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ABSTRACT

THE EFFECT OF SELECTION ON THE HERITABILITY AND GENETIC
CORRELATION OF TWO QUANTITATIVE TRAITS IN MICE

by Tsang Kay Cheung

This study was to examine the effects of different
intensities of single trait directional selectién on the
heritability and genetic correlation of the selected primary
and correlated traits in random mating populations of mice.
The traits under investigation were six~week body weight
and six-week tail length. These two traits are quantitative,
easily measured and expressed in both sexes. The mice were
divided at random into five gréups (A, B, C, D and E).

Group A was under 30 percent mass selection for large six-
week body weight and Group B was under 60 percent mass se-
lection for large six-week body weight. Group C and Group D
Were under 30 percent and 60 percent mass selection for long
six-week tail length, respectively. Group E acted as a con-
trol group with no selection applied. Mating in every group
was random over the period of the experiment.

It was found that direct selection.had no apparent
effect on heritability of the trait selected for and there
was no indication that the heritability of the correlated

trait changed. The heritability of six-week tail length was



higher than the heritability of six-week body weight. The
estimates of heritability of six-week body weight ranged

- from 0.00 + 0.30 to 0.59 *+ 0.49, while estimates of herit-
ability of six-week tail length ranged from 0.19 -+ 0.29 to
0.74 + 0.35. There was no significant difference among the
genetic correlations between the two traits in the five se-
lection groups. Estimates of realized genetic correlation
between six~week body wéight and six-week tail.length ranged

from 0.35 to 0.44.
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INTRODUCTION

Quantitative geneticists have long been aware that cor-
related responses are common in populations under different types
of selection. The primary implication of a correlated response
is that the character under selection‘is genetically correlated
with another character, although other parameters can affect
the magnitude of the correlated response.

__ There has not been enough study of the effects of se-
lection on the genetic correlation between traits and on the
correlated response ofvtraits not under selection to adequately
account for their behaviour or to answer questions such as to
wﬁat extent correlations can be changed by selection, over how
many generations correlated responses continue, or what is the
total correlated response when the selection limit is reached.

The present investigation was to examine the effects
of different intensities of single trait directional selection
in random mating populations of mice upon the genetic correla-

. tion between the selected trait and other traits not selected
énd updn the correlated response of traits not directly selected.
Also of interest was the effect that different levels of herit-
ability in the selected trait might have oﬁ genetic correlation
and what changes might reéult in the heritabilities of both

the selected and correlated traits themselves.




REVIEW OF LITERATURE

Seiection applied to one trait generally results in
correlatéd changes in other traits not under selection. This
‘correlated response! depends primarily upon the genetic cor-
relation. The following statement by'Darwin 11875) indicates
that he had noted the importance of correlated variation:
"Hence, if man goes on selecting, and thus augmenting, any pe-
 cu1iarity, he will almost certainly modify unintentionally
other parts of the structure, owing to the mysterioﬁs 1aw§ of
correlation'.

According to Falconer (1960), the genetic cause of
correlation is chiefly pleiotropy. Pleiotropy is simply the
property of a gene Qﬁereby it affects two or more characters;
if the gene is segregating, it causes simulténeous variation
in the characters it affects. The degree of correiation arising
from pleiotropy expresses the extent to which two characters are
influenced by the same genes.

| Other possible causes of genetic correlation are
_ﬁsually regarded as minor or transient. For example, Lush
(1948) stated that linkage can be an important cause only in a
population where either the coupling or repulsion phase of the
'dduble heteroéygote is far more abundant than the other. Such
a condition would only persist for a few genefations after a

cross because in a freely interbreeding population, the coupling



and repulsion phase of the double heterozygote tend rapidly to
"become equally frequent.

Lerner (1958) presented a simple theoretical model,
suggesting that the genetic correlation between two traits would
eventually become negative if selection were applied to both
traits simultaneously. Those alleles which affect one trait
alone or both traits in a plus direction would eventually become
fixed under selection for both traits while those al;eles having
a negative effect on one or both traits would be eliminated.

The net result of selection would be to 1eéve segregating only
those alleles which have opposite effects on the two traits re-
sulting in a negative genetic correlation. Lush (1948) makes
eésentially the same point when discussing the effect of selec-
tion on genetic correlation. While this theory seems sound,
there has been little research reported on whether the theoreti-
cal treatment of correlated response to selection in terms of
genetic correlation is adequate to explain-the responses realized
- in experimental results. |

‘Falconer (1953), selecting for large and small body
size at six weeks of age in mice reported changes over time in
estimates of genetic correlation among various correlated traits.
The cofrelated response of tail length to Selection for body
size became irregular after generation five; the large line
showed little further increase in tail length but the small line

showed a sudden and rapid decrease from generation eight onwards.



He suggested that the apparent cessation of correlated response
in tail length in the large line after generation five might be
dqe to the genetic correlation between body weight and tail
length having been broken down but emphasized that the facts
were not clear enough to warrant speculation on this point. The
observed correlated response of 12-day weight was also irregular.
The large line increésed rapidly until generation four and then
showed no further increases. The small line, oﬁ.the other

hand, showed little decline up to generation five, after which
the decline was rapid.

