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Summary. Estimating quantitative contributions to
specific traits can be accomplished from a variety of ge-
netic models (Mather 1949; Mather and Jinks 1971; Fal-
coner 1981). Residual genetic effects, those beyond main
and interaction effects of the embryo genotype, are often
pooled under a single classification, termed maternal ef-
fects. Maternal contributions to seed-related traits can
originate from various maternal sources (e.g., en-
dosperm, testa and cytoplasm). Quantitative contribu-
tions of a maternal nature are not predictable from
parental performance and effects are largely non-persis-
tent over generations (Jinks et al. 1972). The methods
used to determine maternal effects in quantitative traits
often do not measure quantitative genetic parameters,
while those that do are either complex or partially resolve
potential contributions of individual sources of maternal
effects. We present simple genetic models for estimating
quantitative genetic parameters which take into account
maternal effects expressed in the major seed tissues of
higher plants.

Key words: Additive genetic variance — Dominance ge-
netic variance — Maternal effects — Generation means
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Introduction

Most traits in higher organisms exhibit continuous varia-
tion, culminating from the action of multiple genes which
individually exert small but significant effects and are fur-
ther modified by the environment. Genetic improvement
of such quantitative traits in plants has relied mainly
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upon directional changes, in response to seclection, of
frequencies for genes with independent and additive ef-
fects. Numerous mathematical models for the estimation
of differential genotypic contributions to quantitative
characters have been developed using either generation
means (Mather 1949; Hayman 1958; Mather and Jinks
1971) or population variances (Comstock and Robinson
1948; Kempthorne 1957; Hayman 1960; Cockerham
1963; Gardner 1963). The presence of cytoplasmic and
maternally controlled genetic effects on important quan-
titative traits have been documented (Ashri 1964; Bhat
and Dhawan 1971; Christiansen and Lewis 1973; Tyson
1973; Rao and Fleming 1978; Millet and Pinthus 1980;
Mosjidis and Yermanos 1984; Robertson and Frey 1984,
Groot and Karssen 1987), but the magnitude of these
genetic effects have not been rigorously estimated and,
hence, their value in genetic gains is largely unknown.
Models estimating the components of generation
means and variances were developed for populations of
diploid organisms in which the genotype of the individual
is equated to the sum of the additive and dominance
effects of the embryo genotype. Because the models ei-
ther ignore or fail to fully consider maternal contribu-
tions, these estimates can be biased. Even in cases where
models consider additional sources of variation, they do
not isolate maternal effects arising from different phe-
nomena. For example, cytoplasmic effects may be ig-
nored (Barnes 1968; Mather and Jinks 1971), maternal
effects may be considered as a single cytoplasmic compo-
nent (Tyson 1973; Mosjidis et al. 1989) or as endosperm
effects alone (Huidong 198R), or the differences between
reciprocal populations may be ascribed to the genotype
of the maternal parent (F;s: Christiansen and Lewis
1973; Cockerham and Weir 1977; Kohel 1980; F,s:
Knowles and Mutwakil 1963; backcrosses: Singh and
Hadley 1972; Mosjidis and Yermanos 1984). For seed-re-



lated traits, contributions can arise either from the
triploid endosperm in an otherwise diploid organism
(Groot and Karssen 1987; Foolad and Jones 1991) or
from the effects of the diploid testa (Foolad and Jones
1991) in addition to, or interacting with those of the
embryo (Yermanos and Knowles 1962; Thomas and
Kondra 1973) or cytoplasmic effects (Mosjidis et al.
1989). Comparison of reciprocal generations has the ad-
vantage of simplicity, but no single comparison can un-
equivocally identify effects of the testa and/or endosperm
with respect to a given trait, or discriminate their effects
relative to other sources. A clearly quantitative estima-
tion of gene actions attributable to each source is not
possible.

We present a model to isolate the sources of maternal
contributions to quantitative characters. The model con-
tributes to current theory because traits of biological and
economic significance are expressed in the maternal tis-
sue of the seed. Moreover, it aids in the design of efficient
methods to estimate genetic parameters and for their
utilization in plant improvement strategies. Procedures
are developed to estimate genetic parameters, both
means and variances of these characters, and simulta-
neously determine the relative contributions of main
effects from all sources (i.e., embryo, endosperm, testa/
perisperm and cytoplasm). The model allows for n loci
and can be easily extended to include first order interac-
tion effects.

