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INTRODUCTION

The change in ponulation means produced by selection
1s of considersble interest to students of gquantitative ge-~

netics. These chenges or responses are dependent on the

CH

selectlon differentisl and the heritebility of the trailt.
Each gene probedbly influences more than one tralt. Hence
changes Iin unselected tralits are also of conslderable interw
est,

Nunerous single tralt selectlon experiments have bee
conducted tn measure changes in populations over time. The

deslgns of such experiments with higher organlisms have fre-

,HJ

quently failed to have clther adeguste controls or replica-
tion, beth of which are costly but necessary for valid esti-
nation of paremetlers. The fowl is unigue because of the low
individusl cost and the fact that it is an econonmlc species,
These fects have allowed nmodern breeding procedures to be
used in the develovpmont of the commerclel poultry industry.
The difference in nutritional regulrements of meles
and femaleg sugzests the deslirablility of rearing the saexXes

separately. Sexual dilmorvhism of body weight in chickens

also changes wlth selection and causes a greater response in

meles, Selection for tralis in commerclial broilers has re-
sulted iIn changes in other treits. Freguently these changes
have been greater than expected, Specific experiments are

necegaary to investigate these changes,

3 L. P R R ey a2
This dissertation is ¢
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(1) correlated resnonses and (2) sexval dimorohisn., The
desire was to provide basic iInformation in these areas which
could explain the phenomena suggested by Tileld observations,.
The results involved should be of value to other investiga-
tors In the fleld of quantitative genetics and also provide

practical application to those in commercial breeding organ-

izations.



REVIZY OF LITERATURE
Heritability

Nunmerous procedures sre avallable for the czlculation
of the heritability (h2) of a quantitative trait. One of
the most basic znd reliable procedureg is the division of
the difference betiween the means of divergently selected
lines by the cunmulative selection differentisl. This method
was developed by Student (1934) for the calculation of the
heritadility of the o0ll content in Winter's corn experinent,

Heriltsbillity may be defined in the broad sense as the
ratic of total genetic varisnce to the totel phenotyplc var-
lance and in the nerrow sense as the ratio of additive ge-
netlec varlance to the total phenotyple variance. Pirocedures
for estimatlon and the genstic effects included in the esti-
metes have been presentsd in severel texts (ez. Lerner, 1950

and 1958; Lush, 1948; and TFalconer, 1960).

Comnutational FProcedures

ami oo s

Hethods comnmonly used in eXveriments with poultry

will be discussed dbriefly. Ferhapng the most popular, butb

[oN

least relliable, are those based on full and half sib intra-

m

class correlations. The nested stetistical modsl for such

L



vhere, Yijk is the measurement of the kth progeny of the jth
dam mated to the 1th sire, Heritablllty estimates are ob-

tained from the varlance components by the followilng formulas:

n? = 2(8 + D)/(S + D + E),
n? = Ls/(s + D + E),
n? = 4D/(S + D + E)

where, S 1ls the among sire variance component, D the among
zm within sire component, and E the variance within full
sib families., Tne coefficients 2, &, end 4 are used in the

numcrator because the sire (S) and dam (D) comvonents each

contain one-fourth of the additive genetic varia

(D

Felconer (1953) has discussed perhaps the most reli-
able method for measuring additlve genetic effects. It cone
slste of the regression of response on the cunulative selec-
tion differential in single tralt selection experiments and
ig essentially the regregsion of breedling value on phenotynic
value (Palconer 1960), Several other methods such as the ree-
gresslion of offspring on mid-parent and the intra sire regres-

sion of offspring on dam are adequate in certelin situztions.

Pody UVeleht:

Body welzht 1s a2 complex tralt Infliuenced by many
phiysiologlecal systems., Asmundson aznd Lernexy (1933) showed

that the body welight of chlckens was Influenced by multivle
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genetic factors. Sieael (1962a) obtalned a mean of .41 from
a suamary of 176 published heritebility estimates for juve-
nile body weight., BReallzed heritsbilities of body weight at
elght weeks of age after four gensrations of selection werse
«31 and .28 for meles and females, respectively (Siegel,
19622). Realized heritabilities after ten generations of
selection for juvenile weight were .34 in the upward direc-
tion, .07 in the dowmward direction, and .22 for the dlver-
gence of the lines (lMaloney et 21., 1963). After 15 genera
tions of selectlion the heritabilitles for the dilvergence be-
tween the high and low welght lines were .35 and .27 for
meles end femzles, respectively (Maloney et 2l., 1967).
Herltability estimates of Juvenile body welghi summarized by
Kinney and Shoffner (1965) were .54, .53, b6, and .54 from
the 43/(s + D + B), 4D/(s + D + E), 2(8 + D)/(8 + D + E),
and intra sire regression of offspring on dem methods respec-
tive]

The above demonstrates the largé nunber of publisghed
heritabilitles of juvenile body weight'of chickens, From.
this literature it may be inferred that juvenile body welght
hag

n

e noderste to high herlitability and that the heritability

is sonmewhalt grester for males than for femsles,.

Breast fncles
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Estimates from paternal, maternal, end full slb correlations
.13, .29, end .21, respectively. An estimate of 46 for
breast angle at ten weeks of age was reported by Brunson et
al. (1956) while Godfrey and Goodman (1956) obtained values
for nine-week breast sngle of .4 in Silver Cklabars and .5
in New Hampshires. A mean heritability estimate of .4 for
breast angle in elght-week o0ld YWhite Rocks was computed by
Siegel and Essary (1959). Siegel (1962b) obtained heritabili-
ity estimates for this trait from seversl computatioﬁal
me thods., Estimates were .31, .23, .37, .26, and .32 for
alized, intra-sire regrecsion of offspri on dsm, naternal
half sib correlastion, paternal helfl sib correlations, and
full sib correlations, respectively., It avpeers from this
review that juvenlle bresst angle 1s moderately herltable

with values somevhat less then those for body welght,

Differentials:

o

Selection

O Y

A review of selection differentials ls pertinent be.
cause they ere the limiting asvect in dbtaining realized her-
itabilities of unselected traits In single treit selection
experinents. Harvey and Rearden (1962) presented procedures
for the celculation of expected changes in the unselected
tralt when direct selection wos practiced for another trait,
Flower et gl. (1964) indicated that to predict genetic chenges
for any trelit regulred siuultsneous conslderation of all

tralts under either direct or indlrect selectilon, If



genotyve-~gsex interactions zre importent, then consider=tion
must be glven to them in addltion to those conditions cited
by Flower et sl. (1964),

lagee (1965) showed that the expected genetic change
of a treit (when more than one trsit was under selection)
wes not egual to the herliability times the selection dif-
ferential. He stated that when eelection was practiced for
two trailts (1 and 2) the genetic change in trait 1 was equal

to1

4 —— ¥ 2 :‘ b 2
AGy = (b1 0%q, + by oGle)(P - P)/(b1 0%y *+ Db

1 1 2 GP1P2

wnere, (
AGi = genetic change in trait 1,

(o} Gp = genetic variance of trsit 1,
Co.c., = genetlc covariance between trazit 1 snd 2,

henotypic verisnce of treit 1,

Q
]
o

GPIPZ = phenotyvic covarisnce bebtween trait 1 and 2,

P = nmean of sciected parents, and

=l
i

mean of population in which parents were born.
The bi values were obtained Trom the selection 1index,

I =byPy + byP,



Idete and Siezel (1966) termed the selection differentisl of
unselecied tralt as the expscted secondsary seclection diffexr
entinl. They showed that the term was egqual to the selecticon
differential of the selected tralt times the phenotypic re-
gression of the unselected tralt on the selected trsit. The

formula weas represented symbolicslly as

-

1Y, = ix by (2)
: Pyx

whers,
1Y, = exvected secondary selectlon differentisl of
the unselected tralt

ix = selection differential of selected trait, and

bp = phenotyple regression of uneelected on selected
Ix treit

Jdete and Siegel (1966 ) used this procedure to calculate

reallzed heritabilitlies of the following unselected trslte:
body weizht at 24 and 38 weeks of age, egsg welght, sze st
first ezg, and hen-day percentzze egg produvetion. They did
not, however, have data to fully sccertalin the reliability
of theilr procedure. Since thils dicgertation is pertizlly

tailning realized heritabdilities of unselected troaits.

FORIE. I N s s en 1y e T 2
CImi el GO o resuil v irom &



conbination of genetic causes, environmental influences, and
an interaction of the two. The genetic causes may be due to
the transient effects of linkage and the pernsnent effects
of plelotrophy. The theory of genetic correlations and meth-
ods of calculation have been discussed by Hazel (1943),
Lerner (1950), and Falconer (1960). The aspects covered in
those publications will not be reviewed here.