" The cdrfelated response of weaning weight differed in
the two lines. The decrease in weaning weight in the small line
was much greater than the increase in the large line. The
large line increased by about 0.5 gm. while the small line de-
creased by about 2.5 gm., so that the change was about five
times greater in the small line. The cause‘of this asymmetry of
response could not be determined but it was suggested that it
might be due to inbreeding or that weaning weight was a component
of fitness, so that more 1ittérs with a small weaning weight of
offspring were produced. |

Rahnefeld:gg‘gl. (1966) studied the genetic correla-
tion between growth rate and litter size in mice. The genetic
correlation and additive‘genetic covariance of post-weaning
gain and litter size were estimated for a genetically variable

population of mice during a 29 generation span in which recur-



rent selection for post-~weaning gain was. practiced. Estimates
indicated a high positive genetic correlation (0.89) between

the two traits and no ciear indication of change in response to
selection was observed during the 29 éenerationse Rahnefeld's
report of this positive response of litter size to selection

for post-weaning growth is comparable to the fesponées in litter
size that MacArthur (1949) and Falconer (1955) observed in popu-
lations selected for large body siée° However, in their experi-
ments, the correlated response ceased after a very few genera-
tions (five in one case and six in the other). This difference
is probably a function of the difference in selection critefion.
For dams of equal size, there would be a negative correlation
between litter size and weight of offspring at 42 or 60 days and
a resulting tendency for mice largest in size to be found in
smaller litters. The litter size effect on post-weaning growth
is much less than on weight at 42 days and not sufficient to
dampen the correlated response.

Cléyton et al. (1957), studied correlated response in

Drosophila melanogaster. They found that the genetic correlation
’Eetween the primary trait (abdqminél bristle number) and the
secbndary tréit (sternopleurai bristle number) was sﬁéllﬂthough
positive (0.05 to 0.10) in the base population. Moderate agree-~
ment with predicted correlated fesponse was observed in the
‘earlier generations while inbreeding was'quite low. The cor-

related response became entirely unpredictable with further se-
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lection in later generations. They,concluded that if the genetic
correlation is low, to measure it by correlated response is un-
wise, unless the inbreeding each generation can be kept at a
bveiy 1ow level; and careful experimental design is required to
estimate genetic correlations‘frOm correlated responses. |

. Festing et al. (1967) studied the response to selection
for Eody weight and egg weight in chickens. Four lines of
Leghorns, Qf common origin, were each selected for a single
quantitative trait. The four lines consisted of a two-way set
(1ines B and C) selected for body weight (W), high and low,
.resﬁectively, and another set (lines D and E) selected for egg
weight (Z) high and low, respectively. The selected breeders
consisted of eight sires each mated to eight to ten females per
line per year. The Cornell White Leghorn Random-bred was the
control population used each yea;. In addition, Line A selected
for high rate of egg production, served as a quasicontrol popu-
lation. This line responded little to_selectioh, and its ori-
gin was in common with the other selected lines. Selections
were based on measurements at approximately 32 weeks‘of age.
Responses to selection over seven generations were immediate,
large, and essentially linear. Realized heritabilities calcu-
lated from the regressisn of the selected trait on cumulative
selection differential were asymmetrical with respect to the
direction of selection. In contrast, heritabilities estimated

from variance components were symmetrical and intermediate with



heritabilities largest in the lines selected upwards but smallest
in the lines selected downwards. The estimation of genetic cor-
-relations from variance components and from realized selection
response between W and Z paralleled those for the estimation of
heritabilities. The agreement between realized and variance
component correlations was good in the downward selected lines
(C and E) but poor in the upward selected lines (B and D).

The trends in the heritabilities were not statistically signi-

- ficant, but both the phenotypic and genetié correlations de-
clined significantly over generations. In the upwafd seléction
lines (B and D), genetic correlations estimated from variance
components declined ffom 0.6 to 0.2-0.3 in generation six. In
the downward selected lines (C and E), they declined less
(to 0.4;—0,5)° In control A line, no decline was observed. The
rates of decline between the lines were statistically signifi-
cant. Body weight and egg weight were evidently cbntrolled by
both independent and pleiotropic genes.

Parker et g;; (1969, 1970a,b) have examined the effect
of truncation selection of a primary trait upon the genetic cor-

kfeiation and the correlated response in a secondary trait for a
simulated populétion. The size of the parent bopulation was 48
in gach generation. Thrée levels of selection, 0.8, 0.5 and
‘042, three genetic correlations between traits 0.75, 0.50 and
0.25 and three levels of heritability for both traits 0.7, 0.4

and 0.1 were simulated. Each trait was controlled by 48 loci



segregating independently, effects were equal at every locus,
and gene frequency was arbitrarily set at 0.5 at each locus in
the initial generation. Two models of gene action, additive and
complete dominance, were discussed and each parameter set was
under selection for 30 generations. v
The results from the additive model indicated that high

selection intensity resulted in a decline in genetic correlation
while low selection intensities maintained the genetic correlation.
In the model of complete dominance, the change in genetic cor-
relation where selection was by ﬁpper truncation, followed es-
sentially the same patterns as in the additive model. Selection
by lower truncation was similar except that decreases in the cor-
‘relation at high intensity{of selection was more rapid. The
estimates of genetic correlation computed from phenotypic co-
variances between parents and offspring fluctuated markedly from
the true correlations. _

| The effect of selection on genetic correlation has(
been of considerable interest to research workers. Both theo-
retical and experimental stﬁdies have been carried out in an
éttempt to clarify this problem. Although the general trend
seems to be that continuous selection will eventually cause a
decrease in genetic correlation; there are still many questions
'unénswered, There is insufficient information about the be-
haviour of the genetic correlation under éelection or about cor-

related response to selection, to allow conclusions to be drawn



for questions such as:

“"Does the change in the size of the genetic cor-
relation depend more on the intensity of selection, on the
heritability of selected trait, or on the initial degree of
correlation?"

| "Does the process of selection affect the relative
accuracy of the different methods of estimating the genetic
correlation differently?" | .

An understanding of the changes likely to occur in
genetic correlation between traits under selection is rather
importanf° In order to achieve accurate prediction of response
in a selection programme and to accurately construct a selection
(index, it is essential for the animal breeder to have a know-

ledge of the effects of selection on genetic correlation.
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MATERTALS AND METHODS

A selection experiment, using mice as the experi-
mental animal, was initiated.in May, 1967 to study thé effects
of varying levels of selection and varying heritabilities on
genetic correlation. This thesis will report on the analysis
of the data geﬁerated from generations one to seven.

