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INTRODUCTION 

The chengre in pooulation means produced by selection 

is of considerable interest to stuéents of quantitative ge- 

netics. These chenges or responses are dependent on the 

selection differentisl and the heritability of the trait, 

Fach gene probebly influences more than one trait. Hence 

changes in unselected traits are also of considerable inter- 

est, 

Numerous single treit selection experiments have be 

conducted to measure chanses in populetions over time. The 

desiens of such experiments with hisher organisms have fre- 

quently failed to have citnher adequate controls or replica- 

tion, both of which are costiyv but necessary for valid esti- 

mation of parameters. Tne fowl is unique beceuse of the low 

individusel cost and the fact that it is an economic specics, 

These facts have allowed modern breeding procedures to be 

used in the development of the commercial poultry industry. g 

The difference in nutritionel requirements of meles 

and females sursests the desirability of rearing the sexes 

separetely. Sexval dimorvhism of bodcy weight in chickens 

also changes with selection end causes & greater response in 

meles. Selection for tralts in commercial broilers has re-- 

% 4.2.04 . 2 ~ a a deny. 4 7 we « . “ 
sulted in changes in other treits, meaucntly these chanre 

~ o- Ae L- - rn necessary to Investigate these changes 

Foe er me de ele Be a ay “upton wad dat Bee ' a 
This dissertotion is concerned with two studies,
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(1) correlated resvonses and (2) sexval dimorphism. ‘The 

desire was to provide basic information in these areas which 

could explain the phenomena suggested oy fleld observations, 

The results involved should be of value to other investiga- 

tors in the field of quantitative genetics and also provide 

waeSY prectical application to those in commercial breeding organ» 

igetions.



REVIEW OF LITERATURE 

Heritability 

Numerous procedures ere aveaileble for the calculation 

of the heritability (h®) of a quantitative trait. One of 

the most basic and reliable procedures is the division of 

the difference between the means of divergently selected 

lines by the cumulative selection differentiel. Tnis method 

wes developed by Student (1934) for the calculation of the 

heritability of the o11 content in Winter's corn experiment, 

Heritability may be defined in the broad sense as the 

al gens tie variance to the totel phenotypic var- cr
 

©
 ratio of to 

jsance and in the nerrow sense as the ratio of additive ge- 

netic variance to the total pherotyolic veriance. Procedures 

for estimation and the genetic effects included in the esti- 

metes have been presented in severel texts (ex. Lerner, 1950 

and 1958: Lush, 1948; and Felconer, 1960). 

Comnutetional Procedures: 

Methods commonly used in experiments with voultry Se
i 
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will be diseussed brierly. Ferheaos the most p oO 
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least reliable, ere those based on full and helf sib intra- 

7 ty 5 ~ i -, - 4 4. Sy “~ ‘ wisn 
ClLESS Correlations. The nested ststistical model for such 

r on t * 
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W
o



where, Ys 5x is the measurement of the kth progeny of the jth 

dam mated to the ith sire, Heritability estimates are ob- 

tained from the varience components by the following formulas: 

hn? = 2(8 + D)/(S + D +B), 
a Ki us/(S + D+E), 

~ 
N
 

Hs WD/(S + D + E) 

where, S is the among sire variance comvonent, D the amons 

dam within sire component, and E the variance within full 

sib families. The coefficients 2, 4, end 4 are used in the 

nuacrator because the sire (S) and dam (D) components each 

contain one-fourth of the edditive genetic veriance 

Falconer (1953) has discussed perhaps the most reli- 

able method for measuring additive senetic effects. It con- 

sists of the regression of response on the cumulative selece 

tion differential in single trait selection experiments and 

is sontislly the regression of breeding velue on phenotypic 

value (Falconer 1960). Several other methods such as the re- 

eression of offspring on mid-parent and tne intra sire regres- 

Sion of offspring on dam are adequate in certain situctions. 

Fody beteht: an ag 

Body weight is a complex trait influenced by many 

pnysicological systens Asmundson and Lerner (1933) showed 

that the body weisht of chickens was influencea by multivie
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genetic factors, Sicszel (1962a) obtained a mean of .41 from 

a sunmary of 176 published heritability estimates for juve- 

nile body weight. Healized heritabilities of body weight at 

eipht weeks of ese after four generations of selection were 

~31 and .28 for meles and females, respectively (Siegel, 

19628). Realized heritabilities after ten generations of 

selection for juvenile weight were .34 in the upward direc- 

tion, .07 in the dotwmward direction, and .22 for the diver-~ 

gence of the lines (Maloney et el., 1963). After 15 genera~ 

tions of selection the heritebilities for the divergence be- 

tween the high and low weight lines were .35 and .27 for 

meles and females, respectively (Maloney et al., 1967). 