Several underlying mechanlsms that could cause genetic
correlations were discussed by Rendel (1963). He suggested
that common rescurces could develop two correlated characters
and thet a portion of the resource would be contributed to
each character, He also denonstrated how the sign of the
genetic correlstion chenged In a2 selection experiment for

scutellar and abdominal bristle in . melsnogaster. Robertscn

gt

(1959) ard VanVleck and Henderson {(1961) discussed problens
Involved in sampling when basing genetic correlations on full
and half sib veriances and covarlarces, Robertson (1959) de--
veloped a vrocedure bssed on an analysis of verisnce and mak-
ingz use of.the geno tyne--gex 1nteraotionAfor estimation of the
genetic correlation between males and femsles for a2 glven

traits

3] 1.7 N J
Podyv VWela
FESASAA

Lerner et a2l., (1947) studied the relationship between

breast width and body welght a2t tuelve weeks of age from full-

sib varlances and covarlances. Genstlc, environmentsl, end
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phenotyvic correlations were .10, .16, and .13, respectively.
Collins et al. (1950) found that breast width tended to in-
crease with body weicht and Silegel (1962c) obtained realized
genetic correlations of .51 for males and .53 for females

between body weight and breast zngle at eight weeks of age.

‘Selection and Correlated Besponses

Most selectlon experinments are conducted to chanze the
nean valuss of a vopulation for specific quantitative trailts.
As the mesn value of & population 1s changed it 1s often dif-
ficult to separate the genetic gain from environmentsl influ-
ences. Recently the need for control populations to helv de-
tect the amount of environmental Influence has been realized
and steps have been taken to utilize them in selection exper~
imentes.

Randonbred controls have been recomaended for use in
poultry by King et 2l. (1959) and Gowe et gl., (1959). Bray
et 21, (1952) studied 15 methods of maintaining control pop-
wlations In Tribolium for elight generations snd consildered
the effects of genotype-~environnment interacticng., They con-~
cluded that the selected stock should originate from the con-
trol porulations so that they would respond similary when
exposed to environmental veriations,

The nost efflicient method for obtaining estimates of

=

additive genetic varisnce free of environmentzl blss was
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given by Student (193%4). Hils blometricel procedure showed
that differences between the means of bldirectionally selectedv
lines divided by the cunulative seslection differentlal was
equal to the heritabllity of a tralt., This allowed one line
to serve as a control of the other., Although thils does pro-
vide a good method for obtaining the amount of addlitive ge-
netic variesnce, 1t does not allow an estimate of response in
one directlon independent of the other., Since asymmetry may
Introduce a blas in two-way selection experiments, it is nec-
essary to use a relisble control in conjunction with bidirec-
tional selection experiments.

Falconer (1953) discussed possible causes of asymmetry
in selection experiments., When asymmetry exists predicted
responses could be overestimeted in one direction and under-
estimated in the other direction. Falconer suggested that
the primary causes of asymmetiry were unequal initial gene
frequencies and directional dominance., Other causes couwld
be scale effects and inbreeding.

Conslderation mey be gliven to correlated responses of
unselected tralts in selection experiménts. Reeve and
Robertson (1953) and Falccrer (1954) utilized an spproach
that gave valld estimates of genetic correlations from double
two-way selectlion exveriments between selected and correlated

tralts. Droscphils and nmice were used in these studies.

Thelr procedure requires that tralt 1 be selected in both a

positive znd negative direction in one palr of lines and that
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trait 2 be selected in & similar manner in a second palr of
lines, The resvonse of both tralts must be measured in each
palir of lines., The formuls for measuring the genetic corre-
lation is:

rq = AYX h

¢, /AX h, ©
Xy x %y

y %, (3)

where _
rg. . = genetic correlation between selected and cor-
XY  relsted tralt,

Ax = genetle change in selected tralt,

AY = genetic change in correlated treait,

op = phenotypic standard deviation of selected tralt,

G, = phenotyoic standard deviation of correlated
y trait,

h, = square root of seleccted trait heritability, and

h, = squsre roolt of correlated tralt herltablility.

The tormula may be rewrltten to predict the response
of correlated tralts, when the genetic correlation between

the selected and correlated trelt is known. Thet formula is:

AYy = g s% hy o, /hy Op.. (L)

P

Althourh double two-way selectlon experiments are
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consuning, Siegel (1962b) conducted such an experiment with
selection for body welzht and breasst engle at eight weeks of
age. Reallzed genetlc correlations between the two traltls
suggested a directionallty of the correlation, Reasons for
such asynmetry have been given by Siezel (1962b) and Bohren
et 21. (1966). UHNordskog and Festing (1962) conducted a two-
way bldirectionzl selected experiment for body weight and
egg welght in Fayouml and Leghorn fowl. They observed a dis-
crepency 1In the ratlo of correleted regponse to the direct
response of the traits end also suspvected directionslity of

the genetlc correlation,

Sexual Dinmorphism

fales are usually larger than femzles In most specieg
ef birds. There afe, however, exceptlons where the scxes are
of comparadle slize and where feneles are larzer than nales
(Darwin, 1895; Amadon, 1959; Mayr, 1963). Asmundson (1948)
showed that gexual dimorphism accounted for €0 percent of the
variation in body weight of turkeys, Shaklee et al. (1952)
reported that in turkeys, neles showed a greater res»ronse to
selectlon for body welght than fenales.

A significant strein-sex Interaction for body welght
in meat type chickens was reportad by Horion and MHePBride
(1964), Eeritabillty estinates of body welght at four and

eight weeks of agze anrd

’)

gein (B-8 weeks) were higher in nmales
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than in females., They suggested that in ertificlal selection
of meat type chilckens for body weight, where selectlon is
more Intense in males, sexual dimorphism would tend to in-
crease., Becker et al. (1964) reported genetic correlations
between sexes of .80 for eight-week body weight in Leghorns,
+91 for 24-week body weight of Eroad Breasted turkeys, and
1,00 for U-wesk body welght of Coturnix, Eisen and Legate
(1966) estimated the heritability of sex dimorphism of body
weilght in mice at 3, 6, and 8 weeks of age., Estinates were
.01, .08, oend .18, respectively. Yoshida and Collins (1967)
reported a genetic correlation coefficient of .90 between
male and female body welght at four weeks of sgze 1n Coturnix,
They also obtained a heritablility estimate of .09 for sexual
dimorphism of welght at this age from the methed of Eisen
and Legates (1966).,

Korkman (1957) reported on the only apparent artiri-
cisl selectlon for sexual dimorphism in mammals. Selection
was for a smaller and larger sex difference for body weipght
in two lines of mice at 90 days of age., Tn one line in which
the mzles were gelected upward and the females selected down-
ward the ratlo of males to femsle body welsht changed from
1,18 to 1.23. 1In a second line in which the sexes were se-
lected in the reverse directlons the ratics changed from 1.22

to 1.17 in ten generations.
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ship can be changed through artificial selection, Addition-
21l evidence, however, 1s necessary and hypotheses are needed
on the mechanisms involved In the inheritance of sexuzsl di-

norrhism for body weight.



EXPERTMENT Is CORBELATED RESPCNSES

Meterials and Methods

Stockss

The data for this experiment were obtalned from four
generations of a double bldirectional selectlon experiment
for body welght and breast angle at eight weeks of age. Se-
lection within each palr of lines was in 2 high and low di-
rection with the selected trait belng body weight in one pair
of lines and breast angle in the other, The gelected lines
were derived from a conmon gene pool that resulted fron
crosses of seven Inbred lines of Vhite Plymouth Rocks which
were developed at the Virginia Agricul tural Experiment
Station.

At hatching, chicks from the base population were

assigned to two suboopulations, aengle end welght. To make

-]

each subpopulation as sinllar as possible a full sib of each
chick in the weight subpopulatlon wes assigned to the angle
subpopulation. Thereafter the two subpopulations were nain-
tained separately.

Within the welsht subpopulation two-uway mass selection
was practliced for high and low body weight &t eight weeks of
ege while in the angle subvopulation two-way mass selection

was for breast angle. ne parents for subsequent gensrations

were chosen on 2 wlithin line basls for hizh and low body

16
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welght and broad and narrow breast angle. Pullets were ag-
signed at random to individuzl cockerels with no matings of

hzalf sib or closer a2llowed.

Management and leasurcments:

Progeny for each generation were obtalined from two
hatches which were on the first and third Tuesdays of March.
A1) chicks were removed from the hatcher on the 22nd day of
incubation, pedigreed, and placed in floor pens where tenper-
ature, humidity, and lighting were controlled. This provided
e elnilar environment for 211 pens over =ll generastlons. The
same formulatlon of the ration was used each generation. A
starter ration wes fed te elght weeké, a grower reation from
eight to 24 weeks, and a breeder ration thereafter.

