66.7 333
Vi 839 111
Vo 66.7 333
Ve 800 200
Wies 800 200
Vis 800 200
Vg 571 429
Vg 66.7 333
Wigs 100.0 00
Vg 970 30
Vo 839 111
V aora A1 59
Vs 66.7 333
Vs 839 111
Wiras A1 59
Wz 800 200
Wiy, 839 111
Wi 839 111
Ve, 100.0 00
V oee 100.0 00
V e 00 00
Wee(e v 1) 100.0 00
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TablelV - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance and
epistatic genetic values, assuming complementary genic
action or recessive epistasis (d, = d), 1000 genes, 10 and 1000
(values in parentheses) interacting.

VorW % Additive % Dominance % Epistatic
values values values

Vi 582 (0.04) 21 (0.02) 127 (99.99)
Vi 826 (011 103 (0.02) 71 (99.88)
Vo 56 (005 28 (0.03) 106 (99.92)
Vi 732 (0.08) 183 (0.02) 85 (99.90)
Wies 723  (0.07) 181 (0.02) 96 (99.91)
Vig 710 (0.06) 178 (0.01) 112 (99.93)
Vo 203 (003 369 (0.02) 138 (99.95)
Vg 582 (004 21 (0.02) 127 (99.99)
Wigs 80 (007) 00 (0.00) 110 (99.93)
Vi R®6 (019 29 (0.02) 45 (99.80)
Vo 821 (010 102 (0.02) 77 (99.89)
Vs 88 (019 56 (0.01) 56 (99.85)
Vg 604  (0.06) 02 (0.03) 94 (9991
Ve 832 (012 104 (0.02) 64  (99.87)
Wigs, 88 (019 55 (0.01) 57 (99.85)
Woes, 728  (0.07) 182 (0.02) 90 (99.91)
Wea, 827 (011 103 (0.02) 70 (99.88)
Wi 8L8  (0.09) 102 (0.02) 80 (99.90)
Ve, %7 (020 00 (0.00) 43 (99.80)
V o %7 (020 00 (0.00) 43 (99.80)
V Gk 00 (0.00) 00 (0.00) 00 (0.00)
Weea(en + 1) %7 (020 00 (0.00) 43 (99.80)

TableV - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance
and epistatic genetic values assuming duplicate genic
action or dominant epistasis (with d, = d), 1000 genes, 10
and 1000 (values in parentheses) interacting.

VorW % Additive % Dominance % Epistatic
values values values

Vi 69.0 (-0.18) 345 (-0.09) -35  (100.27)
Vi 901 (-057) 113 (-0.07) -14  (100.64)
Vors 648  (0.21) 3R24 (0.12) 28  (99.68)
Ve 798  (248) 199 (0.62) 03  (96.90)
Wigs 823 (-0.26) 206  (-0.06) -29 (100.32)
Vig 845 (-0.13) 211 (-0.03) -56 (100.16)
Vg 583 (-0.26) 437 (-020) -20  (100.46)
Vg 69.0 (-0.18) 345 (-0.09) -35  (100.27)
Wisss 1060 (-0.16) 0.0 (0.00) -6.0 (100.16)
Vi %38  (4.00) 30 (0.10) 02  (95.90)
Vory 856 (0.21) 107 (0.03) 37  (99.76)
Vs 928  (057) 5.8 (0.09) 14 (99.39)
Vg 629  (0.10) 315 (0.05) 56  (99.85)
Vi 869  (0.35) 109 (0.04) 22 (99.61)
Wigss Mg (122 59 (-0.08) -0.7  (101.30)
Woesy 776 (023 194 (0.06) 30 (9971
Wiy 883 (112 110 (0.149) 0.7  (98.74)
Wieas 912 (-0.32) 114  (-0.04) -26  (100.36)
Ve. 9.7  (0.20) 00 (0.00) 43  (99.80)
V o 95.7  (0.20) 0.0 (0.00) 43  (99.80)
V ewre 00  (0.00) 0.0 (0.00) 0.0 (0.00)

Weery 957 (020 00 (0000 43  (99.80)

same asthosein the polygenic system. Even when the num-
ber of genesthat interact isreduced thetotal contribution
of the epistatic components to genotypic variances and
covariancesisnegative, decreasing their val ues.

In the case of dominant and recessive epistasis, itis
not possible to assume that these types of interaction will
occur for each pair of genes. Inrelation to any three of the
genesin apolygenic system (e.g., A/a, B/b and C/c), this
kind of epistasisis only possible for two pairs of genes
(e.g., Alaand B/b, A/aand C/c), whilefor thethird pair (B/
b and C/c) epistasisis complementary or duplicate. Tables
VI and VIl show that the contribution of epistatic effects
to genotypic variances and covariancesis proportional to
the number of interacting genes, and that astheseincrease
the greater isthe percentage of genotypic variances and
covariances due to differences between epistatic genetic
values.

