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IN a recent paper (CosTaNTINO 1968a) the author extended the classical con-
cept of genotypic value to include developmental time and suggested that time
is an integral part of population dynamics and is therefore a vital part of popula-
tion analysis. The objective of this communication is to probe further the concept
of developmental time by considering (1) the genotypic covariance between rela-
tives, (2) the components of variance, and (3) heritability estimation. Each of
these factors is an important part of quantitative genetic theory and both the
manner and magnitude of change in these parameters as a result of developmental
time are critical to our understanding of the genetic properties of populations.

TWO LOCUS, TIME-DEPENDENT MODEL OF GENOTYPIC VALUE

Larval growth, as measured by larval weight, may be empirically idealized
by the deterministic model

Inw; =Ink; +cit + (In k;)est

where In w; is the genotypic value of individual  at time ¢ and is composed of
the terms, In %;, a non-time value and c;t, a time-dependent value. The time-
independent value (In £;) is determined by locus K with alleles e and f; the time-
dependent value (c;) is determined by locus C with alleles g and h. We are con-
sidering a random-mating, equilibrium population in which the two loci combine
at random; consequently, the covariance of genotypic values is zero. This is an
important point and we shall refer to it later.
The genotypic value In w; may be further partitioned as follows:

Inw,; = Wefgh = M + K.+ K+ dKef + Cgt +C, t+d Cght
+ (KC) et + (KC) et + (KC) st + (CK) 2
+ (Kd) et + (Kd®) ¢, nt + (Cd®) et
+ (CdK)h,efr + (deG) ef,ght -
where K. =W, —pu
= additive effect of allele e

* Paper No. 3499 in the journal series of the Pennsylvania Agricultural Experiment Station.

Genetics 63 : 521-529. October, 1969.



522 R. F. COSTANTINO

dKef = Wef.. —p Ke = Kf
= dominance effect of genotype e-f
Cg=W. . —p
= additive effect of allele g at time ¢
doght = W._gh — Cgt _ Cht
= dominance deviations of genotype g-h at time ¢
(KC)egt=Wey —n—K.—Cyt
= additive X additive interaction effect between alleles e and g at time ¢
(Kd®) eyt = Ween — p— Ko — Cgt — Cit — d%ut — (KC) gt — (KC) et
= additive X dominance interaction effect between allele e and geno-
type g-h at time ¢

(deC) ef’ght = Wefgh e Ke _ K{ — dKeft - Cgt T e T (CdK)h'eft
= dominance X dominance interaction effect between genotype e-f
and genotype g-h at time ¢.

The total genotypic variance for In w; = Wy may be expressed symbolically
as
2 _I_. a.2t2 + 0,2 2
= —I— (0' e+ (oA, ot )T

where o2 , 02 , o2 and o’ are the 'addmve and donunance variances with respect
k k

A
to loci K and C, respectlvely, o2, o2 and o?  are the additive X additive, additive
X dominance, and dominance X dommance mteraction variances-and ¢ is develop-
mental time,

GENOTYPIC COVARIANCE BETWEEN RELATIVES

The genotypic covariance between relatives follows directly from the paradigm
of genotypic value and is

cov(Wy, Wy t) = 2r (oi + O'i ) + u(o'f) + 0]2) ?)
k c k 4

+ [(2r)%2, + 2ruc®  + u?e? ]1*.

The genotypic covariance now depends on (1) r = Malécot’s coefficient de
parenté, u = probability of W, and W, possessing identical-by-descent geno-
types, (2) the additive, dominance and interaction variances and (3) develop-
mental time (¢). Each of these terms is a non-negative number, therefore,
d cov (W, Wyst)/dt = 0 for all ¢,

COMPONENTS OF VARIANCE

A design of experiment frequently used when studying animal populations
consists of mating m randomly chosen males to f females and measuring p prog-
eny for each male-female combination. This is referred to as a hierarchical or
nested design of experiment. Three components of variance from this sib analysis
can be estimated and will serve our purpose to probe the association between
variance components and developmental time. For specific details concerning
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the hierarchical design of experiment, readers are referred to KEMPTHORNE
(1957) and FaLconer (1960).