Starting with the first filial generation chicks fron
the Athens-Canadian randombred population (Hess, 1962) were
hatched each yesr and reared as contemporasries of the selec-
ted birds. These birds served se controls so that direction-
el response could be measured in o single line,

Heasurements of body welzhts in g and breast angles
in degrecs (Bywaters and Siegel, 1958) were obtsined for each
bird at elght weeks of aze. The breast angle measuremente

wexr

m

z taken approximately one-~half Inch from the anterior end
of the keel. Breest sngle was considered as a correlated

treit in the welght subpopulation while body welisht was cone
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Heritabllity estinates based on full and helf sib cor-
relations, were obtained on a within sex basils, each genera-
tion for both traits in both subpopulations. Unegual sub-
class numbers existed, hence the procedures of King and
Henderson (1954) were employed to estimate the variance con-

ponents. The statistical rodel was:

i

Yigun =0 F 3y Fosgy b Qg ey

where,
Yij“ = the observed bhenoty“*c velus of the 1lth
‘ individusal of the kth dam nated to the
Jth sire of the ith 1ine,

u = the population mean,

11 = common effect of 811 individuals of the
ith line,

sij = common effect of all individuals mated to
the jth sire in the iih line,

ds ., = common effect of all Individuols of the
) kth dem mzated to the jth sire in the ith
line, and

fto
[

¥

eijkl = reslidual error of the lth individusl of
the kth dem nated to ths ith sire in the
1th line,

Realized herltaebilities of selected tralts were cal-

ulated within sexes for successive generstions by dividing

the difference between the means of the two selected lines

by the cumulative selection differential {Student, 1934), A
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second realilgzed heritability of divergesnce was conducted by
the regression of response on the selection differential
(TPa2lconer, 1954), Realized heritsbilities within lines were
obtained from the regression of the control-adjusted response
from the Fl throuzh the F& generation on the cumulative se-
lection differential.,

The realized heritabilities of the unselected traits
were calculated by dividing the difference between the ne
of the two lines by the cumuletive exvected secondary selec-
tion differential 1Yy and the regression of the correlated
response on the 1Y, (Ideta and Siegel, 1966). The 1Yy was
obtalined each generation by multiplic on of the vhenotyplc
rexgreasslon coefficient of the unselected on the selected
trait tlmes-the selection differential of the selected tralt.
Since data were from two selectlon experiments, 1in which body
weight and breast angle served as bothr the selected znd cor-
related traits, the resligzed heritablilitics of the correlated
treits were comparable with the actual heritability of the
trait in the selected lines, This comparison enebled an evale
vation of the validity of the vprocedure whereby 1Yy was en

eatimator of the selection differential of the correlsted
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genetic correlation in each filial gey?ration. The phenotyp-
ic (rpxy) and environmental (rExy) correlations were also
calculated. The phenotypic correlation between the two tralts
was calculated directly as a simple product momment correle~
tion end was partitioned to estimaste the environmental cor-

51

relation coefficient. nece,

= . + e -
rny hy hy Iny ey €y rﬁxy (5)
then, Ty = (rny - hy hy r 'y) * ey ey (6)
wnere,

ex = square root of 1 - hzx,
e, = square root of 1 « hzy,
h, = square root of hzx, and

h, = square root of n?

y y*

Phenctypic, environmental, and genetic correlations
tion and covarisztion influ-

enabled an evalustion of the warls

W

ericing the tralilts. Such information facilitates a more nmean-

(¥
™

ingful eveluztion of the realized herlitability of the unselec-
ted tralt becaouse the expected secondary sslection differen-
tizgl includes the genetic and environmentsl correlations,

This may be demonstrated syrmbolically zs:

x bp

H]
&
Lo

3
+3
R}
-
=

ho 4+ v e. e )/G,
xy &Y X
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Results and Discussilon
Resgponse to Selection

A double tuo-way selection exneriment enabled a blo-
logical evalvation of the rellebility of the procedures used
by Ideta and Siegel (1966) to measure the realized heritabil-
ity of unselected tralts. This was because the design allow-
ed a comparison of the herltabllity obtained by their method
with that from direct selection for the tralt,

The regults presented and discusced were obtalned from
the following four lines: (1) the HY line where selection
was for high welght, (2) the LW line where selection was for
low weight, (3) the BA line where seleclion was for broac
breast angle, and (4) the NA line where selection was for
narrow breagt angle, Body welizhts and breast angles of maleg
and females.were neasured in 211 lines at eicht weeks of age.

9

Body welgnht was the correlated trait In the engle lines and

>

breast angle the correlsted tralt in the weight lines,

t
2]
v}
[WN
o+

Body weleht as the selected

Mean body welghts by lines, generations, and seXxes are
presented in Teble 1. Divergent selection for body weicht
at eight weeks of aze resulited in & signifilcant differsnce
between the HYW and LYW linesg in the Fl and £11 subsequent gen-
erations, The difference beltween lines In the Iy generation

was 321 g for msles and 294 g for females. The resnonse of
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body welght to mass selectlion is 1llustrated for males in

>

Figure 1 and females in Figure 2., Although the resronse was
significant in both directions thne regression was greater in
the LY line than in the HYW line. .The differences between
regressions however, were not signiticant through the F4
generation. The rapid response of Jjuvenlle body weight to
rmass selection obtalned here agreed with the results of
Schnetzler (1936), Maloney et al. (1963), and Arboleds et 21,
(1966), A1l of these investigations showed that a few gener-
ations of selection for body welght meves the nesn from that
of the base population,

Heritabilities of body we z,ﬂt based on the divergence

between lines and full and helf slb correlations are presen-

ted in Teble 2. Realized heritebilities were lore consiste

3

then those based on full and half sib corvelations., This wss
expected because the method of calculation for realized her.-
itebilities (cunu atlve responce + cunmlative selection dﬁim
ferentizl) included datz from the previous
those based on sib correlations were for 2 single generation
per s2. Further, the varisnce components used in estimating
heritabilities from full and half sib correlations have lerge
sanpling errors (Roberison, 1959 and VanVisck and Henderson,
1961),
The realized heritebilities (cumulative response +

cunulative selection differentizl) were .31 for males and .28

lal - . v 7, o o~y ' o PR
for fewmales., The regreassiom of diver

<t
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Table 2. Heritability estimates of body weight at eight
weeks of age in the weight lines.

Heritability

Sex Gen. Realized: LS/(S+D+E) LD/(S+D+E) 2(S+D)/(S+D+E)

o'd P1 - - .90 .52 .71
F, .23 .26 48 .37
F2 .33 .21 48 .34
F3 .35 .ol .78 51
Fu .31 A5 - .65 .55
X - A1 .58 .50
oA P1 -- -1.01 .0l .52
F1 .21 .13 .65 .39
F2 .32 .07 .05 .05
F3 .27 .02 N4) .39
F4 .28 .2l .84 .56
X - -.12 A7 .38
Realized2
g .35 + .05
? .31 + .03

(X - %) + Zix

2 = = .
b(xH:‘I - XLw) * Iix

Lx]
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cunulative selection differentisl estimates were .35 #* .05
and .31 % .03 for males and females, respectively. These
heritabilities were compnarable to those obtalned by Maloney
et 21, (1967) and slightly lower than those of Kinney and
Shoffner (1965)., Therefore, 1t may be concluded that juve-
nile body weight ls a moderate to highly heritable tralt when

heritabllity is considered in the narrow sense.

Body welght as the correlated tralt:

Mean body weights at eight weeks of age in the angle
lines are given in Table 1. Selection for breast angle re-
sulted in concommitent changes in body weighﬁ with the aif-
ference between lines being significant In the Fl’ F3' and
Fp, generations. The divergence and response of body weight
in the BA and NA lines are 1llustrated in Filgure 3 for nales
and Figure & for femamles. The regression of divergence on
1Y, approached sipgnificance. Examination of Figure 3 shows
that the divergzence in body welight between the BA and NA line
males wee primarily due to the response in the BA line. The
response In the NA line was negative in that the regression
of low welght response on ixx wes posltive (.10). The re-
sponse for females (Figure 4) appesred different with a larger
regression in the NA than the BA line, The regression coef-
ficlents cf the response were not different between lines
within sexes and the difference may not be rezl., Conclusilons

. ) 4.1 N L v - - E t
concerning the assymnetry of response are not warrented at
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this time.