Inthecaseof duplicate geneswith cumulative effects
or non-epistatic genic interaction (both with positive domi-
nance), if the number of interacting genesis reduced and
epistatic effects are of insignificant magnitude compared
to deviationsd, the greater part of genotypic variancesand
covarianceswill beattributableto differences between the
additive genetic valuesof theindividuals, asituation favor-
ing selection (Table VI1I1). Asthe epistatic effectsapproach
the values of the deviations d, the fractions of the geno-
typic variances and covariances dueto differencesbetween
the additive, dominance and epistatic genetic values will
be closeto those for complementary epistasis (TableV).

When thisis true for duplicate genes with cumula-
tive effects and non-epistati c genic interaction (with nega-
tive dominance) the val ues approach those seen for dupli-
cateepistasis (Table V). Notethat for thesetypes of epista-
sis the contribution of the epistatic components to geno-
typic variances and covariancesin segregant generationsis
negative (Table1X). An extreme situation occurswhen al
k genesin apolygenic system interact: in theinitial gen-
erationsthe genotypic variancesand covariances are nega-
tive because of the values of the DJ and HL components.

If the number of genes that interact approaches the
number of genesin the polygenic system the differences
between epistatic genetic values of theindividual saccount
for approximately 100% of the genotypic variances and
covariancesregardless of thetype of epistasis, the genera-
tion and the relative values of the epistatic effects. The
consequences are low, close to zero, heritability at indi-
vidual and family levels (even in advanced generations),
inefficient selection, and biased estimates of the additive
and dominance components and consequently of heritabil-
ity, predicted genetic gains, proportions of lines superior
to the outstanding parent and other genetic parameters, if
the additive-dominance model isadjusted.

On the other hand, if the proportion of interacting
genesisreduced, independently of the predominant kind
of epistasis, it can be expected that as the population ap-
proaches homozygosis the percentage of the genotypic



890 Soriano Viana

Table VI - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance and
epistatic genetic values, assuming dominant and recessive
epistasis, 300 and 30 genes (values in parentheses), 3 interacting,
and complementary genic action for one pair.

TableVII - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance and
epistatic genetic values, assuming dominant and recessive epistasis,
300 and 30 (valuesin parentheses) genes, 3 interacting,
and duplicate genic action for one pair.

VorW % Additive % Dominance % Epistatic
values values values
Ve 654  (55.9) 327 (280 19 (161
Vi 830 (80.6) 110 (103) 10 9.3
Vo 654  (55.7) R7 (279 19 (164
Vi 789 (702 197 (175 14 (123)
Wigs 789 (703 197  (17.6) 14 (121
Vis 788  (69.7) 197 (174 15 (129
Vo 559 (46.7) 419 (35 22 (182
Vg 654 (559 327 (280 19 (161
Wigs 986 (87.6) 00 0.0 14 (1249
Vi %3  (90.5) 30 (28 07 6.7)
Vg 876 (772 109 9.7) 15 (131
Veors 932 (85.6) 58 (5.3 10 9.1
Vo 654  (55.7) R7 (278 19 (165
Ve 878  (795) 110 (9.9 12 (106)
Wigs, 93B3 (86.8) 58 (54) 09 (7.8)
Woesy 787 (685) 197 (17 16 (144
Wea 879  (79.7) 110  (10.0) 11  (103)
Wi 879 (80.1) 110 (10.0) 11 9.9
Ve, N0 (9.9 00 (0.0 10 9.1
V s N0 (9.9 00 (0.0 10 9.1
AV 00 (0.0 00 (0.0) 00 (0.0)
Weea(en + 1) NP0 (909 00 (0.0 10 9.1

VorW % Additive % Dominance % Epistatic
values values values
Vi 663 (63.0) 31 (3L5) 06 (5.5)
Vi 836 (85.9) 111 (10.7) 03 (34)
Vs 658 (59.0) 329 (29.5) 13 (115
Vg 795 (746 198 (18.6) 07 (6.8
Wiess 97  (77)) 199 (19.3) 04 (36)
Vis 799 (789) 200 (19.7) 01 (14)
Vs 566 (525) 25 (39.3) 09 8.2
Vg 663 (63.0) 31 (315) 06 (5.5
Wiss N9 (9.2 00 (0.0 01 (0.8
Vi %6 (934) 30 (29 04 (37
A\ 878 (795 110 (10.0) 12 (105
V aors 9B5 (883) 58 (5.5 07 (6.2
Vs 656 (573 328 (28.6) 16 (14)
Ve 832 (820) 110 (10.2) 08 (7.8)
Wiea, 938 (910 59 (5.7 03 (33
Woess 790 (715 198 (17.9) 12 (106)
Weas 833 (834) 110 (10.4) 07 6.2
Wi 836 (86.6) 111 (10.8) 03 (2.6)
Ve, N0 (9.9 00 (0.0 10 9.1
V e N0 (9.9 00 (0.0 10 9.1
AV 00 (0.0) 00 (0.0) 00 (0.0)
Weea(er + 1) NP0 (9.9 00 (0.0 10 9.1