Models

Components of generation means

Throughout, we consider additive-dominance models
with the following assumptions: (1) diploid organism
with triploid endosperm present; (2) the contributing
genes are unlinked with independent effects on the means
and variances; (3) gene and environmental differences
contribute to variation in the phenotype independently
of one another; (4) different sources of genetic variation
(e.g., embryo, endosperm, testa and cytoplasm) con-
tribute independently of one another to the phenotypic
variation and (5) the progenies in each generation are
considered to represent random members of that genera-
tion. In describing the relationship between genotypes
and expected phenotypic values we adopt the terminolo-
gy of Mather and Jinks (1971).

For traits controlled by additive and dominance ef-
fects of the diploid embryo genotype, the triploid en-
dosperm genotype (for which two-thirds of the genetic
composition is from the maternal parent), the seed coat
genotype (diploid tissue entirely of maternal genotype)
and non-Mendelian components transmitted only with
the maternal cytoplasm, the expected phenotypic value
(p;) of an individual with respect to a given character can
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be defined as:
pi=m+[d]+[h+[d ]+ A ]+ o]+ [d ]+ ]+ 4],

where m is the mean effect (determined as the midpoint
between the means of the two homozygous parents), and
[d] and [A] represent sums of the additive and dominance
effects, respectively, of the & contributing genes corre-
sponding to embryo ([d], [A]), endosperm ([d,], [A..]
[A,,]), testa ([d,], [4,]), and the cytoplasm ([d,]). The mod-
el can accommodate traits for which no endospermic
effect is anticipated (e.g., non-endospermic seeds) by
omitting the endosperm components from the model.

Components of generation variances

The components of genetic variance (V) in the model
for k contributing loci may be defined as follows:
k k k

k k k k
Vo=2 &+ X W+ d2+3X h2 +X hZ, + X df +3 b}
1 1 1 1 1 1 1
=D+H+D,+H, +H,,+D,+H,,

where Zd? and T4 are sums of the additive and domi-
nance variance components, respectively, assigned to the
embryo (d?, h*), endosperm (d2, h2;, h2,), and testa (d,?,
h?) effects. Within a given segregating generation
derived from hybridization between two inbred lines, no
variation in the cytoplasmic components should be ob-
served unless both parents contribute cytoplasmic fac-
tors. Additionally, all individuals within early segregat-
ing generations (i.e., F, or BC, generation) would have
an identical testa constitution and hence, no variance
from this source would be expected.

Definition of the genetic parameters

For the case of disomic inheritance (e.g., embryo geno-
type} we adopt the terminology defined by Mather and
Jinks (1971) and extend their model to describe the rela-
tionship between genotypes and expected phenotypic
values to include additional sources of genetic variation.
The coefficients of the genetic parameters for individual
tissue effects in the generations derived from a cross be-
tween two inbred lines are shown in Table 1. If we consid-
er two alleles, 4 and a, at a given locus, tissue of a diploid
origin (i.e., embryo, testa) can have one of three possible
genotypes: A4, Aa and aa. The phenotypic expression of
each genotype is determined as the departure from the
mid-point () between the two homozygous parents. For
the diploid embryo, parameter d measures the departure
of each homozygote from m, and parameter # measures
the departure of heterozygote from m (Fig. 1 A). In the
absence of dominance, the phenotypic expression of A4
would be m+d, and that of Aa and aa would be m and
m-d, respectively. Importantly, in the absence of domi-
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Table 1. Coefficients of genetic parameters for main effects (m=mid-point, d=additive, #=dominance) attributed to embryo,
endosperm, testa and cytoplasmic effects in generations derived from two inbred lines

Generation Mating Embryo Endosperm Testa® Cytoplasm
ml [d] [ CATR /9 N 1N CARN [d]
P, P, xP, 1 1 0 1 0 0 1 0 1
P, P, xP, 1 —1 0 -1 0 0 —1 0 —1
Fi, P, xP,) 1 0 1 1/3 1 0 1 0 1
F,, (P, xP,) 1 0 1 —13 0 1 —1 0 —1
BC,, (P, xP,)P, 1 1/2 1/2 1/3 0 1/2 0 1 1
BC,, (P, xP)P, 1 12 12 13 0 1/2 0 1 -1
BC,, (P, xPy)P, 1 —1/2 1/2 —1/3 1/2 0 0 1 1
BC,, (P, xP))P, 1 —-12 12 —13 12 0 0 1 -1
RBC,, P,(P, xP,) 1 12 12 23 12 0 1 0 1
RBC,, P, (P,xP) 1 1/2 172 2/3 1/2 0 1 0 1
RBC,, P, (P, x P,) 1 —1/2 172 —2/3 0 1/2 —1 0 -1
RBC,, P,(P,xP,) 1 —12 12 —2/3 0 1/2 —1 0 -1
F,, F,, selfed 1 0 172 0 1/4 1/4 0 1 1
F,, F,, selfed 1 0 1/2 0 1/4 1/4 0 1 -1
F,, F,, selfed 1 0 1/4 0 1/8 1/8 0 172 1
Fi, F,, selfed 1 0 1/4 0 1/8 1/8 0 1/2 —1
F,, F,, selfed 1 0 1/8 0 1/16 1/16 0 1/4 1
F,; F,, selfed 1 0 1/8 0 1/16 1/16 0 1/4 —1