The heritabilities obtained for body weight in the an-
gle lines are given In Teble 3. Although estimates based on
full and half sib correlations fluctusted among generations,
the meen values were consistent with the estimates obtained
for body weight in the HW and LW lines. The realized herilt-
abilities of body welght calculated as (EEA - EﬁA) + T AY
was .25 for males and ,21 for femalesg through the F4 genera-
tion. Eeritzbilities based on the regression of the diver-
gence of body weight on 1Yy in the BA and NA lines were ,28
# .15 for males and .24 = ,13 for females. Although, there
was close agreement between the two methods, the important
comparison is between the weight andvangle lines for the
realized heritability of body welght. This is because such
g comparison allows a blologlical evaluation of the method of
Ideta and Siegel (1966 ),

Realized heritabilities of body weight were higher for
males than females in both palrs of lines. This was expected
since Siegel (1962a) and Bellharz (1960) have sugsested some
additive sex-linked gene sctlion for body weight. The resgl-
ized heritabllities of body weight were slightly lower for
both sexes in the anzle than in the weight lines (Table L),
Method 2 allowed the calculatlon of standard errors for the
reallzed heritabilities. Standard errors were considerably
larzser In the angle than in the weizght linzs. HMuch of this

a corrclated response of

"

varistion was due to the lack

)
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Table 3. Heritability estimates of body weight at eight
weeks of age in the angle lines,

Heritability
Sex Gen, Realizedl 4S/(S+D+E) 4D/(S+D+E) 2(S+D)/(S+D+E)
g P, - .90 .52 .71
Fl .11 .48 A48 .18
F, .01 .16 .60 .38
F3 .18 .10 .68 .39
F) .25 .17 .17 .17
X -—- .36 e 43
Q9 Py —-- -1.01 .0l .52
F1 17 .18 1.01 .59
F, .002 .21 .55 .38
F3 .20 - 42 .14 .28
F) .21 -.06 1.14 .54
x --- -.05 .58 46
Realized2
g .28 + .15
Q .24 + .13
- - ,

(XBA - KNA) +ZiYX

2 b(*- =

“BA By

XNA) tTTTx
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Table L. Comparisons of heritability of body weight at
eight weeks of age in the body weight and
breast angle lines,.

Line
1,2 . .
Sex Method Body weight Breast Angle
dd' 1 .31 .25
2 .35 + .05 28 + .15
2% 1 .28 .21
2 .31 + .03 24+ .13
1 (wa - ELW) /¥ix in the weight lines and
(Xgp - Xyp) /2iY, in the angle lines.
5 ,
b(EHw - ETN) +Zix in the weight lines and
b(EBA _ igg LY in the angle lines.
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body weight in the F, generation for the angle lines. Fur-
ther discussion of the reliabdbllity of the procedure glven by
Ideta and Siegel (1966) will be given subsequently in the

dissertation.

Breast anegle as the selected tralt:

Mean breast sngles by lines, generatlons, and sexes
are presented In Table 5, Mass selection for breast angle
resulted in a significant difference between lines in the Fqg
and each succecsding generation.,. The cumulative divergence
in the Fy generatlion between the BA and NA lines for the se-
lected trailt was 7.0 degrees for males and 6,2 degrees for
fenales,

The divergence between lines and response of each line
is shown in Figure 5 for males and Figure 6 for femeles,

Most of the divergence between lines wes due to the resvonse
of the NA line, Although as shown in Figure 5, there was a
positive regression of response on the selection differential,
the means in the Fl’ FZ’ and F3 generations were less than
the mesns of the P1 generation, The Y intercept was ~6,.1
dezrees. Thus the pvositlve regression of response on ix is
misleading and the response of the BA line males to selection
was essentially gzero. The regression in the NA line was neg-

ative and not significant, but, the Y intercept was -6.3 de-
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mental change from the P to Fq generations in this experi-
ment, The reason for this is not known.

For females the divergence between the lines was pri-
marily due to response in the NA line (Figure 6)., As with
males the standard errors were large and the conclusion can
only be considered tentative,

| Heritebility estimates of breast angle in the angle
lines are éresented in Table 6, The realized values to the
Fy, generation (Xg, - Xya) + £ ix was .20 for males and .21
for females, and those based on the regression of divergence
on the cumulative selection differential were .21 + ,07 for
" males and .17 #* ,09 for females, Estimates based on full
and half slb correlations fluctuated among generations but,
when averaged over generations, were of a magnitude comparable
to the realized heritsbilities. The realized breast angle
héritabilities obtained in this experiment were conslstent
with the mean of those obtained by Lerner et zl. (1947),
Brunson et g21. (1956), Godfrey and Goodman (1956), Siegel
and Essary (1959), and Masic (1967). The divergence of lines
in response to selection for breast angle was expected in
light of the reported genetlc variation in breast angle pres-

ent in other populations.

Breast angle as the correlated trait:

Heans, standard deviations, and coefficients of varl-

atlon for breast angle in the lines selected for body weight
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Table 6. Heritability estimates of eight-week breast
angle in the angle lines.

Heritability

Sex Gen., Realized: 43/(S+D+E) U4D/(S+D+E) 2(S+D)/(S+D+E)

g P1 _—— .76 .20 .48
Fy .37 .23 .52 .37
F2 .30 27 .39 .33
F3 .34 .24 .39 .32
F), .2l .02 A5 22
X .30 .39 .34
29 Pl - .54 A2 A8
F, .32 -.02 1.03 .51
F, .31 b2 .12 .27
F3 34 .19 .15 .17
Fu .21 .14 .03 .08
x --- .25 .35 .30
Realized®
g .21 + .07
? .17 + .09
1 (-‘

Xpp  Fygp) /X

(X,

— "

X
Xyp) < BX
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ere shown in Table 5 by sex and generatlon., Differences be~
tween the HW and LW lines for the correlated treit, breast
engle, were slignificant in the Fp, F3, and F4 generations
and the cunulative correlated divergence was 5.1 degrees for
males and 5.8 degrees for females,

The divergence tetween the HW and LW lines and the
response of each line for breast sngle are presented in Fig-
ure 7 for males and Figure 8 for females. The divergence of
breast angle iIn the welght lines was primarily due to the re-
sponse of the LW line, Again, as In the selected lines, the
meles (Figure 7) showed a positive regression coefficient for
response on 1Y, which was due to a decrease Iin the negative
response., Actually, there was no positive correlated responce
of BA in any generation., Although for females there was a
negative regression in both the HW and LW lines (Figure 8),
the regression coefficients were not significantly different
between the HW and LY lines, Thils was expected because the
data from the selected lines showed that 1ittle, if any, ad-~
ditive genetic varlation for broesd breast angle was present
in the base population.

Heritebllities of breast asngle calculasted In the welght
lines are presented in Table 7. Realized herltsbilities were
comparable to those based on maternal half slb correlations
end hizhexr then those based on full and paternsl half sib
correlztions, he realizged heritsbilities of breast angle

in the welght lines were hlsher than those obtained when
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Table 7. Heritability of eight-week breast angle in
the weight lines,

Heritability
Sex Gen. Realized® 4s/(S+D+E) U4D/(S+D+E) 2(S+D)/(S+D+E)
do Py - .76 .20 .48
Fy .01 .21 .16 .18
F, .51 .16 b6 .31
F3 .67 .01 A1 .21
Fy Lo .13 .60 .37
% .25 37 31
14" Pl - .53 A2 .48
Fl ol .0b .55 .30
F2 .43 .03 .50 .23
F3 .56 .01 .36 .19
FA .35 .16 .16 .16
X - .15 .bo .27
Realized2
o .53 + .23
Q .41 + .18
1 (BZ:Hw - ELW) />:iYX
¢ PFy %) *ELY,
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there was direct selection for breast angle i.e., the angle
lines (Table 8), 'The regression in the weight lines of di-
vergent respvonse of breast angle on 1Ix was higher than the
regression of divergent response of breast angle in the an-
gle lines on the ix., These regressions were .53 #+ .23 for
males and 41 * ,18 for females in the weight lines as com-
pared to ,21 * ,07 for males and ,17 # .09 for females in
the angle lines, This result was not consistent with that
found for the heritabllity of body weight. 'The realized
heritsbilities for body weight were higher in the weight
lines than in the angle lines. Considerasbly more varilation
existed between generations for the breast angle estimates
In the weight lines as shown by the higher standard errors
of tne regression of divergent response of 1YX in those

lines,

Generszsl

The reallized herlitabilities obtained for body weight
were comparsble for the welight and angle selected lines,
Reglized heritabilities for breast angle, however, were high-
er In the lines selected for welght than in those selected
for breast angle., This suzgests that the correlated response
of body welight in the ancle lines was not as great as the
correlated response of breast angle in the weight lines and/or

there was a difference in the expected seccondary selection
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Table 8. Comparison of heritability of breast angle at
eight weeks of age in the breast angle and
body welight lines,

Line
Sex Method1’2 Breast angle Body weight
J 1 .24 0]
2 21 + .07 .53 + .23
QQ 1 .21 .35
2 17 + .09 Il + .18
1 — - . . .
(xpy - XNA) /tix in breast angle lines and
(EHW - ELW) /ZiYX in body weight lines.
2
(qu - XNA) *Lix in breast angle lines and
b(x_ - X *£iY in body weight lines.
( HW LW) X ¥ &
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differential of the two unselected traits, The first possi-
bility was demonstrated from the changes in population means,

The second possibility may be evaluated by a compari-
son of the ratio of the selection differentials to the ex~
pected secondary selectlion differentials within each palr of
lines, If these ratios are unequal and the responses are
equal the result would be heritabilities of different magni-
tudes. To investigate this the phenotypic regression of un-
selected on selected tralts were calculated (Table 9). These
regressions were part of the expected secondary selection
differential of body weight and breast angle when each was
considered as the correlated trait, All regressions were
highly significant, demonstrating that selection for one
trait resulted in a corresponding selection for the other
trait, The ratio of the ix and 1Y, for body weight and
breast angle are given in Table 10, Examination of these
ratios reveals that the relationship of 1¥y to ix was fairly
comparable in both pairs of lines, They show that the
asymmetry was due to differences in the correlated responses
rather than selection differentials,

The asymmetry of genetic response demonstrates the
chance of error when genetic parameters between two traits
are estimated in one biological environment, i.e.,'one pair
of selected lines, Also the calculation of genetic correla-
tions from regression and component analyses could be biased

unless the two traits had equal phenotypic and genetic
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Table 9. Phenotyplc regressions (b) and their standard
errors (se) of unselected on the selected traits.