TableVII1 - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance
and epistatic genetic values, assuming duplicate genes with

cumulative effects (withi,s=i) or non-epistatic genic interaction
(withd, =dandi,s=i), 1000 genes, 10 and 1000 (valuesin
parentheses) interacting, i = 0.1d, and positive dominance.

Tablel X - Percentage of genotypic variances (V) and covariances
(W) attributable to differences between additive, dominance and
epistatic genetic values, assuming duplicate genes with cumulative
effects (withi,s = i) or non-epistatic genic interaction (with d, =d
andi,s=1), 1000 genes, 10 and 1000 (valuesin parentheses)
interacting, i = 0.1d, and negative dominance.

VorW % Additive % Dominance % Epistatic
values values values
Ve 660 (0.6) 330 0.3 10 (99.1)
Vi 85 (1.6) 110 0.2 05 (982
Vo 66.3 1) 332 (0.6) 05 (98.3)
Vg 796 14 199 (0.4) 05 (98.2)
Wies 794 (1.0 199 0.2 07 (98.8)
Vis 793 (0.8 198 0.2 09 (99.0)
Vs 566 (0.5 24 0.4) 10 (99.1)
Vg 660 (0.6) 330 (0.3 10 (99.1)
Wigs 0.1 (1.0 00 (0.0 09 (99.0)
Vi %.7 (34 30 0.2) 03 (96.5)
Vg 836 27 11 (0.3 03 (97.0)
Veors 939 (31 59 (0.2 02 (96.7)
Vg 665 19 332 (1.0 03 97.1
Ve 836 (29 111 0.3 03 (96.8)
Wiesy 9338 (2.3 59 (0.2) 03 (97.6)
Woesy 797 1.8 199 (0.4) 04 (978
Wea 85 (20 111 0.3 04 (977
Wi 834 3 110 0.2 06 (985)
Ve. N9 (16.7) 00 (0.0 01 (83.3)
AV N9 (16.7) 00 (0.0 01 (83.3)
AV 00 (0.0 00 (0.0) 00 (0.0
Weea(en + 1) P9 (16.7) 00 0.0 01 (83.3)

VorW % Additive % Dominance % Epistatic
values values values

Vi 672 (-0.7) 336 (-04) -08 (1011
Vi 803 (-20) 11 (-02 04 (1022
Vs 669 (-1.6) 3B5 (08 04  (1024)
Ve 803 (-18) 201 (-05) 04 (1023
Wiess 805 (-11) 201 (-03) 06 (1014)
Vig 807 (-08) 202 (02 -09 (1010
Vs 576 (-0.6) 432 (05 -08 (1011
Vg 672 (-0.7) 336 (-04) -08 (1011
Wiss 1009 (-1.0) 00 (0.0 09 (1010
Vi 972  (-46) 30 (01 02 (104.7)
Vg 800 (52 111 (-0.6) -01 (1058)
V aora N3 (47 59 (0.3 02  (105.0)
Vs 667 (-45) B4 (22 01 (106.7)
Ve 801 (47 111 (-06) 02  (1053)
W ks A4 (-28) 59 (02 -03  (103.0)
Woeas 802 (-27) 201 (-07) -03  (1034)
Weas 82 (-28) 111 (-03 -03 (1031
Wies 84 (-15) 12 (-02 06 (1017)
Ve, N9 (167) 00 (0.0 01 (83.3)
V o N9 (167) 00 (0.0 01 (833)
AV 00 (0.0 00 (0.0 00 (0.0
W + 1) N9 (167) 00 (0.0 01 (83.3)
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variances and covariances attributable to the differences
between the additive genetic values of theindividual s be-
comes relatively high (the superior limit of heritability),
while other factors become less important, and conse-
guently the efficiency of family and mass selectionisin-
creased. In the F; and F, generations the efficiency of
within-family selectionispractically the same, subsequently
reducing astheinbreeding coefficient approaches 1. Heri-
tability at afamily level tendsto be greater than that at the
individual level, and, disregarding environmental effects,
theandysisof thevaluespresentedin Tables|11 to 1 X shows
the superiority of family selection in comparison to mass
selection, except when F = 1, inwhich case these different
types of selection are equivalent. If the total and within-
family environmental variances are of approximately the
same magnitude, the superiority of massselectioninrela
tion to the selection between plantswithin familiesisaso
evident because heritability at thelevel of individualsin
the population tendsto be greater than that at the level of
individualswithinfamilies.