Heritability estimates of juvenile body weisht summarized by 

5 Kinney and Shoffner (1965) were .54, .53, #6, end .54 fron 

the 48/(S + D+ E), 4D/(S + D+ E), 2(5 + D)/(S + D+ B), 

and intra sire regression of offspring on dem methods, reepec- 

tively. 

The above demonstrates the larree number of published 

heritabilities of juvenile body veleht of chickens, From. 

this literature it may be inferred that juvenile body weight 

[
n
u
 

hes e moderate to hish heritability and that the heritability 

is somewhat greater for meles then for females, 

Breast énele: Bre Ae Le ey IR Ee ae 

a & 45 ah ae, 4 _ 1 A= 4. ny a Heritebility estimates of breast enele at 12 weeks of 

moot, WTS = a. Ee 4... s cf tT Tat wtra ta . ~ ~- an ie + 4A oytir’ exe vere obtained in Now Howpshipes by Lerner et ol. (1947), fe Bk



Estimates from paternal, maternal, and full sib correlations 

13, «29, end .21, respectively. An estimate of .46 for 

breast angle at ten weeks of age wes reported by Brumson et 

al. (1956) while Godfrey and Goodman (1956) obtained values 

for nine-week breast engle of .4 in Silver Oklabars and .5 

in New Hampshires. <A mean heritability estimate of .4 for 

breast angle in eight-week old White Hocks was computed by 

Stegel and Essary (1959). Siesel (1962b) obtained heritabii- 

ity estimates for this trait from several computational 

methods. Estimates were .31, .23, «37, .26, and .32 for 

ealized, intra-sire regression of offspring on dam, maternal 

helf sib correlation, paternal helf sib correlations, and 

full sib correlations, respectively, It anveers from this 

review thet juvenile breast angle is moderately heritseble 

with values somevhat less then those for body weight. 

Selection Differentials eam ti Bi SC erties 

A review of selection differentiels is pertinent beé- 

cause they ere the Limiting aspect in obte ining realized her- 

itabilities of unselected traits in single treit selection 

experiments. Harvey and RPearden (1962) presented procedures 

for the celculation of expected changes in the selected 

tralt wien direct selection was practiced for enother trait, 

ot al. (1964) indicated that to predict genetic chenge 

for any treit required situltaneous consideration of all 

traits under either direct or indirect selection, If



genotyve-sex interactions ere importent, then consideretion 

must be given to them in addition to those conditions cited 

by Flower et al. (1964). 

Magee (1965) showed that the expected genetic chanze 

of a treit (when more than one treit wes under selection) 

wes not equal to the heritability times the selection dif- 

ferential. He stated that when selection was practiced for 

two traits (1 and 2) the genetic change in trait 1 was equal 

toi 

il ; 2 5 OP 2 AG, (b, Oa, + Do GG1G,) P)/(b, G Py +b 1 2 “PyP5 

wnere, 
AG, = genetic chanree in trait 1, 

OG, = genetic variance of trait 1, 

On.0, = genetic covariance between trait 1 and 2, 

o = phenotyoic verience of treit i, 

“PyPo = phenotyoic covariance between trait 1 and 2, 

P = meen of sciected parents, and 

b 

P= meen of population in which prrents vere born, 

The by Values vere obtained from the selection index, 

{= byPy + DoP os ‘



I Idete and Siesel (1966) termed the selection differential of 

unselected trait as the expected secondary sclection differ 

entiel., They showed that the term was equal to the selection 

differentiel of the selected trait times the phenotypic re- 

gression of the wmselected trait on the selected treit, The 

formule wes represented symbolically as: 

iY, = ix b, (2) 

wi ieare } 

1Y, = exrectec a eee selecti 
the unselected trait 

O wo
 

ae
 

ms i election differentisl of selected treit, and 

Dp = phenotypic regression of urselected on selected 
YX trait 

. . ” ™ + 4 

Idete and Sierel (1966 ) used this procedure to calculate 

‘eolived heritabilities of the followins unselected trsits: 

. . : QO 6 a . ees re ate ~ body weight at 24 end 38 weeks of age, ese weight, ace at 