2 Testa=maternal tissue derived from the integument of the ovule
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Fig. 1A, B. Additive (d) and dominance (/) genetic parameters.
The possible genotypes of a single locus 4-¢ in diploid (A) and
triploid (B) tissue. Deviations are scales relative to the midpoint
(m) between the two parents P; and P,. Within each tissue type
(A or B) the deviations shown in the lower portion reflect the
absence, and the upper portion the presence of dominance, re-
spectively

nance and genotype x environment interactions, the het-
erozygote’s expression of the character is midway be-
tween the expression of the two homozygotes (Fig. 1 A,
bottom). With dominance present, the phenotypic ex-
pression of the heterozygote is m+ A (Fig. 1 A, top). The
magnitude of 4 will change depending upon the degree
and direction of dominance. If dominance is complete, %
will be equal to d. When more than one locus is involved,
the expected phenotypic expression of each genotype is
determined as the sum of the effects at the individual loci
(Mather and Jinks 1977). Common to disomic inheri-
tance, three parameters will also describe the phenotypic
expression of the testa genotypes: genotype 44 departs
from the midpoint (m) by 4, (testa additive effects) and aa
departs from m by —d,. The heterozygote, Aa, departs
from m by A, (testa dominance effects) if dominance is
present. It is important to point out that the values of d,
and A, are not necessarily equal to those of d and #,
respectively.

Considering the same two alleles, 4 and a, the triploid
endosperm can have one of four possible genotypes at
this locus: A4A4, AAa, Aaa and aaa. The phenotypic
expression of each genotpye is determined by four
parameters: m, the mid-point between the two ho-
mozygote parents (444 and aaa); d, endosperm additive
effects, which measures the additive departure of each
genotype from m, and; 4,, and; A,, endosperm dominance
effects, which measure the deviation of the phenotype of
each heterozygous individual (44a and Aaa, respectively)
from their expected additive phenotypic values without
dominance. The genetic effects are scaled as shown in
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Table 2. Components of variation in the parents and F,, F,, F;, F, and reciprocal backcross generations derived from a cross between

two inbred lines

Statistic Embryo Endosperm Testa Environmental Sarppling

variance?
b H D, H, H, D, H, E, E,

Ve 0 0 0 0 0 0 1 0 0

Vi, 0 0 0 0 0 0 1 0 0

Vies 14 1/4 4/9 1/4 0 0 1 0 0

Vacz 1/4 1/4 4/9 1/4 0 0 0 1 0 0

Vrecl 1/4 1/4 1/9 1/4 0 0 0 1 0 0

Vs 14 1/4 99 0 1/4 0 0 1 0 0

Vi, 172 1/4 5/9 3/16 3/16 0 0 1 0 0

Vs 3/4 3/16 7/9 7/64 7/64 1/2 1/4 1 0 0

Virs 1/2 1/16 1/2 1/64 1/64 1/2 1/4 0 1 1/n Vs

Vors 14 18 518 3/32 3/32 0 0 1 0 0

\2 7/8 7/64 8/9 15/256  15/256 3/4 3/16 1 0 0

Viora 3/4 3/64 3/4 3/256 3/256 3/4 3/16 0 1 1MV g,

Virs 12 1/64 12 1j256  1/256 12 116 0 0 1"V oy

Vara 1/4 1/32 1/4 1/128 1/128 1/4 1/8 0 1 1MV e,

A 18 1/16 536 3/64 3/64 0 0 1 0 0

Virss Vorss Yorg and Vg, are the between and within family variances in the F, and F, generations, respectively. Vg, is the variance

between F, groups; each group traces back to one F, individual. V5, is the variance between families within F, groups