The interpretation of the male (¢? ), female (¢2) and progeny (¢%) compo-

nents of variance are summarized in Table 1. It should be noted that the classical
and time-dependent models of genotypic value yield identical components with
t = 1. However, with the added dimension of developmental time it is now pos-
sible to examine the change in population structure, i.e. the magnitude of change
in the variance components, within a generation interval. The following observa-
tions are of interest: (1) the total genotypic variance and its components are a
function of developmental time, (2) the derivative of each of the variance com-
ponents is positive, consequently, the variances are strictly monotonic increasing
functions of developmental time, (3) the magnitude of change of each of the
components differs, for example, epistatic variation influences o2, o2, o2 and o2,
in decending order of magnitude.

HERITABILITY ESTIMATION

The heritability of a trait is an important and useful characteristic for plant
and animal breeders for it associates breeding value with phenotypic value and
thus leads to the expected or predicted response of a population to selection. The
hierarchical design permits three estimates of heritability: (1) from the male
component, (2) from the female component and (3) ¢%+ ¢7, yielding an estimate

from full sibs. Each of these estimates is given in Table 2 together with its de-
rivative with respect to developmental time. The male component is nearly iden-
tical to the ideal estimate heritability [(01]‘:{" vic 1?) /2] except for Y402, ¢ and is
thus the “best” estimate. The full-sib estimate followed by the estimate from the
female component are next in order; however, both of these tend to set upper

limits to the heritability. Now let us focus attention on the change in these pa-
rameters during development. If the epistatic variation is negligible (¢? = 0) then

(1) the heritability from the female component (%2 ) is stable or independent of
time, (2) the heritability from the full-sib component (%2 ) unlike 42 is still a
function of time, and (3) the heritability from the male component (%?) is also
a function of time but dk2 /dt = 2dh2 /dt. Summarizing, the rank order of these

estimates with respect to the magnitude of change during development is exactly
opposite to the order based on how closely they approximate the definition of
heritability. Tt should also be emphasized that the magnitude and direction of
change in the A2, and /2, and the heritability from offspring-parent (%;,) are
dependent on the term (oicoﬁ)k‘— of\k ach) t/ot and thus they may increase, de-
crease or remain constant during development even though the components of
variance are strictly increasing functions of time.
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Table 2
Heritability estimates from male, female, and full sib components of variance and

their derivatives for a two-locus time-dependent model of genotypic value.

Source Heritability (h?) Derivative of h? with respect to t
Male (02 +02 t241/40%,t2) [2¢0? 02 -02 g% )Yt+(1/20%,02-20202 )t]
A
Ak o AA /O; AC Dk Ach AATk I /0“
1 2 2 + 2 2 2 - 2 2 2 2
Female [oAkak (oAC-ch)t +1/4 1/2°k(° AA+2uAD+3oDD): /c"
T

2 2 2 2
30y, 420, 40h )t ]/02
T

Full Sib [0% +02 t241/2(02 402 t¥)+ {(0 02 -0% 02 )t-02(20% 402 Yt+1/402 (402 ,+20° 402 )t}
AkAC Dk DC Ach Ach I Aka k' AA AD DD /;

2 2 2 2
(1/20M+1/40AD+1/8cDD) t ]/cz
T

EXPERIMENTAL OBSERVATIONS

As a means of further elucidating and integrating the properties of the time-
dependent model of genotypic value and quantitative parameters, the following
experimental observations on a large, random-mating population (Purdue Foun-
dation) of Tribolium castaneum were collected. The hierarchical design of experi-
ment consisted of ten randomly chosen males each mated to three females. Four
progeny were weighed for each male-female combination at 7, 9, 11 and 13 days
of age. The experiment was replicated for a total of 960 observations. Larvae were
maintained individually in glass creamers on standard (95% wheat flour and
5% yeast) medium and cultured at 33°C and 529, relative humidity. The
weights were recorded in pg and transformed to the natural logarithmic scale.