$ ~  apee sert ole aye 4 Sem a Py 4-4 3 $ first err, and heneday percenteres ers production. They did 

not, however, have Gate to fully escertsin the reliability t Vv 

f 4 Bote . « 43 + 4 sf apy degen de de . 4 ce of their procedure. Since this dissertation is partially 

- - ~ 4 1. 3 =% 5. ao wn te me ee . a ay tas - 
concerned with a double bidirectionsl selection exnerinent 

5 a my . . eos nm. 2 - -% . Di 2 2. ct 
Lt may enable further evaluation of the reliability of ob- 

+ 4% a ame X tt A+, 4 Je a . ~ 7 an od deeg i 2 be, 
taining realized heritabilities of unselected treits, 

t * 

Correlations 

Tne corprelebion between tro treits ern result from nz



conbination of genetic causes, environmental influences, and 

an in tion of the two. The genetic causes may be due ta 

the transient effects of linkease and the permanent 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 voublicetions will not be reviewed here, ~ 

Several underlying mechanisms that could cause genetic 

correlations were discussed by Bendel (1963). He succested 

that common resources could Gevelop two correlated characters 

and thet a portion of the resource would be contributed to 

each cheracter,. He also Gemonstrated how the sign of the 

> 

genetic correlation chens in ea selection experiment for 

scutellar and abdominal bristle in DPD. IMelanorsaster, Robertson 

(1959) and VanVleck end Henderson (1961) discussed problens 

involved in sampling when besing genetic correlations on full 

end helf sib veriances and covariances, Robertson (1959) de- 

veloped a procedure based on an analysis of verisnce and mak- 

ing use of the gsenotyne-sex Interaction for estimation of the 

genetic correlation be tye en males and femeles for e siven 

trait. 

Podv Weieht and Breast Anple: 
were weep peta aeons 2A RR IR oe me meen fer ct Nts ee 

Lerner et al. (1947) studied the relationship between 

breast width and body weight at tyrelve weeks of age from full- 

a . rw Aan ~ me? arta wrt et s a ances anc covariances. Genetic, environmental, and
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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 weight and Siegel (1962c) obtained realized 

genetic correlations of .51 for meles and .53 for females 

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

Selection and Correlated Responses 

Most selection experinents are conducted to chanze the 

mean values of a population for specific quentitative traits. 

As the meen value of a populetion is chenged it Is often dif- 

ficult to sepsrate the genetic gain from environnentel influ. 

ences, Recently the need for control vopvilations to helv de- 

tect the emount of environmental influence has been realized 

and steps have been taken to utilize them in selection exver 

iments. 

Rancombredc controls heve been recommended for use in 

poultry by King et el. (1959) end Gowe et el, (1959). Bray 

et sl, (1962) studied 15 methods of maintaining control pop- 

ulations in Pribolium for eight generations end considered 

the effects of genotypve-environnent interactions, They con- 

cluded that the selected stock should originate from the con- 

trol populations so that they would respond similary when 

exposed to environmental veriations, 

The most efficient method for obtaining estimates of 

additive genetic variance free of environmental bias wes
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given by Student (1934). His biometrical procedure showed 

that differences between the means of bidirectionally selected 

lines divided by tne cumulative selection differential was 

equal to the heritability of a trait. This allowed one line 

to serve as a control of the other. Although this does pro- 

vide a good method for obtaining the amount of additive ge- 

netic variance, it does not allow an estimate of response in 

one direction independent of the other. Since asymmetry may 

introduce a bias in two-way selection experiments, it is nec- 

essary to use a reliable 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 asymmetry were unequal initial gene 

frequencies and directional dominance. Other causes could 

be scale effects and inbreeding. 

Consideration mey be given to correlated responses of 

wmselected traits in selection experiments, Eeeve and 

Robertson (1953) and Falconer (1954) utilized an approach 

that gave valid estimates of genetic correlations from double 

two-way selection experiments between selected and correlated 

trealits. Brosophila and mice were used in these studies. 