Genetic Stock. A random sample of 30 méies and 60

females were obtained and random mated for one generation, one
- male being mated to two females. The offspring were divided
at random into five gioups A, B, C, D and E, with each group
consisting of fifteen males and fifteen females. These groups
were then mated at random and their offspring (generation 1)
were the animals used for the first generation of selection.

Selection Criteria. The traits selected for were

six-week body weight and six-week tail length. These two traits
are Quantitative, easily measured and expressed in both sexes.
The genetic éorrelationvbetween them is considered high

(rG = 0.6) (Falconer, 1960). Their heritabilities are reason-
ably large and yet different from each other. Heritability of
tail length is generally considered to be about 0.6 and heiit*
ability of six-week body weight about 0.3. It was considered
that such reasonably high heritabilities and high genetic cor-
relation would more easily allow detection of any’change.in the

genetic correlation between them and the effect of heritability
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on this change.

The selection applied was directional for large six~
week body weight or long six-week tail length. Two leQels of
selection were applied to each trait. There was also a control
group where no selection was applied. The five groups and the
selection applied to each are shown in Table 1. Group A was
under 30 percent mass selection for six-week body weight and
Group B was under 60 pefcent mass selection for six-week body
‘weight. Group C and Group D were under 30 percent and 60 per-
~ cent mass selection for tail 1ength respectively. Group E.was

the control group with no selection applied.

‘Table 1. Levels of selection applied to five groups of mice

Group Selection Criterion Level of Selection (b)
A Six-week body weight 0.30
B Six~week body weight 0.60
c Six-week tail length 0.30
D Six~-week tail length 0.60
E Control 0

Mating and Selection Scheme. The number of mice saved

for breeding each generation was 15 males and thirty females.
Each male was mated to two females, with the mating period being
of ten days duration. The males were then discarded and the fe-
males placed in separate cages. The number of offépring per |
litter was counted at birth and the offspring wéaned at three

weeks of age. At six weeks of age, body weight and tailblength

of each mouse in the litter were measured and these were the
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measurements used as the basis of selection of the parents of
the subsequent generatlono For the group under 30 percent mass
selection for either six~week body weight or six-week tail
length, 75 males and 75 females per group were selected at ran-—
dom and ranked in descending order in the trait selected for.
The top 30 females in the rank and the top 15 males in the rank
were saved and mated at random to produce the next generation
(Table 2); with the restriction of no full-sib maLJngs.

For the group under 60 percent mass selection for
either six-week body weight or six—week tail length, 36 males
and 36 females per group were selected at random and ranked
in descending order in the trait selected for. The top 30
females in the fénk and the top 15 males in the rank were
saved and mated at random to produce the next generation
(Table 3). In the control Group E, 30 females and 15 males
were chosen at random and mated at random to produce the

next generatione.

Data Collection. The following data were collected

- on each mouse: date of birth, coat color, sex, four—week
body welght, six-week body Welght and six-week tail length
 The populations throughout the course of the ex-
periment appeared in good health. ‘No cases of disease among
mice were found at any time_dUring the course of the experi-

ment. .



Table 2. Selection scheme for groups under 30 percent

Table 3.

selection
(Groups A and C)
% o
Females b Z/o
30/75 0.4 0.97
Males ._
15/75 0.2 1.40

Average Z/b

1.19

Selection scheme for groups under 60 percent

selection

(Groups B and D)
Females b* 7/ 5°*
30/36 0.83 0.34
Males
15/36 0041 _ ' 0097

* the propertion of animals selected

** the ordinate at the point of truncation

Averagé Z/b

0. 65

13
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Analysis of Data. All but the more easily computed
statistics were obtained using an I.B.M. 360 compﬁter°
Analyses were performed within each group for each generation
and in addition, a pooled analysis was carried out across
generations. Standard statistical procedures were employed in
the estimation of all parameters. Heritabilities and genetic
correlations were estimated both from parent-offspring co-
variances and regressions and from analysis of vériance and co-

variance.

a) Parent-offspring covariances and regressions:
Heritability was estimated from the regression of off-
spring on mid-parent. In any mid-parent offspring regression

the form of analysis is similar to the following:

b = Cov XY
-2
0 x

where b is an estimate of heritability, Cov XY is the co-

variance between the phenotypic mean (X) of the two parents
and the phenotype of the offspring (Y) and OZX is the pheno~-
typic variance of the mean of the two parents. The standard
error of the estimate of heritability was estimated accord-

ing to Becker (1967) as




where Szb is the mean square deviation from regresgion,
and ZX2 is the corrected sum of squares of mid~pa£ents.

Genetic correlation was estimated each generation b§
the method proposed by Hazel (1943) utilizing phenotypic
coVarianées between parent and offspring. Two variations
of Hazel's method were used to compare tﬂe relative ac-

curacy of the two methods. The two methods were:

. b3
. _ %
i) rGl [(CovPXpPyo)(CovapPXO)/(CQVPXpPXO)(CovapPyo)]

P )/2[ (GovP, P, ) (Covp, P, 1%

. ii) Y, A = (Cova P O+COVP Xp X0 yp yo

G2 Py yp

where PXp and ?xo are the phenotypic values for six-week
body weight in the parent and offspring respectively, and
Pyp and Pyo are the phenotypic values for six~week tail
length in the parent and offspring respectively.

The standard error of the genetic correlation co-
‘efficient was estimated according to Reeve (1955) and

Robertson (1959) as

* " 2 2
S.E. (fp) =

where hzx is the estimate of heritability for trait X and

h2y is the estimate of heritability for trait Y and S.E.