Regression of breast angle on body weight

Hwt Ll

Sex Gen. b + se2 b + se2

ga Fy 13 + 1.4 6 + 2.0
Fy 13 + 1.4 19 + 1.4
Fgy 10 + 1.7 15 + 2.2
Fy 17 + 1.7 12 + 2.2

292 Fy 16 + 2.2 11 + 2.0
F, 12+ 1.4 25 + 2.0
F3 11 + 2.4 20 + 2.4
Fq 13 + 2.6 30 + 2.2
Regression of body weight on breast angle

Bal _nal

Sex Gen, b + se® b+ se?

do Fq 16.8 + 1.9 15.6 + 1.5
F,, 27.7 + 2.1 22,2 + 2.2
Fy 23.8 + 2.9 9.8 + 2.8
Fy 10.7 + 2.4 9.5 + 2.5

QQ Fy 12.1 + 1.6 9.1 + 1.5
F, 24,0 + 1.8 13.6 + 1.8
F 13.4 + 2.7 10.2 + 2.2
Fz 19.5 + 1.8 8.7 + 2.2

1 3y - High weight line.
LW - Low welght line.
BA - Broad angle line.
NA - Narrow angle line.

2 10”3, all regressions were highly significant (P <.01)



Table 10, Ratio of selection differentials (ix) and

L7

expected secondary selectlion differentilals

(1Y,) of body weight and breast angle by

lines, sexes and generatlons,

Trait
wt A®
Sex Gen, ix 1vx 1yx/ix(%) ix 1¥x  1Yx/ix(%)
Jd Fy 334 150 Lh,9 9.2 3.0 32,6
F, 597 340 57.0 16.8 7.1 42,3
F3 814 Lio 54,0 22,8 9.6 42,1
Fy 1041 504 48,4 29.2 12,8 43,8
Q9 Fy 337 109  32.3 10.2 4.5 44,1
F, 600 257 42,8 18.0 9.1 50.6
F3 804 324 Lo,3 23,6 11.8 50.0
F) 1036 41y 4o.0 30.0 16.7 55.7

1 y- Weight selected lines,

2

A - Angle selected lines,
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covaerliances, Since these assumptions are rarely met in
blological material thé common situation would be for
bey # bny' Biases can be shown symbolically to result
in either a comronent genetic correlation estimate or a
one-way realized estimate of a genetic correlation in the
following manner:

Sincé,

Voe,, * PG

Vo2

T
Gxy NpS

i

- ZGX 02

Gxy Gy

= %yy * %y T, (7)

then, the rgxy is dependent on both the regression of X on

Yy and y on X,

Therefore,

gy, = My * X
boyy = Ky 4y
end by transposing,
AY, = AX bny

A.r{y = Ay bey

When ery = ¢ from elther varlance-covariance analyses
or one~way selection experiments and there is a directional-

ity of response, xy # bG}y, and rg.. would not he valid for

Xy

naxinumn efficiency in the predictlon of the correlated
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responses,

Heritability in the narrow sense is the ratio of addi-
tive genetic variance to the total phenotypic variance, This
is not the case, however, for the realized hexritability of a
correlated trait from the method of Ideta and Siegel (1966 ),
They showed thati

h? = Response + 1Yy

Since the response of the correlated trait (y) when selection

is for tralt (x) is equal to:
MYy = 8% bgy, = 1x hZg bgo
then the expected secondary selection differentisl is equal to
Therefore,
2 = 2, +
h y ix hey bny ix bex

The selection differentials cencel and since

2 - g2 s G2
h x = G.Gx Sl Py and

= @ + o2
bGyX Gyx Gx
the numerator becones

2 2 . 2
¢ GX/G Px cny/a Gy *
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and the denominator becomes

& 2
be'X = UPyX < O PX

thus,

.

2 2 (2. = 2 Ve = o2
hey = (o%g + © px)(ouyx P o%g, )

L g2
(prz o Px)

UGyX + O'PyX

So the method of estimation of realized heritsbilities of
correlated traits is actually the ratio of the genetic to
the phenotypic covarisnces of the selected and correlated
tralts. The term realized correlated heritablility would
probably be a betlter word than realized heritability which
was used by Ideta end Siegel (1966), This is because the

heritebility of correlzted tralts contalins genetic covari-

ances and its vazlue nmay fluctuate more among generations

(8)

than the realized heritabilities of the vprimary trait., Var~

iation could in addition to genetic devistions be cdue to

environmental deviations and genotype~environment interac-
tions., The phenotyplc regression of one trait on another
contains both genetlic and environmental influences in the

following manner
- 1.2
bP}”K = .bny h?’}: + bny (1.—{} X)

Teble 11 shows the phenotypnic, genetic, gnd environmental

correlations between body welght and bresst angle in both

(9)



51

Table 11. Phenotypic (Tp), realized genetic (%G),
and environmental (YE) correlations between
eight-week body weig?t and breast angle
calculated in weight—- selected lines and
breast angle? selected lines,

T'p Tq TR
Sex  Gen., = W' A2 wl A2 Wl A2
oo Fqp .32 .51 .07 .2l 43 .63
Fy .64 .65 .76 .01 .58 .94
F3 Ao A0 .71 .2k .2l 18
Fy; L6 .32 .55 46 .53 .27
Q9 Fy A2 L2 .33 L4 A6 .53
F2 .64 .6l LTh 0.002 .59 .9h
F, b2 .36 1,07 0.28 A6 o
F), .54 .48 .57 A .53 .50

1 W - Weight selected lines.

2 p - Angle selected lines.
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Bohren et 21. (1966) simulated conditions betweenb
loci contributing to & correlation vetween two traits and
suzgested that different locil might contribute positively
to the covariance in one gensration, negatively in the next
generation, and even Interact differently among generations.
They suggested that the least varietion would be wlth a2 gene
frequency of .5 and a large number of genes affectling the
two characters in = plelotropic manner, Rendel (1963) also
showaed that genetic covariances between correlated traits

ng the course of selection,

jrs

could change signs dur
Based on the evidence for the varlability of genetic
covariances, 1t seems that the prorosed method of Ideta and
Siegel (19606) for the estimation of reallzed heritabilities
of correlasted traits could be blased among generations. The
directionzlity of the blas appears wpredictable for any
single generatlon unless the genetic covariances between
traits are %nowyn before hand., This informatlion 1is not avail-
able, therefore, when the method is employed the correlated
respouse should be regressed on 1Y, over a period of several

generations., Thils would vnrovide en average reallized corre-

4]

lated heritabllity that could be used to predict the average

resconse of the correlated trait.



EXPERIMENT IIs SEXUAL DIMORFHISM
Materials and Eethods

This experiment lnvolved data from ten generastions of
a bidirectional selection experiment for body welght at eight
weeks of age. Data for the flrst four generatlons were part
of that used iIn Experiment 1 for the elght-week weight in the
HW and LYW lines. Selection and management procedures are
described in the Materiels and HMethods section of EZxperiment
1.

Birds were individually weiched., Eowever, iIn the sex
dimorphism phase of this experiment differences were taken
between male and female full sib fanlly weights. Differences
between full =£ib families were used because 1t was felt that
they would yield more rellable estimates of genetic variabil-
1ty for sex dimorphism than differences bostween half sib fam-
ilies, Those families that did not have at least one msale
and female full gib were eliminated from the ansalyses, The
amount of data lost by using this procedure was small,

Heritablility estimates for sex dimorphism were esti-
mated, in the broad sense, from a2 one-~way analysis of vari-

ance between the HY z2nd LY lines. The siztistical model wasgi
Y1j =u +1; + elj

where, Yij was the jth measurement of the sex difference of

en individual full eib fanily of the ith line, Falconer

53
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(1960) described the relationship as:
h? = (usg - uSy)/[MSy + (n - 1) MSy]

where,
MS, = mean square between lines,

mean square within lines, and

MSW
n = mean nunber of full sib families per line,

Heritability estimates in the narrow sense were estimated
from a nested design using the model:
Yy = v 13 ¥ sqy5 te(ig)x

where, Yijk was the neasurement of the kth male and female
full sib family difference of the jth sire of the 1th line.