Their procedure requires that trait 1 be selected in both a 

positive and negative direction in one pair of lines and that
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trait 2 be selected in @ similar manner in a second pair of 

lines. The resvonse of both traits must be merasured in each 

pair of lines. The formuls for measuring the genetic corre- 

lation is: 

rq = AY, hy, Op / ox hy ¢. (3) 
xy Py 

where 

Gq = genetic correlation between selected and cor- 
*¥ related trait, 

AX = genetic change in selected trait, 

AY... = genetic change in correlated treit, 

Op = phenotyoic standard deviation of selected trait, 

Gy = phenotyoic stendard deviation of correleted 
Jy trait, 

h, = square root of selected trait heritability, and 

« h., = sqausre root of correleted trait heritebility. 
Vv - ev 

The formula may be rewritten to predict the response 

of correlated traits, when the genetic correlation between 

a ¢ the selected anc correlated treit is known. Thet formula is: 

1’ 
” = > x % er C- { WY = 2g OE hy Op fay Op, (4) 

Althourn Gouble twoeway selection experiments ere 

highly desirable for measurins certain genetic parameters ~ u sat — 

3 .. ~ “= am ot 4. a ster reyes | Ryan mn rire. nm few neve been concn ted 

; oN Z YY me gy TA 

Jtchke é. £3 55 t a a 7 

4 at = ey r ¥ ere costiy and
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consuming. Siegel (19620) conducted such an experiment with 

selection for body weight and breast ensle at eight weeks of 

age, Realized genetic correlations between the two traits 

sussested a directionality of the correlation, Heasons for 

such asymmetry have been given by Siegel (1962b) and Bohren 

et el. (1966). Nordskog and Festing (1962) conducted a two- 

way bidirectionsel selected experiment for body weight and 

ese weight in Fayounl and Leghorn fowl. They observed a dis- 

crepency in the ratio of correlated response to the direct 

resvonse of the treits and also susnected directionality of 

the genetic correlation, 

Sexual Dimnorphism 

Males are usually lerser than femeles in most species 

of birds. There are, however, exceptions where the sexes are 

of compereble size and where feneles ere lerser than males 

(Darwin, 1895; Amadon, 1959; Mayr, 1963). <Asmundson (1948) 

showed that sexual dimorchism accounted for 60 percent of the 

variation in body weight of turkeys. Shaklee et al. (1952) 

reported thet in turkeys, males showed a greater resvonse to 

selection for body weight than females, 

A significant strein-sex interaction for bod: i
nl
 

ft
 oO a
d
 

in meat tyoe chickens was reported by Horton and MeBrice 
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eight weeks of age and gein (4-8 weeks) were higher in males
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than in females, They susgested that in artificial selection 

of meat type chickens for body weight, where selection is 

more intense in males, sexunl dinorphism would tend to in- 

crease. Becker et al. (1964) reported genetic correlations 

between sexes of .80 for eight-week body weight in Leghorns, 

691 for 24-week body weisht of Broad Breasted turkeys, and 

1.00 for 4~week body weight of Coturnix. Eisen and Legates 

(1966) estimated the heritability of sex dimorphism of body 

weight in mice at 3, 6, and 8 weeks of are. Estimates were 

~O1, .C8, end ,14, respectively. Yoshida and Collins (1967) 

reported a genetic correlation coefficient of .90 between 

male and female body weight at four weeks of age in Coturnix, 

They also obtained a heritability estimate of .09 for sexual 

dimorphism of weight at this ege from the method of Bisen 

and Legates (1966), 

Korkman (1957) reported on the only apparent artifi- 

Cisl selection for sexual dimorphism in mammals, Selection 

was for a smaller and larger sex difference for body weignt 

in two lines of mice at 90 days of ase. In one line in which 

the msles were selected upward and the females selected down- 

ward the ratio of males to female body weient chanced from 

1.18 to 1.23. In © second line in which the sexes were se- 

lected in the reverse directions the ratios ehansed from 1.22 

to 1.17 in ten generations, 

The above susg¢ests that there is variability in sex 

Gimorcnism for body weight and in some snecies this relation-
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ship can be changed tnroush artificial selection. Addition- 

eal evidence, however, is necessary and hypotheses are needed 

on the mechanisms involved in the inheritence of sexual di- 

morphism for body weight,



EXPER THENT Is CORRELATED RESPCNSES 

Meteriels and Methods 

Stockst 

The data for this experiment were obtained from four 

generations of a double bidirectional selection experiment 

for bocy weight and breast angle at eight weeks of ase. Se- 

lection within each pair of lines was in a high and low di- 

rection with the selected trait beings bo@y weight in one pair 

of lines end breast angle in the other. ‘The selected lines 

were derived from a common gene poo] thet resulted fron 

crosses of seven inbred lines of White Plymouth Rocks which 

were developed at the Virginia Agricultural Experiment 

Station, 

At hatching, chicks from the base vopvlation were 

assigned to two suboopulations, sangle end weight. To make 

each subpopulation as sinilar as possible a full sib of each 

chick in the weight subpopulation wes assigned to the angle 

subpopulation. Thereafter the two subpopulations were main- 

tained senerately. 