% Used to estimate standard error of r

only
G4 |
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h2X and S:E. h2y are the standard errors of the estimates
of heritability of the two traits determined from the for-

mula indicated previously.

b) Analysis of variance and covariance:
| The form of the aﬁalysis of variance and the expecta-
tion of mean squares are presented in Table 4. Separate
analyses were conducted for each group within each genera-
tion. A pooled analysis across generations was also per-
formed for each of the five groups the form of which was
similar to that in Table 4 with the addition of another

source of variation, i.e. between generations.

Table 4. Analysis of variance and expectations of mean squares

Source d.f. Mean Square Expectation of Mean Square
Between Sires s-1 M W+ koD + k3S.
Between Dams '
within Sires d-s My Wt le
Within full Sibs N-d Mg W
where s = total number of sires
d = total number of dams

il

N = total number of progeny
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ia?
k, = 1 o [ N - ]
1 d -~ s + n,
i.
o~ 22
s = 1 n. N
ie
T2
kg =__1 I N-T 1o
s - 1 N

total number of offspring from the ith sire

5
i

i
nij = tqtal number of offspring from the jth dam
S = vériance due to differences among sires
D = wvariance due to differences among dams
W = variance due to differences among sibs

The variances of variance component estimates were
obtained according to Anderson and Bancroft (1952) as follows:

The estimate of S was
k

- - - 2 -
=DMy =My - Q= My) i
1 }
It follows that
| ko ky=ky 2
vV(s) = [V(M ) + ( ) -V(M2)4( ) -V(M )] /k3
e Ky kl
where: V(S) = wvariance of S
V(Ml) = variance of the mean square for the between

sires source of variance

: V(Mz) = variance of the mean square for the dams w1th~
in sire source of variance
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'V(M3) = wvariance of the mean square for the within
litters source of variance

The variances of the mean squares were approxi-
mated by substitution of the observed mean square for its

expectation in the general expression
V) = 2050012

where: M = any mean square
E(M)= expectation of M

d.f.= degrees of freedom for the mean square M

Since S represents one~quarter the additive genetic
variance,‘and the sum S + D + W represents the total pheno-
'tybic variance of the population, it is necessary to solve
for each of these components in order to compute estimates
of heritability. The formula used for these computations

was as follows:

hg = &S
S+DHW

The standard error of heritabilities (modified from
Dickerson, 1960f:is

4 62 )
" S.E. (h2) o Var(© g

g
o toto
s D W
The genetic correlation was also computed using sire
components of variance and covariance as follows:

* as described by Becker, W._A1 1967
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. =FCOVXV(S)

JOE ()" 9E(y)

where: s(X) = six~week'body weight of sire

s (x) = six~week tail length of‘sire

Covxy(s) is the estimate of the sire component of co-
variance, g (x) aﬁd cg(y) are the sire_components of
variance for six-~week body weight and six-week tail
length respectively. |
The variance of te was computed as follows (Mode and

Robinson, 1959):

Var(Cony(é)) . Var(qz(x)) . Var(og(y))

_ .2
Var(rG) = Ty . . / 5 5 5 5
COVXy(S) Q(OS(X)) 4(ds(y))

COV(Gg(X5, Coviv(s)) _ COY(Og(y), Covyy(s)’

2 ' 2
GS(X) Covky(s) Gs(y) COVXy(S)

2 2
COV(GS(X), GS(y))

-+

) )
9s(x) 9s(y)

and, S,E.(rG) = Var(rG)
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RESULTS AND DISCUSSION

"RESPONSE TO SELECTION

The phenotypic means for six~week body weight and
six-week tail length for eaéh of the five groups are presented
in Tables 5 and 6 for all seven generations of selection and
are presented graphically in Figures 1 and 2. Deviations of
generation means of Groups A, B, C and D from the control
Group E for all seven generations for both six-week body weight
and tail,length, are presented in Tables 7 and 8.

Response in Six-Week Body Weight. Means for six-

week body weight in Group E showed little or no change during
the seven generations. Group A showed the most marked increase
in six-week body weight which agreed with the fact that Group
A was under the most intense selection for six~week body weight
(30 percent mass selection). The response of Group B, which
was under 60 percent'selection for six~week body weight, was
less than that of Group A as was expected. The corfelated re-
sponse of six-week body weight in Group C, which was under 30
percent selection for six-week tail length, was comparable’to
the direct response in six~week body weight of Group B. It
seemed that a 30 percent selectioﬁ for éix—week tail length

can move the correlated trait (six-week body weight) upwards

as fast as direct selection for six-week body weight at the 60

per cent selection level. Group D, which was under 60 percent
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Figure 1.

'SIX-WEEK BODY WEIGHT

Generation means for six-week body weight
(gm.) of Groups A, B, C, D and E for each
of seven generations of selection

Figure 2.
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GENERATION

Generation means for six-week tail length

(cm.) of Groups A, B, C, D and E for each

of seven generations of selection
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Table 7. Deviation of generation means (gm.) for six-week
body weight of group A, B, C and D from the control
group E for each of seven generations of selection

- GENERATION GROUP A GROUP B GROUP C GROUP D
1 . 0.75 0.59 1.04 0.10
2 2.75 © 2,00 1.30 0.30
3 1.75 1.16 1.06 0.38
A 2.94 1.89 1.66 0.01
5 3.55 2.02 2.11 0.89
6 4,00 1.76 2.25 0.47
7 3.55 1.29 4. 24 1.60

Table 8. Deviation of géneration means (cm.) for six-week
tail length of group A, B, C and D from the control
group E for each of seven generations of selection

GENERATION GROUP A GROUP B GROUP C GROUP D
1 0.18 0.21 0.15 0.16
| 0.22 0.18 0.31 0.09
0.20 - 0.04 0.48 0.22

0.20 0.31 0.93 0.73
0.11 - 0.14 1.09 0.74

2
3
4 0.17 0.19 0.65 0.45
5
6
7 0.28 0.11 0.99 0.85
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selection for six-week tail length, also showed correlated in-
crease in six-week body weight though less marked than in
Group C.