Before proceeding to the analyses, comment must be made concerning the
theoretical model and the experimental data. Recall that larval growth was repre-
sented by the deterministic model

Inw; = In lii + it + (111 ki)cit
and that the values In %; and ¢; were assumed to be controlled by loci K and C,
respectively. The two-locus model was used as a means of conveniently extending
the concept of developmental time to the covariance between relatives, variance
components and estimates of heritability. With regard to the experimental ob-
servations, the values In %; and ¢; are thought to represent two systems or com-
ponents of the metric trait, larval weight, each of which may be controlled by
many genes but whose effect can be surnmarized by these two numerical values.

It was originally planned to pool the two experiments; however, close exami-
nation of the data revealed a fundamental difference in the two studies. As seen
in Table 3, the means were approximately linear functions of time and agreed
with the theoretical expectations. On the other hand, the total variance was es-
sentially constant in Experiment 1 and is thus consistent with the model; how-
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TABLE 3

Mean, variance, covariance and correlation of larval weight (In w) during development

Experiment 1 Experiment 2
Time ;L & &?(wi W) * ’;ijm ;l. & Ea/(wj,wu) ;)iju
7 4.646 0.108 0.057 0.526 4.889 0.074 0.029 0.542
9 5.723 0.104 0.076 0.711 5.938 0.056 0.036 0.763
1 6.735 0.127 0.087 0.734 6.956 0.061 0.041 0.839
13 7.517 0.110 0.110 1 7.657 0.039 0.039 1

*j=17,9, 11, 13 days.

ever, the total variance decreased during development in Experiment 2. In the
latter case then, as the mean increased, the total variance decreased—refuting the
adage that if the mean increases the variance does also. The variance may be
expressed as a function of the mean (assuming (In £;)c;t = 0) namely,

o (o) = (ae/pse) %, + 2L cov(In &, €)/po — eo?/ Lo

+ ol pi/p2 — 2 cov(In &, ¢) pa/pe +o3 .

(4

In addition to its use as a criterion to stablize the variance during development
(CosTanTINO 1968b), the function reveals that if the cov(In %,c) = 0 the mini-
mum value occurs at the point (u, o7 ) or when ¢ = 0 and thus predicts that as p

increases so also does o2 . However, if the covariance between the genotypic values
In % and c is not zero then no a priori association exists between the mean and
total variance; hence, although the mean is an increasing function, the variance
may increase, remain constant or decrease as was observed in Experiment 2.
Also given in Table 3 is the phenotypic covariance, cov(wj, wys), and correla-
tion, pw wys, of larval weight at days 7, 9, 11 and 13 with the day 13 weights.

Assuming that the interaction term, (In k;)c;t, is negligible, the covariance is a
linear function of time and this was observed in both experiments as noted in
Figure 1. However, the rate of change in the covariance for Experiment 1 was
greater than that for Experiment 2 so that the term (In £,c) + 1362 was of differ-

ent orders of magnitude. This information, together with the behavior of the total
variance, indicates that in Experiment 2 the cov(In %.,¢) may not be zero, a situa-
tion which is not accounted for in classical quantitative genetics (KEMPTHORNE
1957). The correlations in both experiments were similar and as CosTANTINO
(1968a) showed, are not influenced by the sign of cov (In £,c).

The components of variance, additive variance and heritability estimates dur-
ing larval development for both experiments are listed in Table 4. You recall from
Table 1 that 62, ¢2, 02 and o2, are strictly monotonic increasing functions of time.

The data of Experiment 1 essentially agreed with these expectations. However,
in Experiment 2, the results were not consistent with the model: the total variance
and its progeny component decreased during development, the male component
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Ficure 1.-—Phenotypic covariance of larval weight at days 7, 9, 11 and 13 with 13-day

larval weight.

TABLE 4

Components of variance, additive variance and heritability estimates for
larval weight during development

Experiment 1 Experiment 2
Statistic 7 9 11 13 7 9 1 13

Total variance (42,) 0.1079 0.1044 0.1272 0.1102 0.0741  0.0561 0.0609 0.0387

Components:

Progeny (8%,) 0.1145 0.0985 0.1217 0.0896 0.0574  0.0457 0.0406 0.0241

Female (62,) —0.0102 0.0068 0.0055 0.0091 0.0096 0.0030 0.0122 0.0043

Male (62,) 0.0038 —0.0009  0.0002 0.0114 0.0071  0.0074 0.0081 0.0103
Additive variance:

Male (42 AM) 0.0153 —0.0036 0.0008 0.0456 0.0284 0.0296 0.0324 0.0412

Female (42 AF) —0.0408 0.0272  0.0220 0.0364 0.0384¢ 0.0120 0.0488 0.0172

Full sib (&ZAFS) —0.0128 0.0118 0.0114 0.0410 0.0334  0.0208 0.0406 0.0292
Heritability:

Male (h2y) 0.1415 —0.0345 0.0061  0.4147 03833 05276 05320 1.0645

Female (R2,) —03781 02773 0.1726 0.3369 05182 02139 0.8013 0.4444

Full sib (h?,,) —0.1186 0.1137 0.0936  0.3720 04507 03707 0.6667 0.7545
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consistently increased, and the female component fluctuated with no clear trend.
The estimates of additive variances reflect, of course, the same time change as the
components of variance on which they are based.

The heritability estimated from the male component increased during develop-
ment which is consistent with the model. No clear pattern of change in 4 is ap-

parent from these data.

The estimate of heritability from the full-sib component is a combination of
the male and female estimate and reflects this pattern of change. If one views the
days as separate entities then in Experiment 2, for example, on days 9 and 13
the 6% > 62 suggesting that there cannot be much nonadditive genetic variance.

Thus the two estimates, izi[ and th, may be regarded as equally reliable and their
combination, the hFS taken as the best estimate. However, on days 7 and 11 this

argument can be reversed and the thS not considered the best estimate. It is the

writer’s opinion that one should seek general patterns of change in these param-
eters, and not view them as separate entities, in order to better understand popu-
lation structure as a dynamic, ever-changing relationship among individuals.

The expected genetic gain has been computed for Experiment 2 from the male
estimate of heritability and the results are summarized in Table 5. The selection
intensity is constant, the total variance decreases and the additive genetic variance
increases during development. Thus the maximum expected genetic gain occurs
at day 13 when the total variance is minimum.

If one considers the expected genetic gain as

AG =h*S = (o* +o% 1?) [o®+ 621>+ 2cov(Ink, c)t] " i
k ¢

where 7, the selection intensity, is a constant and cov(In k,c) is not zero as sug-
gested in Experiment 2 then
daG/dt = i[oic t(20Dk+ c‘gk + czc ?+od 1*) —o} o)t

A A
[4 4 ¢

A

+ (342 ct2 — 0'2Ak) cov(ln £, c)]/a;

Thus the magnitude of genetic gain is a function of the components of variance,

TABLE 5

Expected genetic gain as a function of developmental time for Experiment 2

Intensity of Genetic

Day selection, i & i . gain
7 1.40 0.0741 0.0284 0.1460
9 1.40 0.0561 0.0296 0.1750
11 1.40 0.0609 0.0324 0.1838

13 1.40 0.0387 0.0412 0.2936
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the intensity of selection, developmental time and the covariance between the
genotypic values. The latter is generally assumed zero but nonrandom gene
combination can result in equilibrium populations (see L1 1967 for recent review)
and will, as noted in this equation for genetic gain, alter the interpretation of
population dynamics.

The foregoing experimental data were presented in preference to a numerical
example and were meant to focus attention on quantitative measurements and
developmental time. The theoretical model analyzed in this study expressed the
genotypic values as linear functions of time. However, the functions of the vari-
ous genotypes may be of any type (linear, quadratic, exponential, etc.) in time
corresponding to the biological basis of the measured variable.

The primary objective of this paper is to add the dimension of developmental
time to quantitative genetic analysis. An important aspect of this objective is that
quantitative theory is now more accessible to rigorous experimental verification.
A theory based on time-dependent genotypic values predicts the magnitude
and direction of parametric changes which, as the preliminary data on Tribolium
have shown, lends itself to testing procedures.

The writer wishes to thank Dr. A. A. Dewggs for his critical reading of the manuscript.

SUMMARY

The dimension of developmental time has been added to the interpretation of
the genotypic covariance between relatives, components of variance and heritabil-
ity estimation. The interpretation of each of these quantitative measurements
is affected by time. It is suggested that population structure be viewed as a dy-
namic continuum and that general patterns of parametric change indicative of
that structure be sought using time-dependent models of genotypic values.
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