Within the weisht subpopulation two-way mass selection a5 
am

t 

ont weeks of OT neat was precticed for high and low body weight et e 

ese while in the angle subvopulation two-way mass selection 

was for breest angle. Tne parents for subsequent generations 

were chosen on ea within line basis for higeh and low body 

16
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weight end broad and narrow breast ansle. Pullets were as- 

Signed at random to individuel cockerels with no matings of 

half sib or closer ellowed. 

Manacenent end Measurements:   

Progeny for each generation were obtained from two 

hatches which were on the first and third Tuesdeys of March. 

All chicks were removed from the hatcher on the 22nd day of 

incubation, pedigreed, and placed in floor pens where temper- 

ature, humidity, and lighting were controlled. This provided 

a similar environment for all pens over ell generations, ‘Tne 

same formulation of the ration was used each seneration. A 

starter ration wes fed te elght weeks, @ grower ration from 

eight to 24 weeks, and a breeder ration theresefter. 

Starting with the first filiel generation chicks fron 

the Athens-Canadian randombred population (Hess, 1962) were 

hatched each year and reared as contemporsries of the selec- 

ted birds. These birds served es controls so that direction- 

el response could be measured in e single line. 

Measurements of body weights in g and breast angles 

3 in degrees (Bywaters and Sieszel, 1958) were obtetned for each w 

bird at elght weeks of ase. The breast ansle measurements 

were taken approximately one-half inch from the anterior end 

of the keel. Breast angle was considered es a correlated 

treit in the weight subpopulation while body weight was con- 

*y ies
 a
d
 Ry an 7 4. Si 4 Lp, nest * ~- 2 ete an Sidered as 2 correlated trait in the breast ensle subpopuletion, ¢
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Heritability estimates based on full and half sib cor- 

relations, were obdteined on a within sex basis, each fenera- 

tion for both treits in both subpopulations. Unequal sub- 

class numbers existed, hence the procedures of King and 

Henderson (1954) were employed to estimate the variance con- 

ponents. The stetistical model was: 

tegen = Ub TF Sig F Cage F Sajid > 

where, 
Yaak = the observed vhenotypic value of the lth 

: individual of the KER dam mated to the 
jth sire of the ith 1 Tine, 

u= the population meen, 

ha
te
 

“s pa
 

f
H
 4 
™
 

to
te
 

a = 1; = common effect of all 

ith line, 
tuals of the 

j Sig = common effect of all in iduals mated to 
the jth sire in the ith 

div 

line, 

Gs. = Gommon effect of all individvels of the 
kth dam meted to the jth sire in the ith 
line, and 

j
u
e
 

C
u
 

w
t
 

r 

‘ 

al error of the lth individual of 
2 fated to the jth sire in the 

Realized heritabilities of selected traits were csl- 

» 

vlated within sexes for successive generetions by dividing
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second realized heritability of divergence wes conducted by 

the regression of response on the selection differential 

Felconer, 1954). Bealized heritebilities within lines were 

obtained from the regression of the control-adjusted response 

from the Fy through the Fy, generation on the cumulative se- 

lection cdifferential, 

The realized heritebilities of the unsclected traits 

were calculated by dividing the difference between the means 

of the two lines by the cumuletive exrected secondary selec- 

tion differential iY, and the regression of the correlated 

response on the iY, (Ideta and Siegel, 1966). The iY, was 

obtained each generation by multiplication of the phenotyple 

resxression coefficient of the unselected on the selected 

trait times the selection differential of the selected trait. 

Since Gata were from two selection experiments, in which body 

weight and breast angle served as both the selected and cor- 

related treits, the realized heritebilities of the correleted 

treits were comparable with the ectual heritability of the 

trait in the selected lines. This comperison enebled an eval- 

vation of the velidity of the procedure whereby iY, was en 

estimstor of the selection differential of the correleted 

The genetic correlation between body weicht and breast 

engle wes calculated in both selected subropulations. This 

Lt wer a + 4. ™ 3 a +93 Sa 4 was because the experiment was desisned far double bidirece 

° - a my ne - . 1, tionel selection, iauation 3 was used to caleulete the
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genetic correlation in each filial gereration. The phenotyp- 

ic (rpyy) and environmental (re ) correlations were also 
Myy 

calculated. The pnenotypic correlation between the two traits 

was celcuvlated directly as a simple product momment correle- 

tion end was partitioned to estimate the environmental cor- 

relation coefficient. Since, 

= . +e TP xy hy, hy Gry Cy ey Bey (5) 