Response in Six-Week Tail Length. Means for six-week

tail length in Group E remained more or less the same during

the seven generations. Group C, which was under 30 percent se-
lection for six-week tail length, showed a marked increase in
six~week tail length over the seven generations; Group D,

which was under‘60 percent selection for six-week tail length,
also showed an increase in six-week tail length though less
‘than the'respbnse in Group C as was expected. Groups A and B,
which were under selection for six-week body weight at the level
of 30 and 60 bercent respectively, showed little or no cor-
related response in six-week tail length. It seemed that direct
selection for six-week body Qeight contributed 1itt1e or no in-
crease in the correlated trait (six-week tail iength). It may
be concluded that both six-week body weight and six-week tail
length respond to direct selection. But, when not directly se-
lected, the correlated response in six-week tail length when
six~week body weight is directly selected is less than the cor-
relafed response in six-week body weight when six-week tail

" Iength is selected for difectlyok It may be recalled that
Falconer (1953) reported the cessatién of the correlated response
of tail length in mice selected for large body weight after five

generations of selection. He suggested the genetic correlation
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of tail length with body weight may have been broken down. The
same suggestion might explain the failure of response in six-
week tail length in groups under selection for six-week body
weight in this experiment. It is interesting, however, that
whereas six~week tail length failed to respond in groups under
selection for six-week body weight, there was an obvious Te-
spdﬁse in six-week body weight in groups under selection for
six-week tail length.

Correlated Response in Litter Size. The means for

litter size, in terms of number of offspring born alive, for

all groups in every generation are presented in Table 9. The
mean for litter size in Group E showed great fluctuation with

‘a surprisingly high average in the first generation. The litter
size of Groups.A and C were comparable and were'generally
larger than that of Group E except for the‘first generation.

The litter size of Groups B and D also remained mofe or less the
same as in Group E, except for the first generation. It seemed
that mass selection at‘the 30 percent level either for six-
week body weight or for six-week tail length resulted in an in-
crease in litter size, though the large fluctuation and the large
litter size in Group E in the first generation rendered the in-

terpretation uncertain.
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Table 9.. Generation means for litter size of all groups for
S each of seven generations of selection

GENERATION
1 2 3 4 5 6 7
GROUP A 9,3 9.1 10.4 — 8.8 9.4 10.3 10.6
' B 9.4 8.9 9.6 9,1 9.0 9.8 9.4
C 8.6 10.0 10.0 8.8 9.9 11.6 10.6
D 9.6 9.5 8.9 7.7 8.7 9.5 9.3
E

11.5 8.4 9¢5 7.8 9.0~ 9.9 9.3

ESTIMATES OF HERITABILITY

The estimates of heritability for both traits in
all groups were obtainéd by two different methods. One set of
estimates was furnished by components of variance and the other
set by regression of offspring on mid-parent. For Groups A, B,
C and D the realized heritability of the trait under direct se-
lection was also calculated.

As can be seen from Tables 10 and 11, the estimates
of heritability for both traits obtained.from components of
variance were rather erratic and difficult to interpret. This
may Be due to the rather small sample size. For each group,
with data from generation 2 to generation 7 pooled, an anhalysis
of variance was performed in which generation effect was re-
moved and a test for significance of each source of variation

made (Appendix 1). The F - test showed that all groups behaved




Table 10.

CYCLE

-Table

CYCLE

2

~l (o)} LV, w -

11.

Estimates of heritability of six-week body weight
obtained from sire components of variance for all
groups from cycle 2 to cycle 7

' GROUP A GROUP B GROUP C  GROUP D GROUP
1.10 0.53  -0.08 0.08 1.00
0.61 0.10 0.41 ~0.07 0.05
1.30 0.14 ~0.26 0.88 1.45
0.31 -0.25 ~0.09 0.58 0.04
~1.01 ~0.31 0.50 0.38 0.46

0001 ) 0032 "0074 0092 . "'0080

Estimates of heritability of six-week tail length
obtained from sire components of variance for all
groups from cycle 2 to cycle 7

GROUP A GROUP B GROUP C GROUP D GROUP

1.82 0.59 0.45  0.22 1.43
0.35 ~1.14 0.52  0.64 ~0.13
0.56  0.75 -0.06 1.34 - 2.09
-0.18  0.61  0.75 0.87 - -0.31
~1.64 ~0.82 0.42 0.85 1.07

1.10 ~0.45 -0.39  =0.07 0.12

28
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the same in that differences between generations and between
dams within sires were significant. In each group, an estimate
of heritability for both traits was obtained from components
of variance and are presented in Table 12. These heritability
estimates were less erratic (perhaps due to an increase in
sample size) and showed that the heritability of six-week tail
: 1ength was higher than the heritability of 51X~week body weight.
The heritability estimates for both traits obtalned
by mid~parent offspring regression are presented in Tables
13 and 14. Again, these heritabiiity estimates were quité er-
ratic and fluctuated over wide ranges witﬁ large standard er=
rors, but still it was rather obvious that the heritability of
six-~week tail length was higher than the heritability of six-
week body weight.

Realized Heritabilities. The realized heritabilities

of six-week body weight for Groups A and B and of six-week tail
length for Groups C and D were calculated by regressidn of
generation means on the cumulated selection differentials
(Falconer , 1960). The cumulated selection differenfial of
six~week body weight in Groups A and B“and‘of six~week tail
length in Croups C and D over the seven generations are shown
in Table 15. )

The estimates of realized heritability of 31X~week
body weight in Groups A and B and of six-week tail length in

Groups C and D are pfesented in Table 16.
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Table 12. Estimates of heritability for both traits for all
- five groups by method of pooled analysis of

variance
Heritability of A Heritability of
GROUP Body Weight Tail Length
A 0.37 + 0.26 - 0.51 + 0.82
B 0.10 + 0.24 0.74 + 0.35
c 0.00 + 0.30 0419 % 0.29
D 0.31 + 0.25 | 0.62 + 0.25
E 0.29 + 0.26 0.56 + 0.28
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Table 15. Cumulated selection differentials of six~week body
weight (gm.) in Groups A and B and of six~week tail
length (cm.) in Groups C and D over the seven

generations.