The heritability in this sense is:
h? = L(usg - us,)/[¥Sg +(k ~ 1) MS,]

where,
liSg = mean sguare between sires,

MS,, = mean square within sires, and
k = mesn number of full sib femilies per sire.

Realized heritabilities (Student, 1934 and Falconer,
1954) and estimates based on full snd half sib correlations
(King and Henderson, 1954) of body welght at eight weeks of

age nere caleuwlasted on o wilthin gex basis., Since analyses
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were on & within sex basis the requilrement of male and female
sibships was not necessary.

Two methods were used to estimate genetic correlations
between males and females for body welght at eight weeks of
age. The first was a covariance analysis (Eilsen and Legates,
1966) which provided the expected genetic covarliance compo-

nent of the males and females (0@12). The formula used was:!
E(MCP) = (nggq,) (10)

where,
MCP

]

mean cross product of sexes between lines,
and

nc'G12 = expected mean cross product.

Transposing ylelds,
0, = MCP/n
Giz /

where,
n = nunber of individusl measurements.

2

2 “Go for females

Tne genetlc variances, O“Gl for males and ¢
were obtained from a between line anslysis, This enabled
estimation of the genetic correlation from formula (7).

" The second method for estimation of the genetic cor-
relation between sexes was from a two-way anzalysis of vari-
snce that utlilized the line-~sex intersction (Robertson,

1959). This procedure considers males snd femzles as two

environments and the statistical model was:



56
Yijk = 3 + li + Sj + lSij + eijk

where,
u = mean,

l; = effect common to the lines,
Sy = effect common to the sexes,

slij = effect due to the interaction of lines and
sexes, and

eijk = error due to individu=l measurements,

Thne genetlic correlation between males and females was eXx-
pressed by Robertson (1959) as:

MSy, - MSig

= (11)
MSp, + MSpg ~ 2(USy)

TG

where,
MS;, = mean square between lilnes,

MS; g = mean square of line-sex interaction,
MS.,, = mean sguare within sexes and lines,

rg = genetle correlation of sexes between lines,
and

n = number of individusls per 1line,.

Utllization of both a variance and covarilance analysis
to estimalte the genetic correlation betueen males and females

wa ot A R s s~ 1 Pl S S P G RN DU
gnavled 2 comnavison of tThe efiiciency of the two procadures,

i
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Although the llne-sex Interaction component can be used to
estimate the heritability of sexual dimorphism of a character
(Eisen and Legates, 1966) 1t was not used in this experiment
because of the more direct method which conciders a differ-
ence between male and female full sib family means as a sin-
gle trait., To provide a2 measure of the magnitude of the line-
seX interaction, howesver, a least sguares anzalysis was made
for lines and sexes over ten generations. This was necessary
to interpret the genetic variability for sex dimorphism,
Least squares procedures were necessary because of dispro-
portionate subclass numbers and the reguirement of male and
female full sib 1ras relaxed for this analysis. The statis-

tlcal model wass
Yijkl = U T li + SJ + gk + lsij + 1811( + ngk + 1Sgijk + eijkl

wnere,
u = means,

1, = effect duc to lines,
sJ = effect due to sexes,
&y = effect dues to generatlons,

1ss: = effect due to interaction of lines and sexes,

o s . - o 1 N R
1gsy = effect due to interaction of lines and genera-~
tions,
sgs = effect due to Intersctlilon of sexes and genera-
v - & e
.LVJ.U 1>
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1sgijk = effect due to interaction of lines, sexes,
generations, and

eijkl = error due to individusl measurements,

The second order iInteraction was not obtained because
the amount of data contalined in thils experiment was too large
for the I.B.l., 7040 computer and the variation for this in-
teractlon was included in the error term. Prior to pooling
a check was made on dats from the first four generations to
determine whether the second order interaction was signifi-
cant, Since the interaction was not significant there was
validity in pooling it with the error terwm,

The predicted response of sexual dimorphism for body
welight was made by multiplying the selection differential
by the heritability in the narrow sense. Selection differ-
entials for sex dimorphism were estimated azg the difference
between mean male and female selection differentials for

body welght each generatlon.

Regsults and Discusslon

It is well known that male chickens are heavier than
females, This experiment was degligned to determine whether
thisg sexual dimorphism ig comparable in different lines and

its mode of inherit=nce,
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Response to Selection

Means, stsndard deviations, and coefficients of vari-
ation for body weight at elght weeks of age by lines, sexes,-
and generations are presented in Table 12, Analysils of var-
lance of these data are shown in Table 13, The divergence
between the HW and LW lines in the Fip generation was 563 g
for males and 501 g for fenales, All main effects, as ex-
pected, were highly significant, The first order interactions
were the sources of varisztion that were of particuler inter-
est, A1l were highly significant. The generation-line in-
teractlion was, of course, expected because selection was in
divergent directions. That divergence oéourred is showm in
Figure 9., The slgnificant generation-sex interaction re-
sulted from a grester responce of males (b = 5,6 £ 4,3)
than fenales (b = 0,4 # 2.5) to selection (Flgure 9). The
highly significant line-~sex interaction‘was of particulaxr
interest because it was concerned with toth the genetic cor-
relation between sexes and the heritebility of sex dimorphisn
for body weight which will be referred to subseguently.

The coefficients of varlastion in the HW line decreased
significsntly with selection (b = =,80 # ,17 for msles and
~.80 £ L0 for females) demonstrating a reduction in pheno-
typic veriation. he coefficients of variation for the LW
line did not follow this pattern (b = «,08 % ,19 for msles

and ,27 # ,29 for females). TFurther evidence of differences
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Table 13. Analysis of variance for generations, lines
sexes and their first order interactions for
body weilght at eight weeks of age,

Source of var. degrees of freedom mean squares
. %%
Generations (G) 9 1.39
*%
Lines (L) 1 204,78
*¥
Sexes (S) 1 59.15
%%
G xL 9 3.50
* %
G xS 9 .08
*%
L xS 1 2.01
Errort 7419 .02

1 The second order interaction was pooled with the error
term. '

¥ (p<.o1).
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Y = 788 + 27.2X

Weight (g)

o L4 L2 v ¥ ¥ L) L) (]
1 2 3 4 5 6 7 8 9 10
Generations
1200 | .
Y = 907 + 5.6X
1000 J o) 5.6 £+ 4.3 o gd
0 Q S C
— 0 o ° °
03]
~ 800 - 0.4 2.5 Q9
o £ L - e ° o S o -5
= e
E 600 -
Y = 728 - 0.4X
400-L
54‘
0 T ¥ v =~ T ¥ ¥ ¥ o ¥
1 2 3 4 5 6 7 8 9 10
Generations

Figure 9. Line-generation (top) and sex-generation (bottom) interaction
for body weight at eight weeks of age.
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in phenotyple variation was the highly significant differecnce
between lines from an analysis of variance of the coeffi-
clients., The larger coefficlents of variation in the LW line
than the HW line was 1n agreement with the results of Maloney
et 21, (1967). They are, however, opposite to what one nor-
mally thinks of in domestic animals in that the mean and var-
lances are usually positively correlated. This suggests that
the pvercentaze of the population as parents from the HW 1line
will decresse and lessen the reproductive capabilities of the
l1ine with continued selection. In the LYW line, wlth the large
anount of variation remainling, retardztion of reproduction

should not bes realized with Increased selectlion pressure.

Genetic correlations betwesn sexes and the heritability of

gsexual)l dimorvhism for bodv weleht:

Genetic covariances between seXxes for body weight,
genetic varilaznces for males and femgles, and genetic corre-
llations between meles and females for body weight at eipght
wecks of age are shown in Table 14, The genetic correlation
was essentially unity for each generstlon with sone minor
variations and the pooled values over all gensratlons was

1,00 which wes similar to the .98 value obtsined by

iy

Robertson'®s (1959) method from the analysis in Table 13,
Al though these estimates are high they camnot be considered
da

as unity because the line-sex Interaction was highly signif-

+3 . - L L 4 4 a1, 1 .
thegse valuss were consisitent with those

(e}
“
ety

icent, The sizes
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Table 14. Male-female genetic covariancesl, male genetic
variances~, female genetic variances3, and
genetic correlations between males and females“
for body weight at elight weeks of age.