~~ u then, Tiny ~ hy hy r ) Fey e (6) (rey 

wnere, pe 
@y = square root of 1 ~ h*,, 

éy = square root of 1 - hy, 

h, = square root of h,, and 

hy, = square root of he, 
¥ y 

Phenectypic, environmental, and genetic correlations 

enabled an evalustion of the varietion and covaristion influe 

encing the traits. Such information fecilitates a more mean~ 

ingful eveluation of the realized heritvebility of the unselec- 

ted tealt because the exoected secondary selection cifferen- 

tisl includes the genetic and environmental correlations, 

a. Tnis may be demonstrated syitbolically as: 

v or jw ¢ ey Pas - : , ix bpyy ix Op, (x, hy hy Ey ey Cy) / Gp e
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Results and Discussion 

Response to Selection 

A Gouble two-way selection experiment enabled a bio- 

logical evaluation of the reliebility of the procedures used 

by Ideta and Siegel (1966) to measure the realized heritabil- 

ity of unselected traits. This was because the design allow- 

ed a compnrison of the heritability obtained by their method 

with that from direct selection for the trait. 

The results presented and discussed were obtained from 

the following four lines: (1) the HW line where selection 

wes for hich weight, (2) the LW Line where selection was for 

low weight, (3) the BA line where selection was for broad 

breast angle, and (4) the NA line where selection was for 

narrow breast angzle. Body weignts and breast angles of males 

and fenales were measured in all lines at eleht weeks of ate. 

Body weignt was the correlated trait in the engsle lines and a 

4. 

breast angle the correlsted trait in the weisht Lines 

Pody weieht as the selected trait: 

s 

Mean body weights by lines, feneretions, enc sexes are 

presented in Tsble 1. Divergent selection for body weicht 

at eleht weeks of ave resulted in e significant difference 

between the HW and Li! lines in the F, and ell subsequent een- 

erations. The difference betreen Lines in the F; 

é 
os yo os - zn MY m7 ™ aoe was 321 ¢ for meles end 294+ ¢ for females. ‘the response of
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body weight to mass selection is illustrated for: males in 

we: 

Figure 1 and females in Fissure 2. Aithough the restonse was 

significant in both directions tne regression was greater in 

the LW line then in the HW line. The differences between 

regressions however, were not significant through the Py 

gseneration. The rapic response of juvenile body weight to 

Mass selection obtained here agreed with the results of 

Schnetzler (1936), Maloney et al. (1963), and Arboleds et al, 

(1966), All of these investigations showed thet a few gener- 

ations of selection for body weight moves tne mean from that 

of the base population. 

Heritabilities of body weight based on the divergence 

between lines and full end helf sib correlations are presen- 

ct
 ted in Table 2. Realized heritebilities were more consisten 

then those based on full and half sib correlations. ‘fhis was 

expected because the method of calculation for realized her- 

itebilities (cumvletive resvonse + cumulative selection dif 

ferential) included dete from the previous sensrations while 

those based on sib correlations were for @ Single generation 

per se. Further, the variances components used in estimating 

heritabilities from full. end half sib correlations have lerge 

sanpling errors (Robertson, 1959 and VanVieck and Henderson, 

1961), 

The realized heritebilities (cumulative response + by 

cunvlative selection differential) were .31 for males and .28 

ry
 fF =, ft Aw Tha, satramnciant a ao wee me eee ~* 4 

for females, Ine reeression of divergent LUESPONSS ON Une
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Cumulative selection differential (g) 

Figure 1. Direct response of body weight to selection in the weight 
lines (males).
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Y =-22.1 + .31X 
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Cumulative selection differential (¢g) 

    

Y= 15.7 + .21x 

    
Y = 40.9 — .44x        

100 200 300 400 500 600 
Cumulative selection differential (g) 

Figure 2 Direct response of body weight to selection in the weight 
lines (females).
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Table 2. Heritability estimates of body weight at eight 
weeks of age in the weight lines. 