A
GENERATION 1 0
2 2.88
3 5.89°
4 9.30
5 12.67
6 15.53
7

18.71

1.54
3.15
4.10
5.54
 6.68
8.92

0.50
1.00

1.47

2.07
2.62
3.15

0.27
0.66
0.98
1.27
1.64

2,10

Table 16. Estimates of realized heritability for six-week
body weight in Groups A and B and realized
heritability for six-week tail length in Groups

C and D. ~

GROUP hz(Body Weight)
A 0.17 + 0.08
B 0.11 #+ 0.12

hZ(Tail Length)

0.36 + 0.05

0.48 + 0.09
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Again, the realized heritability of six-week tail
length is higher than the heritability of six-week body weight.
In six-week body weight, the estimates of heritability
obtained from the regression of.offspring on mid-parent are
consistentlylhigher than the heritability estimates obtained
from pooled analysis of variance with estimates of realized
heritability the lowest of the three. In six-week tail length,
the estimates of heritability obtained from thé_regression of
offspring on mid-parent and from pooled anélysis of variance
are comparable and are higher than the estimates of realized
heritability.
| The estimates of heritability of six-week body
weight ranged from 0.00 + 0.30 to 0.59 + 0.49. While esti-
mates of heritability of six-week tail length ranged from
. 019 £ 0.29 to 0.74 4+ 0.35. Due to the large standard errors
of these heritability estimates, there was no indication that
the heritability of six-week body weight or heritability of
six-week tail length in the five groups had changed signifi-

cantly over the seven generations.
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GENETIC CORRELATION

Genetic correlation estimates were measured in each

generatlon in each group as the product-moment correlation,
2

T

G~ "Vxy(s) 6/[0 s(x) °

genetic correlation, Cov

s(y)]’ where rG is the estlmate of

is the sire component of covariance
-2

xy(s) )

between genotypic values of the two traits and '
genotyP 7 s(x)’ 9 s(y)

are the sire component of variance of the two traits respec-

tively. These estimates are présented in Table 17.

Table 17. Genetic correlation estimates from product-moment
correlation of genotypic values for all groups in
every generation

GENERATION GROUP A GROUF B GROUP C  GROUP D GROUP E
2 0.98+0.28 0.95+0.71 0.50+1.12 1.00+3.22 1.03+0.34

3 0.75+0.82 1.07+2.83 0.54+0.74 0.98+4.81 0.83+4.58

4 1.26+0.38 1.03+1.14 = 0.97+0.32 0.91+0.22

5 0.63+0.78 ~0.19+0.52 0.63+2.95 0.33+0.32 0.71+2.26

6 -1.05+0.76 1.38+1.09 1.18+0.75 0.98+0.74 0.63+0.35

7 * 0.09+0.37 0.92+1.61  * 0.93+3.24
POOLED  0.76+0.32 0.78+0.60 > 1.00 0.81+0.59 1.00+0.49

Except for Group E, the generation by generation

genetic correlation =stimates were extremely erratic and were

almost impossible to interpret. The pooled estimates showed

that the genetic correlation of Group C was higher than that of
Groups A, B and D, which provided similar estimates of genetic
correlation, but the difference is not significant.

Genetic correlation wés zlso estimated each generation

* Genetic correlation<-2.00 or >+ 10.00
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by two variations of the method proposed by Hazel (1943) as

outlined in Materials and Methods section and these estimates

are presented in Tables 18 and 19.

Table 18. Estimates of genetic correlation for alligroups in
each generation by arithmetic method

GENERATION

2

N Oy B W

Table 19.

GENERATION

2

N oW

GROUP A

0.04+0.86
0.24+0.29
0.49+0.19
~0.1510.31
1.3140.53
1.19+0.39

GROUP B

0.32:+0.18
0.44+0.38
0.96:+0.13

0.4810.50

0.734+0.12

-

GROUP C

0.41+0.57

— on gy

0.46+0.40
2.00+4.43

0.04+0.66 -

GROUP D

0.184+0.58
0.73+0.03
0.43+0.20
0.30+0.63
0.64+0.19
0.87+0.17

GROUP E

1.05+0.06
1.61+0.78
0.14+0.80
0.69+0,12
1.20+1.07
-0.91+0.18

Estimates of genetic correlation for all groups in

each generationby geometric method

GROUP A

-0.72
0.18
1.42
-0.11
0.77
1.13

GROUP B

0.28
0.44
0.62

~0.53
0.72

- gt g

GROUP C

0.40
"'0017
-1.07

0.71

GROUP D

~0.09
0.72
0.41
~0.49
~0.10

" 0.84

GROUP E

1.03
0.43
-0.41
0.64
-1.20
0.69

Estimates obtained by both methods were difficult to

intefpret with estimates obtained by the geometric method more

erratic than those obtained by the arithmetic method. Only oc-
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casionally did the estimates obtained Ey the two methods agree
with each other in magnitude.

The estimates of genetic correlation obtained by
all methods had large standard errors and there was no in-
dication that the genetic correlations in the.five groups
differed significantly.

There were four groups under selection. Group A was
under 30 perxcent selection for large Six~week-body weight and
Group C was under 30 percent selection for long six-week tail
'1engthe .Group B was under 60 percent selection for 1arge.six~
week body and Group D was under 60 percent selection for long
six~week tail length. In each group, the cumulative correlated
response of the trait not directly selected for as well as the
cumulative response of the trait directly selected for were
measured in each generation as the deviation of generation mean
from the control Group E in the same generation. ‘These results
are presented in Table 20.