An important aspect of the model presented in this
paper, which needsto befurther studied, isthat the estima-
tion of the genetic components of variation D, H, I, J, L,
DJ and HL, depends on theinclusion of at least one vari-
ance associated with the S; generation and/or of the cova-
riance W3, Sincein the genotypic variances and covari-
ances of selfing generations the coefficients of the com-
ponentsH and J arethe same. Therefore, if only estimates
of thevariances and covariances of selfing generationsare
available, only thecomponentsD, (H + J), I, L, DJand HL,
areestimable. The estimation of (H + J) may not belimit-
ing since the two components are due to genic effects not
transmitted from generation to generation and they do not
contribute to the expected genetic gain due to selection,
tending to disappear when theinbreeding coefficient inthe
population approaches one. However, thecalculation of the
average degree of dominance and other H-dependent pa-
rametersisnot possible. The estimation of the genetic and
non-heritable components can be based on theweighted or
ordinary least squares method (M ather and Jinks, 1974) or
on the maximum likelihood method (Hayman, 1960).

Theanalysisof variation by the additive-dominance
model with epistasis allows an assessment of therelative
importance of epistatic effectsin the genetic control of a
trait, and favorsan unbiased estimation of the additive (D)
and dominance (H) components and of other genetic pa-
rametersthat depend on these effects. For abetter under-
standing of the control of aquantitativetrait, information
from the generation mean analysis, including epistasis, can
be associated with information from the analysis of varia-
tion.

A comparative assessment of the linear components
[d], [h], i1, [i] and [1] with the corresponding quadratic com-
ponents should permit the clarification of therelativeim-
portance of additive, dominance and epistatic genic effects,
and alow usto decideif non-additive effects are predomi-

nantly uni- or bidirectional and whether or not favorable
genes are concentrated in one parent, as well asto eluci-
date the prevailing type of epistasis, etc., al of which al-
low abetter planning of breeding programs.

If the objective of abreeding programisto develop
superior lines, the magnitude of the epistatic components
[i] and I and the sign of the former should be assessed. The
analysis should permit usto infer whether or not fixation
of favorable genesisassociated with fixation of desirable
epistatic effects due to the interaction between homozy-
gousgenic combinationsincreasing geneticgain. If theaim
isto develop ahybrid, then it is necessary to analyze the
contribution of the genetic effects represented by the pa-
rameters[h], H, [i], 1, [I] and L, to select for heterosis (* hy-
brid vigor”) in the desired direction, with greater heterosis
being expected when such effects are predominantly di-
rectional.

CONCLUSIONS

If the additive x additive, additive x dominance and
dominancex dominance epistatic effectshave the samesign
asthe average effects of desirable genes, they contribute
favorably to the determination of the genotypic val ues of
selected individuals, families or hybrids. Nevertheless, if
thereisalarge number of interacting genesthe percentage
due to epistatic effects of the total, between-family and
within-family genotypic variancesisvery high in compari-
son to the portion attributabl e to the average eff ects of the
genes, making theidentification of the superior individu-
alsor familiesinefficient. In thiscase, analysisaccording
to the additive-dominance model will produce very biased
estimates of genetic parameters. Depending on the magni-
tude of the dominance and environmental variances, when
the number of interacting genesisreduced selection tends
to be efficient and the fit with the additive-dominance
model should be reasonable. The model for analysis of
variation presents multicollinearity.

RESUMO

Neste artigo € apresentada uma extensdo do modelo
biométrico de Mather e Jinks para andlise de variagdo, consi-
derando epistasiaentre genes de doislocos. Apesar dos efeitos
epi stéticos poderem contribuir de modo positivo paraadetermi-
nacdo dosval ores genotipicos deindividuos ou familias sel ecio-
nados e de hibridos superiores, aselecdo serdineficienteseéele-
vado 0 nimero de genesqueinteragem, poisneste caso asvarian-
cias genotipicastotal, entre progénies e dentro de familias sdo
devidaspraticamente aefeitosdeinteracdo entregenesndo a dlicos.
Dependendo dosval oresdas variancias devidaadominanciaede
ambiente, quando éreduzido o nimero de genesqueinteragem a
selecdo tende aser eficiente. O componente dedominancia(H) e
0 componente epistético devido asinteragdes entre combinagdo
génica homozigota e combinagéo heterozigota (J) sdo indivi-
dua mente estimavei sapenas quando se usaumaou maisestatisticas
quadraticas associadas ageracdo S;, obtida por acasalamentos
ao acaso entreindividuosF,.
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