a

n, no. of individuals per family; n’, no. of families per group

Fig. 1 B. In contrast to the diploid condition, the additive
phenotypic values of the heterozygous triploid genotypes
are not equal to the midparental value when dominance
is absent (Fig. 1B, bottom). In the absence of dominance,
the phenotypic value of the 444 genotype would be
m+d,, and the values of A4a, Aaa, and aaa would be
m+(1/3)d,, m—(1/3)d,, and m—d,, respectively. Two
dominance parameters should be considered in the model
where the heterozygotes 4A4a and Aaa deviate from their
respective expected additive phenotypic values under the
assumption of no dominance by increments (or decre-
ments) of h,, and 4,, (Fig. 1 B, top). The realized values
for 44a and Aaa would then be defined as m+(1/3)
d,+h, and m—(1/3)d,+ h,, respectively. When #4,, and
h,, are equal, the phenotypic difference between the two
heterozygotes will be determined by the additive effect of
allele 4. In the case of full dominance, where 444, AAa
and Aaa exhibit similar phenotypes, the estimated value
for h,, will be larger than 4,,. Huidong (1988) formulat-
ed a model to study endosperm effects on major storage
products elaborated in the endosperm. In deriving the
coefficients for additive endosperm effects, he selected a
different base line which generated ratios different from
those presented here {Table 1). Theoretically both deriva-
tions are correct when adjusted for the differing base
lines.

Cytoplasmic components are assumed to have a con-
stant additive effect (d,) that shifts the genotypic value of
an individual according to the cytoplasm associated with
the genotype. The cytoplasm associated with the nuclear
genotype A4 is assumed to have a positive effect (d,) and
that associated with genotype aa, a negative effect (—d,).
In describing this model we assume that the cytoplasmic
contributions are due solely to maternal cytoplasm,
which is the most common case in angiosperms (Tilney-
Bassett 1978).

Estimating genetic parameters

The procedure for estimating the genetic parameters in
the model can be the joint scaling test (Cavalli 1952),
using the generation means available, by a matrix ap-
proach as described by Mather and Jinks (1971). Because
the observed generation means do not have the same
error variances, the observed and the expected means are,
therefore, weighted by the inverse of the variance of the
generation means. The adequacy of the genetic model is
then tested by comparing the expected and the observed
mean values using a X? test. The degree of freedom for
the X2 test would be the number of generation means
used in the analysis minus the number of parameters
estimated. The significance of each parameter can be
tested by dividing the estimates by their standard errors,
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derived from the variance-covariance matrix, and com-
paring the result with the ¢ values for appropriate degree
of freedom and probability levels.

A faster estimation procedure is by weighted least
square (WLS) multiple regression analysis. In this meth-
od, which can be performed on any computer with re-
gression analysis capabilities, the generation means are
used as the dependent variable and the coefficients of the
genetic parameters as the independent variables. Outputs
include the least square estimates of the genetic parame-
ters, their standard deviations and ¢ values and the pre-
dicted generation means for the model tested. The resid-
ual sums of squares in this analysis is equivalent to the
weighted X2 and, therefore, can be used to test the ade-
quacy of the model. The proportion of the total variation
among the generation means explained by the genetic
model as well as the percentage contribution of each
parameter to the genotype sums of squares may also be
obtained from the regression output. The speed of the
procedure allows one to quickly test various genetic mod-
els and identify the most adequate model.

Estimating components of genetic and environmental
variances

The components of the genetic and the environmental
variances for several generations derived from hybridiza-
tion between two inbred lines are shown in Table 2. In
deriving the coefficients for the components of genetic
variances due to endosperm and testa sources, we have
followed Mather and Jinks® approach (1971, 1977) for
the diploid condition. Simultaneous estimation and test-
ing of the components of genetic variances attributed to
the embryo, endosperm and the seed coat as well as the
environmental contributions (total of nine components)
requires testing of at least ten different generations. Pedi-
grees maintained for inbred populations derived from
individual F, plants by selfing provides greater observa-
tional resolution of components of variance. The genetic
and environmental variances in the F; and F, genera-
tions can be partitioned into the between (i.e., Virs,
Vyra) and within (V,z3, V,p,) family variances. The
between family variances in the F, generation are further
partitioned into those attributed to between F, groups
(V1ra) — each group consists of F, families originated
from one F, family that trace back to one F, individual
— and those attributed to between families within groups
(Vyrs) (Mather and Jinks 1971). This partitioning re-
duces the number of generations that must be grown in
order to estimate and test the various components of
genetic variances. This should be evident since we can
generate two equations for the F; generation and three
equations for the F, generation. In a similar manner one
could calculate four types of variance in the F5 genera-
tion.