2 2 5
Gen. %G5 Gy oG, Pelg
Fl 1,318 1,022 1,408 1.06
F, 8,552 9,421 7,562 1.01
F3 15,476 20,599 11,912 0.99
Fy 20,372 25,057 16,457 1.01
F5 33,271 Lo,126 26,162 1.00
Fe 39,302 50,000 30,804 1.01
F7 38,157 b7,81k 29,983 1.01
F8 Lk 6575 53,407 37,2856 1.00
F9 60,529 76,534 47,775 1.00
Fio 65,676 73,845 58,227 1.00
Total 327,328 399,785 267,716 1.00
1
%Gy
2 Ggl
3 ¢ 52
hoon
Gro
5

Calculated from the covariance analysis.
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of other investigators. Becker et zl. (1964) revorted a
genetic correlation of .80 between sexes for body weight in
Leghorn chickens, They also reported values of ,91 for
24-week body weight in turkeys and 1,00 for body weight at
four wceks in Coturnix. Yoshida and Collins (1967) obtained
a2 genetlec correlation of .90 between sexes for four-week
welght in Coturnix and Eisen and Legates {1966) reported a
value of ,90 for six-week weight in mice. By contrast,
Horton and Hchide (1964) obtained considerably lower values
of 52 for four-week body weight and .48 for eight-week body
weight in chickens,

Heritability estimates for body weight at elight weeks
of age are presented In Teble 15 by sexes and generations,
Nean realized heritsbilities (cumulative divergence + cumu-
latlve selection differentisl) for males snd females were .28
end ,24, respectively. BEstimates fron maternal half sib and
full sib correlations were somewhat larger than the realized
heritabilities whereas those based on paternal half sib cor-

relations were comparable to the realized values for males

and consliderzgbly less than those for fenmales The main point
of interest, howsver, 1ls the differen between the heritabil.

ities in males and females. This cen best be coupared fronm
the realized heritzb‘lities basad on the regression of diver-
gence on the selection differential because gsuch estimates
andard erfors.- This enables one to deternine if the

~ - 2 . ., 3 . -~ . . AP Tt~ 1 2 2T % %
regresslonzg are different from each other, The herltabililty
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Table 15. Heritability estimates of body weight at
eelts of age by sex and generation,

elght w

AV RGN

Sex Gen. Realizedl L43/(S-D+E)

4D/ (S+DE)

2(S+D)/(S+D+E)

do Pl -- .90 .52 .71
Fq .23 .25 .48 37
F, .33 .21 48 U
F3 .35 .24 .78 .51
Fy .31 A5 65 .55
Fg .34 .36 .32 .34
Fg 34 -.19 .85 .33
Fo .28 .18 .34 26
Fg .23 A1 17 .29
F9 .30 -.06 LTh 34
FlO .28 .61 .09 .35
X .31 + .22 A9 4+ .23 Lo+ .33
o Py - -1.01 Nell .52
Fq .21 .13 .65 .39
' Fy .32 .07 .05 .06
F3 .27 .02 75 .39
Fy, .28 .21 .8l .56
F5 .30 -,07 .99 RS
Fg .27 ~-.34 .61 .29
F. .23 .29 .2k .27
Fo .23 Lo A48 L
Fy 25 .72 -.05 .33
Fig  «2H .05 .30 .18
P LOU 4+ .29 4k 4+ 32 .35 4+ L1k
Realized®
o .28 4+ .02
Q .22 + .01
1 2(3ny - Fpy) +oIix
2 Pl - Fyy) ¢ owx
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was .28 * ,02 for mzles and .22 * ,01 for females with the
difference beling significant. Thus we can say with confi-
dence that the herltability of eight-week weight is higher
for meles than for femeales.

Theoreticzlly the difference between heritabilities
for the meles and femsles should be an estimation of the
genetic variztion for sexuzl diworphism. The difference be-
tween heritsbilities for males and females were ,04, .06,
.05, .05 and ,27 for the realizedl, realized?, full sib,
nzternal half sib, and paternal hself sib procedures, respece
tively. The first four values were in excellent agreement
wnereas the difference between estimate based on paternal
half sib correlstion wes inconsistent. There was consider-

renerations for estimstes baged on

eble variation anong

m

paternal half sib correlations and the difference of ,27
was probably an overestimate, It may be assumed that for
Juvenile body welight male heritsbilities are about ,05
higher thsn those for females.

dimorphism for body
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the difference between the male and female full sib fanilly
meang, ‘Ihis procedurs considered sexuzl dimorphism as a
single trait and two heritabllity estlmates were obtained,
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by King and Henderson (1954). The estimate in the broad
sense for the ten generations was .17 whereas the one in the
narrow sense was .02, The latter which messures additive
gene actlon per se is in good agreement with the estimates
of .01, .08, end .14 for sex dimorvhism of mice at 3, 6, and
8 weeks of aze, respectively, (Eisen and Legates, 1966),
Further, the broad and narrow heritebilities obtained here
bracketed the value of .09 reported by Yoshida and Collins
(1967) for four week body weight in Coturnix, The difference
bztween the brozd and narrow estimates suvggests that the her-
1t2bility of the nonadditive genetic effects influencing sex
dimorphisn wes about .15,

Al though, these heritability éstimates suggests that
edditive genetic variation for sex dimoryhism of body welght
et elght wesks of age 1s low, it may be considered rezal be-
czuse of the highly significant line-sex interaction (Table
13 and Figure 10)., A biological hypothesis for the csuse
of the significant lline-gex Intersction is necessary znd one
concerning the genetlc mechanism inveolved for sex dimorphlsm
will be presentzsd later in this digsertation.

The conparison of the predicted and actual genetic
regponse to selection should be close if the peremetersg for

rediction are good estimabtes. Presented in Table 16 are

the predicted (selection differentisl in g times the herita-

bility in the narrow sense) end actusl responses obtained for
sexX dinmcrvhilsn of elzht~weck body welght., The ratios of
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1
Table 16, Predicted and actual response of sex dimorphism
of elght-week body weight and the ratio of
actual to predicted response.

Response
HW LW
Gen. Predicted Actual Ratio® Predicted Actual Ratio®

Fq 167 169 1.01 167 182 1.09
P, 172 214 1.24 184 153 0.83
F3 217 245 1.13 153 145 0.95
F) ah7 ol 1.00 147 160 1.09
Fe 2L9g 300 1.20 161 213 1.32
Fg 301 267 0.89 215 169 0.79
Fy 269 oL5 0.91 171 154 0.90
Fg ou7 2U7 1.00 156 166 1.06
Fq 249 311 1.25 168 188 1.12
Fio 310 260 0.84 190 198 1.0k
1

(Selection differential times the heritability in the

narrow sense)

2 Ratio of actual to predicted response of sex dimorphism
of eight-week body weight.

3 HW - High weight line.

W - Low weight line,
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of actual to vredicted were essentielly unity for both the
HYW and LW lines cdemonstrating the reliasbility of the esti-

mated paraneters,

General

The estimation of =a2dditive genetic variance for sexuzal
dimorphism of elight week body welght showed that thls was a
measurable trait with a low heritzbility. The demonstration
that sexusl dimorphism 1s a genetic tralt 1s consistent with
the conclusions of Horton and lcBride (1964) who interpreted
e strain-sex interaction to indicste that sexual dimorphism
was 2 quantitative trait in chickens, Tney explained the
seY. dinorphlsm as belng due to higher selection intensities
for sires than dams. This hypothesis is probably incorrect,
because, although the selection spplied to sires is more in-
tense than for dems the contributlion of the sire 1s equal
for male and female progeny. VWeighting of the selection
differentlals by the number of male snd femsle offspring
(the effective selection differential) will be essentially
egqual unless natural selection favors one sex over another.

To demonstrate this point, selectlion intensities
(selection differentials + phenotypic standsrd deviations),
welighted for male 2nd female progeny by lines and generations
ere presented in Table 17. During ten generations of selec-

~

tion the selection intensities for body welght a2t eight weeks
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Table 17. Selection intensitiesl of body weight at
eight weeks of age welghted by male and
female progeny.

HW? We

Gen, Males Females Males Females
F, 1.39 1.64 1.48 1.84
F2 0.95 1.08 0.74 0.83
F3 1.48 1.76 0.59 0.49
Fl4 1.04 0.86 1.10 1.05
F5 0.79 0.92 0.45 0.54
F6 0.63 0.70 0.85 0.92
F7 0.88 1.15 1.00 1.44
F8 0.76 1.00 1.13 1.40
F9 0.89 0.88 1.16 1.07
Fiq 0.57 0.56 0.99 1.0k
X 0.94 1.07 0.93 1.04

1 (Selection differential + the standard deviation)

2 HW - High welght line.
LW - Low weight line,
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of age were slightly higher for female than for mele progeny.
Thus, Horton and McBride's (1964) hypothesis waes not a valid
explanation for the results of this study and the change in
sexual dimorohism was due to something other than higher se-
lectlion intensities for sires than for dams,

What then caused the line-sex Interaction? If male
and female progeny recelived an equal allotment of chromosomes
from thelr parents, one would expect the ratio of male to
femsle body welght not to change over s given number of gen-
erations, Thils hypothesis is based on the assumption that
the genes for body weight are randomly distributed among
chromosomes., In the chicken, the male 1s the homogametic
seX and recelves two complete sex chromosomes, one from each
parent, Ohno et 21. (1960) presented evidence of positive
heteropycnosis in the female, and Shoffner (1965) and Zervas
(1962) suggested that the heteropycnotic sex chromosome wes
not inert, Slnce the W chromosome is only s smzall fraction
of the size of the X chromosome 1t 1s doubtful that a compa=-
rable compliment of (compared to the X chromosome) genes
would be czrried on the W chromosome, This has in fact been
demonstrated in guslitative studles with the barring and late
feathering genes (Hutt, 1949; Siegel, 1957). Therefore, it
s proposed that the line-sex interaction resulted from the
genes affecting body welight located on the extra X chromosome
possessed by the nale., These genes probably acted in an ad-

ditive manner because the additive eatimate of sex dimorphlsm
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for eight week body welght was a good estimator when tested
in predicted responses of sex dimorxrphism,