Heritability 

  

Sex Gen. Realized! 4S/(S+D+E) UD/(S+D+E) 2(S4+D)/(S+D+E) 
  

      

oe P -- 90 52 ofl 

BF, .23 26 48 37 

BF, ~33 221 8 234 

BS 235 .eu 78 51 

Fy ool ASD © 65 »55 

x ~~! AL 58 50 

Qo? P -~ -1,01 OL! .52 

FS 221 13 265 39 

Be 232 OT ~O5 mele 

F, 27 02 679 .39 

By .28 .el 4 .56 

x -- -.,12 7 38 

Realized® 
Sf 635 + .05 

9 .31 + .03 

(Gry - Xr) + 2ix 

. D(Xry - Xpy) * Six
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cumulative selection differential estimates were 2.35 # .05 

and .31 + .03 tor males and females, respectively. These 

heriteabilities were comnarable to those obtained by Maloney 

et el. (1967) and slightly lower than those of Kinney and 

Shoffner (1965). Therefore, it mey be concluded that juve~ 

nile body weight is a moderate to highly heritable treit when 

heritability is considered in the narrow sense. 

Body weicht as the correlated traits   

Mean body weichts 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 weight with the dif- 

ference between lines being significant in the Bos Bigs and 

Fy generations. The divergence and response of body weight 

in the BA and NA lines are illustrated in Figure 3 for males 

and Figure 4 for females. ‘The regression of divergence on 

1¥, approached significance. Examination of Figure 3 shows 

that the diverzence in hody weight between the BA and NA Line 

males wes primsrily due to the response in the BA line. ‘The 

response in the NA line was negative in thet the regression 

of low weisht response on iY, wes positive (.10). The re- 

sponse for females (Figure 4) appeered different with a lerger 

resression in the NA than the BA line. The regression coef- 

ficients of the response were not different between lines 

within sexes and the differen OQ
 om 
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Figure 3. Correlated response of body weight to selection in the 
angle lines (males).
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this time. 

The heritebilities obteined for body weight in the ane 

ele lines are given in Table 3. Although estimates based on 

full and half sib correlations fluctuated among generations, 

the meen values were consistent with the estimates obtained 

for body weignt in the HW and LW lines. The realized herit- 

abilities of body weight calculated as (Xz a ~ Xa) + 2 iY, 

was .25 for males and .21 for females through the Fy, genera- 

tion. Heritabilities 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 weignt and angle lines for the 

realized heritability of body weight. This is because such 

a comparison allows a biological evaluation of the method of 

Ideta and Siegel (1966 ),. 

Realized heritabilities of body weight were higher for 

males then females in botn pairs of lines. This was expected 

since Siegel (1962a) and Beilharzg (1960) have sugzested some 

additive sex-linked gene action for body weight. The reeal- 

ized heritabilities of body weight were slightly lower for 

both sexes in the anzle than in the weight lines (Table 4). 

Method 2 allowed the calculation of standerd errors for the 

realized heritabilities, Stendard errors vere considerably 

larzer in tne angle than in the weight lines. Much of this 

oO ny
 

veristion was due to the lack & correlated resrnonse of
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Table 3. Heritability estimates of body weight at eight 
weeks of age in the angle lines. 

  

  

Heritability 

Sex Gen. Realizeat AS/(S+D+E) 4D/(S+D+E) 2(S5S4+D)/(S4+D+E) 
oc" Py ww .90 52 71 

Fy -11 A8 A8 48 

F .O1 .16 .60 .38 
F, .18 .10 68 39 

Fy 225 17 17 17 

x ~~~ ~36 49 43 

99 Py ~~~ -1,01 Ol 52 

F 17 .18 1.01 59 

F, .002 21 255 38 

F, .20 - He 14 28 

Fy 221 - 06 1.14 54 

KX wee ~.05 258 46 

Realized 
o .28 + 15 

9 .e4 + 13 

  

2 Dx
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Table 4. 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 

oc 1 231 225 
2 35 + .05 .28 + 15 

2° 1 .28 el 
2 31 + .03 24 + .13 

1 (Rng - Xa) /tix in the weight lines and 
(X24 ~ Xv) /LAY, in the angle lines. 

6 . 

(Sy x -tix in the weight lines and 

aA _ Ra "ty, in the angle lines.
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body weignt in the Fo & generation for the angle lines. Fur- 

ther discussion of the reliability of the procedure given by 

Ideta and Siegel (1966) will be given subsequently in the 

dissertation. 

Breast angle as the selected traits 

Mean breast angles by lines, generations, and sexes 

are presented in Table 5. Mass selection for breast angle 

resulted in a significant difference between lines in the Fy 

and each succeeding generation. The cumulative divergence 

in the Fy generation between the BA and NA lines for the se- 

lected trait was 7.0 degrees for males and 6.2 degrees for 

females. 