Since Groups A and C were under the same intensity
of selection, one estimate of realized genetic correlation can

be obtained by the following equation, Falconer (1960):

CRX . CR
r =] ox 7y
g RX ° R

y
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where r = genetic correlation

CRX = cumulative correlated response of six-week
body weight in Group C through generations
2, 3, beooocand 7

CR_ = cumulative correlated response of six~week
7 tail length in Group A through generations
2’ 3’ 49000.and 7

RX' = cumulative response of six-week body weight
in Group A through generations 2, 3, 4dec.c.
and 7
R = cumulative response of six~week tail length
y in Group C through generations 2, 3, decoss
and 7

Likewise, for Groups B and D, one estimate of
realized genetic correlation in each generation was obtained
using the samé equatioh. The estimates of realized genetic
correlation for the two group pajirs are presented in Table 21.

In addition, by using the same formula, realized
- genetic correlation in each Group»Pair was estimated from the
rate of gain in direct responseAand rate of gain in correlated
response from the regression of'generatibn means on generations
of selection. The rate of gain in direct response and rate of
gain in correlated response in Groups A,‘B, C and D are pre-
sented in Table 22.

| The estimaté of realized genetic correlation for
Group Pair AC was found to be 0.41 and that for Group Pair BD
was 0.44. These estimates agree quite ciosely with the mean
estimates of 0.44 and 0.35 shown in Table 21, and there appears

to be no difference between the estimates obtained from the
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Table 20. Cumulative direct response (R) and cumulative
correlated response (CR) in Groups A, B, C and
D from generation 2 to 7 as deviation from Group E

GENERATION
2 3 g 5 6 7

Rx 2.75 gm. 1.75 gm. 2.94 gm. 3.55 gm. 4.00 gm. 3.55 gm.
GROUP A | - "
CRy 0.22 cm. 0.20 cm. 0.17 cm. 0.20 cm. 0.11 cm. 0.28 cm.

Rx 2.00 gm. 1.16 gm. 1.89 gm. 2.02 gm. 1.76 gm. 1.29 gm.

GROUP B
CRy 0.18 cm. 0.04 cm. 0.19 cm. 0.31 cm. 0.14 cm. 0.11 cm.

Ry 0.31 cm. 0.48 cm. 0.65 cm. 0.93 cm. 1.09 cm. 0.99 cm.
GROUP C |
CRx 1.30 gm. 1.06 gm. 1.66 gm. 2.11 gm. 2.25 gm. 4.24 gm.

Ry 0.09 cm. 0.22 cm. 0.45 cm. 0.73 cm. 0.74 cm. 0.85 cm.

GROUP D .
CRx 0.30 gm. 0.38 gm. 0.0L gm. 0.89 gm. 0.47 gm. 1.60 gm.

Table 21. Realized genetic correlation in the two group pairs

GENERATION Group Pair AC Group Pair BD
2 0.57 , 0.55
3 0.51 ~0.24
4 0.39 0.05
"5 .0.36 0.42
6 0.23 ' 0.22
7 0.57 _ - 0.40
Mean* 0.44 0.35

*Average of the six estimates in each Group Pair
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two group pairs representing two different intensities of se~
lection. Also, the individual estimates obtained in each of
the six generations of selection, also shown in Table 21, al-
though showing more variability, provide no indication that

the genetic correlation between the two traits has chénged over

the six generations of selection at either level of selection.

Table 22. Rate of gain in direct response and rate of gain
in correlated response in Groups A, B, C and D

Rate of Gain Rate of Gain
in Direct in Correlated
Response (R) ‘Response (CR)
GROUP A 0.53 gm./generation 0.03 cm./generation
GROUP B 0.17 gm./generation 0.02 cm./generation
" GROUP C 0.19 cm. /generation 0.53 gm./gencration

GROUP D 0.16 cm./generation 0.27 gm./generation
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SUMMARY AND CONCLUSION

The effect of different levels of mass selection on
the heritability of a pfimary and correlated trait, and the
genetic correlation between the two traits was examined in a
random mating population of mice. The selection applied was
directional for large six~week body weight or for long six-
week tail length. Two levels of selection were-applied to
each trait. Group A was under 30 percent mass selection for
six~week body'weight and Group B was under 60 percent mass
selection for six-week body weight. Group C and Group D were
under 30 percent and 60 percent mass selection for six-week
tail length respectively. Group E was a control group with
no selection applied; Mating was random over the period of
the experiment. |

It was found that direct selection has mno apparent
effect on heritability of the trait selected for, and there
was no indication that the heritability of the correlated
trait changed to any appreciable extent. The heritability
of six-week tail length was found to be higher than the
heritability of six-week body weight. It was also found that
selection has no apparent effect on genetic correlation be-

tween the two traits.
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Table 1. Analysis of variance in six-week body weight
Source of Mean
GROUP Variation d.f. Square F
A G 5 319.21 ok
S 80 52.05 *
D 61 33.70 *%
W 1242 7.70
B G 5 165.01 *%
' S 78 41.01 N.S.
D 60 36.78 *%
W 1162 7.21
C G 5 507.%4 Fk
S 79 53.40 N.S.
D 65 S54.44 *%
W 1306 7.06
D G 5 211.08 ok
S 77 49.35 xx
D 61 29.68 *%
W 1128 7.64
E e 5 173.02 o
’ S 78 4-5.55 NoSo
D 56 32.98 *%
w 1108 6.78
G = variance due to differehces between generations
S = wvariance due to differences between sires within generations
D = wvariance due to differences between dams within sires

within generations

variance due to differences between full sibs within dams
within sires within generations

**  (P<0.01); * (P<0.05)

N.S. Not significant

=
|



Table 2. Analysis of variance in six-week tail length

Source of

GROUP Variation d.f.