If the number of components to be estimated is equal
to the number of equations available, one can estimate
the components by a perfect fit solution. Unfortunately,
neither the standard deviations of the estimate can be
calculated nor can the adequacy of the model be tested in
such cases. The approximate significance of the variance
components can be tested, however, by employing the
square root of the theoretical variance of the variance.
The theoretical variance of a variance ¥ may be calculat-
ed as 2V?/N, where N is the number of degrees of free-
dom from which V'is estimated (Mather and Jinks 1977).

The variance components can be more precisely esti-
mated by weighted least square regression analysis (Hay-
man 1960). This procedure requires that the number of
equations (generation variances) be greater than the
number of variance components being estimated. The
estimation procedure is essentially that used for the esti-
mation of the genetic parameters using generation
means. The only notable difference would be in estimat-
ing the weights for different generation variances. Proce-
dure for calculating the weights and the components of
generation variances by the WLS regression technique
are available (Mather and Jinks 1977).

Discussion

For seed-related traits the phenotype of the seed may be
determined by the genotype of its embryo, maternal tis-
sues and cytoplasm. Maternal contributions arising from
the triploid endosperm, especially in large endospermic
seeds (e.g., cercals and certain legumes), may be substan-
tial. Identification of the contributing sources of genetic
variation and the type of gene actions involved will assist
in the selection of the most appropriate breeding strate-
gy. The genetic model presented here enables one not
only to precisely discriminate effects exerted by the
zygotic genotype of the individuals from those at-
tributable to the individual sources of maternal contribu-
tions, but also to determine the nature of the gene actions
involved. We have considered the 18 populations de-
scribed above: P,, P,, RF,’s and the eight BC’s and the
reciprocal F,’s, F5’s and F,’s. Coefficients of the genetic
parameters describing these generations are listed in
Table 1. Simultaneous estimation of all nine parameters
of the main model is possible and requires only ten gen-
erations. The model considers applied situations which
arise in pedigree breeding programs using self-fertiliza-
tion. The generations indicated are consistent with self-
pollinated crops where repeated artificial crossing is cost-
ly and therefore should be minimized, yet are sufficient to
provide accuracy in the parameter estimations. In con-
trast, the endosperm model of Huidong (1988) includes
27 generations, many of which are difficult to generate in
self-pollinated crops and their inclusjion would not signif-



icantly improve the reliability of the estimation process.
In the present model, even with fewer number of genera-
tions, analysis of all components can be accommodated
by pairwise inclusion of the tissue effects, and the model
reiterated in all possible combinations until the best fit is
achieved.

The coefficients in Table 1 can also be used to guide
the selection of the most appropriate generations to ob-
tain information about specific sources. For example,
information concerning the role of endosperm can be
most efficiently obtained through comparison of the re-
ciprocal F;’s and BC’s, whereas persistence of the cyto-
plasmic effects over generations can best be tested by
comparing the reciprocal differences in F,’s, F;’s and
F,’s. To eliminate possible scalar effects, the mean differ-
ences between reciprocal crosses should be standardized
by the generation means. Application of this model pro-
hibits any confounding of the various effects and vari-
ances originating from the different sources. If simple
models including main effects alone do not provide ade-
quate fit to the data as measured by the X test, the model
can be extended to include first order non-allelic (epistat-
ic) interaction components. Derivation of the epistatic
coefficients is accomplished by simply multiplying the
respective coefficients of the main effects scaled from the
midpoint (Mather and Jinks 1971). Simultaneous estima-
tion of the main and epistatic effects would require the
development of many generations. It is advisable, before
proceeding to the evaluation of more complex models, to
determine if the adequacy of the simple model (i.e., main
effects alone) can be satisfactorily improved by suitable
transformation of the data (Mather and Jinks 1977).

Because we are considering discrete contributions
from different sources of genotypes (i.e., embryo, en-
dosperm and/or testa) among populations, it is impor-
tant to consider that these sources may also interact with
each other. Several reports have indicated between-
source interactive contributions to seed characters (Beale
and Knowles 1978; Kondra and Stefanson 1970; Robert-
son and Frey 1984). In such situations, appropriate inter-
action coefficients can easily be derived and included in
the model for analysis. Further, if biparental transmis-
sion of the cytoplasmic organelles has been reported for
the species under study, appropriate cytoplasmic
parameters can be included in the model (Jinks et al.
1972; Mosjidis et al. 1989).
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