The argument for sex-linked additive genetic effects
for body welght can be further strengthened by looklng at
the heritability estlimates of body weight based on maternal
half sib correlations calculated on a wilthin sex basis
(Teble 16), Since the dam contributes an X chromosone to
her male progeny and a W chromosome to her female progeny,
the 4D/(S + D + E) estimate for body weight should be great-
er for male than fenale progeny 1if additive sex-linkage is
present, i,e,, more additive genetic varisbility for eight
weeX body welght in her male progeny than In her female prog-
eny. The 4D/($ + D + E) heritability for male progeny was
+05 higher than that for female progeny (Table 15), Nore
conclusive evidence is avallable from the data in Table 15,
namely that the realized heritebility for welght was signif-
lcantly higher for meles than females with the difference
between heritabilities being .06,

There 1s one more avenue to possibly strengthen the
the hypothesis for the role of sex-linked additive genetic
effects on sex dimorphism in chickens, Shoffner (1965) re-
ported that the number of macrochromosomes detectable in the
domestic fowl was 6 to 8 pairs, depending on the author, If
one assumes an average of seven palrs then the diploid number
of chromosomes would be 14 in the male and 13 in the female,

Assuming equal effects of each chromosome there should be
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seven percent more genetic variation in males than females.
Since the realized heritability for 8-week body weight of
females was .22, seven percent of this would be .015, i.e.,

a heritability of .015 for sexusl dimorphism in the narrow
sense. This value was essentially the szme as the .02 ob-
tained for the heritsbillity of sexual dimorphism in the nar-
row sense (pg. 68). This reasoning supports the hypothesis
for additive sex linkage as an explanation of genetic changes
in sex dimorphilism of eight week body weight in chickens.

It is interesting to note that the realized heritabil-
ity of breast angle was .21 for males and ,17 for females in
Experiment 1 (Table €), Applying the same reasoning for this
trait of a seven percent difference iIn favor of males ylelds
a comparsble sltuation to breast angle as with body weilght.

The finding of additive sex~linked effects In this
experiment was consistent with the speculations of Beilharz
(1960) who found in both rabbite and chickens that there was
more genetic variability in progeny with sex opposite to that
of the parent. Siegel (1962a) also suggested that additive
sex-1inked effects were present for body melight on the basis
of hignher heritabilities for males than femsles for elight

week bedy weight, In this dissertation the reslized herita-

O

bility of body weight was .28 for males and ,22 for females,
The difference of .06 was in close agresment with the estimate
of .02 for sexual dimorphism per se. Thus, although both

- a - Ve \ » 7 . 2 -
Beilharz (1980) and Siegel (1962s) were zpparently correct
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nelither examined elther the genetic correlations'between
sexes or the genotype-~sex interaction to support their sup-
positions.

If more genetlc progress can be obtained from the
second X chromosome in selecting for body weight it should
appear in homogametic female mammals., This has been shown
in cattle by Stonaker (1963) who reported that weaning
welghts of Herford female calves were grester than those of
bulls, Although male cattle are heavier than females, the
physilolozlical environment of the sexes are genetically fixed
and this allows for larger adult body welght of males. A
comparable physlological environment exists for chickens,
However, the ratio of male to female body weight 2s such is
not an indication of the degree of sex-linked sdditive ge-
netic effects present., Instead it is the change of this
ratio that is importent when one considers the guantitative
inheritance of characters affected by additive sex~linked
genes, |

In summary it appears,; from the literature and the
present experiment, that there 1s a high genetic correlation
between body welilghts of males and females., This correlation
is not unity because genotypve-sex Interactlons can be demon-
strated and these Intersctions are apparently caused by ad-

ditive sex-linked genes.,



SUMMARY AND CONCLUSIONS

This dissexrtztion consisted of two phases. One phase
was to study the realized herlitabilities of correlated traits
and the second was to investigate the 1lnheritance of sexual
dimorphism of body weight.

The first phase involved data from four generations
of a double two-way selection experiment for body weight
and breast angle at eight weeks of age. Phenotypic changes
in both traits were measured in each subpopulstion. Breast
angle was considered o correlated trait in the weight sub-
population and body weight a correlated trait in the angle
subpopulation,

There was a significant divergence between lines for
both selected tralts., The divergence of body welizght in the
engle population was significent in the Fl, F3’ and Fq g¢n~
erations. Divergence of breast angle in the weight subpopu-

lation was significant in the F_ and subsequent generstions,

2
There was asymelry of response to direct selecilon for
breast angle, with the response in the narrow direction
being greater than that in the broad direction. Through
four generations of selection for body weight the response
gsh and low directlions was symmetrical,
in the high and 1 iirectlon s symmetrical
Heritaebilities of body weight and breast angle were

obtained esach generstion in e=sch subpopulation., Rezlized

heritabilities of body weight were .28 for nmales and ,24 for

77
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females, Realigzed heritabilities for breast angle were ,21
for males and ,17 for femzles,

Herlitabilities of the unselected traits were obtalned
by the cumulstive difference between lines + Z 1Y, and the
regresslon of divergence on ¥ 1Yy, Validity of this proce-
dure was tested by comparisons of correlated realized herit-
abiiities with the heritabilities obtained when the traits
were under direct selectlon., The correlated realized herlt-
abillty of breast angle in the welight lines was greater than
i1t was for body weight in the angle lines. Examination of
the components of the correlated realized heritability show-
ed that they were the ratio of the genetic to the phenotypic
covariances ot the two traits, Therefore the procedure for
estimation of correlated realized heritabilities may contain
random biases. These would be minimized by regression of the
cunulative divergent response on X 1¥;.

A second experiment involved ten generations of data
from a bldirectional selection experiment for body weight at
eight weeks of agze, The data were subjected to an analysls
of variance considering lines, sexes, and generatlons as maln
effects, As expected all main effects and first order inter-
ections were significant. The genetic correlation obtained
between sexes for elight week body weight from this agnalysis
was .98,

The heritability of sex dimorphism for body weight was

.02, Predicted response of sex dimorphism using the ,02
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heritability yielded estimstes very near the actual resvonse
obtalined by selection. The reallzed heritsbility for diver-
gence of selected lines was .28 + ,02 and .22 + 01 for nmales
and females, respectively. These blological evaluations
demonstrated the relizbility of the heritablility estimate of
sex dimorphism and the procedures for obtaining 1it,

The genetic changes in sex dimorphlism for body weight,
as shown by a slightly greater response of males than of
femnales, were due to additive sex-linked genes. Several

"lines of evidence were presented to support this hypothesis.
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CORRELATED RESPONSES AND SEXUATL DIMORPHISHM
IN BIDIRECTIONAL SELECTION BEXAFERIMENTS

Ira ¥. Carte

Abstract

This dissertation involved two experiments, (1) the
study of rea ed heritabilities of correlated traits,
and (2) the study of the inheritance of sexual dimorphism
of body welght.

The first experiment included data lrom Tour generations
of doutle two-way selection for body weight and breast
angle at eight weeks of age. Breast angle was considered
a correlated trait in the weight subpopulation and
body welight a corwvelated trait in the angle subpopulation.
There was a significant divergence between lines for both
selected traits. The response to direct selection for
breast engle wag asymmetrical with the responge in the
narrow directlon being greater than that in the broad
direction. The response of body weight to two-way selec-~

-

tion was symmetrical through the Ky, generation,

Divergence of body welght between the lines selected

for breast angle was significant in the “1 F., and FM
-~
generations. Divergence of breast angle between the lines

selected for body welght was significant in the F_ eand

subsequent generations.



Heritabilities of the unselected traits were obtalined
by the cumulative difference between lines divided by the
expected secondary selection differential and by the
regression of the cunwulative difference between lines on
expected secondary selection differential., The correlated
realized heritabllity of breast angle wag greater in the
welght lines than was the correlated realized heritability
for body weight in the angle lines. Examination ol the
components of the correlated realized herltabilily showed
that they were the ratio of the genetic to phenotypic

The second experiment involved the investligation of
sex dimorphism Tor body weight at eight weelts of age.

The heritabhility estimate for sex dimorphism of this trait
wags .02, and the genetle correlation of AT in males and
females was .98. The genetic variability (.02} in sex
dimorphism was evidenced by a greater response in males

to selection Tfor eighl~veek body welight than in females.

e 4

The biological reason for this was additive gex-linkage.