A G 5

80

D 61

W 1242

B G 5

S 78

D 60

W 1162

C G 5

S 79

D 65

W 1306

D G 5

S 77

D 61

W 1128

E G 5

S 78

D 56

W 1108
G = variance due to differences between
S = wvariance due to differences between
D = wvariance due to differences between

within generations -

variance due to differences between
: within sires within generations

xH (P<0.01); * (P<L0.05)

N.S. Not significant

=
i

Mean
Square

9.11
1.27
0.83
0.09

11.70
2.01
1.23
0.09

47.33
1.31
1.07
0.10

39.50
0.98
0.53
0.10

6.77
1.35
0.79
0.15

generations

sires within generations

aloale
N
*

atoal.
o~ ~N

-

¥ -

% o

>

o
?,
L o

%
%

aledts
”~

%

atouts
"~

dams within sires

full sibs within dams
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Table 3.

GROUP
A

o
i

=
K

Source of
Variation

G

T QU e R X0 ZTowm

SonQ

N.S. Not significant

1162

79
65
1306

variance due to differences between
- within generations .

variance due to differences between
within sires within

' §enerations
%% (P<0.01); * (P<0.05)

Mean Cross

Product

10.20
5.58
3.51
0.38

~2.36
5,10
4.78
0.35

108.80
b4ob5
5.95
0.40

27.90
4.35
2,35
0.47

2.04
5.99
3.52
0.47

variance due to differences between generations
variance due to differences between

Analysis of covariance in six-week body weight
and six~week tail length

N.S.
R

Lout.
WH
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sires within generations
dams within sires

full sibs within dams
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Table 4. Analysis of variance in six-week body weight and
six-week tail length in Group A.

Generation

Zgowm ZSown Zgowm Zown

Zow

d.f.

13
10

199

13
231

14
180

14

230

12
182

14
220

Body Weight
(M.S.)

67.20
21.36
5.78

71.29
35,65
7.06

62.69
5.56
9.26

43.47
27.17
8.69

20.33
71.03
9.70

45.30
44,42
6.21

Tail Length
(M.S.)

2.95
0.62
0.12

0.84
0.57
0.08

0.96
0.59
0.12

0.65
0.75
0.11

0.61
1.87
0.09

1.71
0.82
0.07
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Analysis of variance in six-week body weight and
six~week tail length in Group B.

Table 5.
Generation

2 S

i)}

W

3 S

D

W

4 S

D

W

5 S

D

W

6 S

D

‘W

7 S

D

W

d.f.

13

216 -

14
190

14
14
227

14
185

11
160

el

o N

Body Weight

(M.S.)

40.31

19.24°

6.27

22.30
15.95
6.72

59.03
49.96
7.84

26.24
33.98
7.44

18.28
30.41
8.30

80.71
66.04
6.94

Tail Length

(M.S.)

1.57
0.96
0.09

0.69
1.49
0.09

1.25
0.66
0.08

1.46
0.91
0.12

2.08
2.80
0.07
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Table 6. Analysis of variance in six-week body weight and
six-week tail length in Group C.

‘Generation
2 S
D
W
3 S
D
W
4 S
D
W
5 S
D
W
6 S
D
W
7 S
D
W

229

d.f.

14
10
204

14

12
12
199

11
191

14
10
232

14
11
251

Body Weight
(M.S.)

37.37
40.76
5.77

52.32
32.72
6.87

30.29
38.00
5.94

48.66
49.47 .
7.57

65.24
35.95
8.20

82.23
129.91
7.79

Tail Length
(M.S.)

1.13
0.81
0.10

0.82
0.49
0.08

1.24
1.23
0.14

1.77
0.89
0.11

1.13
0.74
0.10

1.94
2.29
0.11

L1 \O O
e 8 o

=ON
w~d o

9.32
9.60
16.99

8.61
9.27

17.17

- 9.23

10.04
17.66

9.76
10.61
17.01

10.21
10.98
18.39
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Table 7. Analysis of variance in six-week body weight and
six~-week tail length in Group D.

Generation

TUuwm Zgw Zowm Zowm

Zgow

Zowm

d’f&

13
233

14
191

14
164

11
12
177

11
165

14
198

Body Weight
M

.S.)

40.32
36.61
5.06

32.45
33.47
7.63

42,38
13.21
7.53

62.20
29.88
8.27

72.39
51.49
9.93

53.55
13.98
8.38

Tail Length
(M.S.)

1.17

0.93
0.12

0.97
0.57
0.08

1.42
0.39
0.13

1.00
0131
0.13

1.17
0.59
0.10

0.27
0.30
0.10
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Table 8. Analysis of variance in six~week body weight and
six-week tail length in Group E.

Generation d.f. Body Weight  Tail Length

(M.S.) (M.S.)
2 S 14 80.21 1.94 ky= 8.46
D 10 34,32 0.44 ky= 8.73
W 191 6.11 0.15 k3= 14.28
3 S 13 49.36 1.55 ky= 8,56
D 12 L4, 37 1.74 ky= 9.02
W 203 9.74 0.36 k3= 16.30
4 S 12 65.13 2.60 kj= 7.83
D 7 17¢29 0¢35 k2= 8086
W 150 4,46 0.13 k3= 12.99
5 S 14 28.58 0.63 ky= 8.56
D 11 25.86 0.76 ky= 9.18
W 206 5.63 0.08 k3= 15.37
6 .8 13 22,61 0.71 k= 9.75
D 7 7.98 0.22 ky= 9.22
W 177 - 8.04 0.08 kg= 13.94
7 S 12 26.14 0.82 ky= 9.27
D 9 56.63 0.75 ky= 9.17
W 181 6.11 0.10 k3= 15.47