The divergence between lines and response of each Line 

4s shown in Figure 5 for males and Figure 6 for females, 

Most of the divergence between lines was due to the resvonse 

of the NA line, Although as shown in Figure 5, there was a 

positive resression of response on the selection differential, 

the means in the Pye Bos and Bs generations were less than 

the mesns of the P, generation, The Y intercept was ~6,1 

degrees. Thus the positive resression of response on ix is 

misleading and the resnonse of the BA line males to selection 

was essentially zero. Tne regression in the NA lines wes nege- 

ative and not significant, but, the Y intercevt was -6,3 de- 

srees, sucszesting e negative resnonse. The closeness of th 

“ « t a. “ AN gem lines susgests a large environe a
 ¥ intercent for the NA and BA
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Figure 5. Direct response of breast angle to selection in the 

angle lines (males).
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mental change from the Py to Fy 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, 

| Heritability estimates of breast angle in the angle 

lines are presented in Table 6. The realized values to the 

Fy, generation (Xp, - Xyq) + £ ix was .24 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 sib correlations fluctuated among generations but, 

when averaged over generations, were of a magnitude comparable 

to the realized heritabilities. The realized breast angle 

heritebilities obtained in this experiment were consistent 

with the mean of those obtained by Lerner et al. (1947), 

Brunson et al. (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 genetic variation in breast angle pres- 

ent in other populations. 

Breast angle as the correlated trait: 

  

  

Means, stenderd deviations, and coefficients of vari- 

ation 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. Realizeat US/(S+D+E) 4D/(S4D+E) 2(S+D)/(S+D+E) 

  

co PS ~-- .76 .20 8 

Fy 37 23 52 37 

B, 30 ef ~39 -33 

Fa 234 24 239 ~32 

Fy . 2h ~,02 AG .22 

x --- .30 39 34 

°9 PS -~- 254 42 8 

Fy 32 ~.02 1.03 51 

F, 231 42 .12 27 

F, 34 19 15 17 

Fy .21 14 .03 08 

x site .25 £35 .30 

Realizea® 
og .21 + .07 
Q .17 + .09 

1 _ 
(x, - Xn) / Ax 

— 

x - x yr 
(Xp, ~ Xyq) . 21x
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ere shown in Table 5 by sex and generation, Differences be~ 

tween the HW and LW lines for the correlated trait, breast 

angle, were significant in tne Fo, P3s and Fy senerations 

and the cumulative correleted divergence was 5.1 degrees for 

meles and 5.8 degrees for femeles. 

The divergence between the HW and LW lines and the 

response of each line for breast engle are presented in Fig- 

ure 7 for meles and Figure 8 for females. The divergence of 

breast engle in the weight lines was primarily due to the re- 

sponse of the LW line. Again, as in the selected lines, the 

mneles (Figure 7) shoved a positive regression coefficient for 

response on iY, which was due to a decrease in the negative 

response, Actually, there was no positive correlated response 

of BA in any generation. Althouzh for females there was a 

negative regression in both the HW and LW lines (Fisure 8), 

the resression coefficients were not significantly different 

between the HW and LW lines. ‘This was expected because the 

data from the selected lines showed that little, if eny, ad-~ 

ditive genetic variation for broed breast angle was present 

in the base population. 

Heritebilities of breast angle calculeted in the weight 

lines are presented in Table 7. Realized heritebilities were 

comparable to those based on maternal half sib correlations 

end higher then those based on full and paternal half sib 

correletions, Ne realized heritabllities of breast ansle 

in the weight lines were hishner than those obteined when
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Table 7. Heritability of eight-week breast angle in 
the weight lines. 

  

  

  

Heritability 

Sex Gen, Realized+ 4S/(S+D+B) 4D/(S+D+E) 2(S4D)/(S4D+E) 
Jo Py --- 76 .20 48 

Fy O01 21 16 .18 

Fy, 51 .16 46 231 

F, 67 Ol AL 21 

Fy 40 13 -60 ~3T 

rd -~- 225 37 231 

a ~~. 53 2 8 

F . 2H Ol} 55 30 

F, 43 03 50 23 

P, 56 01 36 19 

By 235 216 .16 .16 

Xx --- 215 40 .27 

Realized” 

o 53 + .23 
9 Al + .18 

: (55 - iy uty, 

© ay. Fay) ERY,
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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 response of breast angle on 1Y, was higher than the 

regression of divergent response of breast angle in the an- 

gle lines on the ix. These regressions were 253 + .23 for 

males and .41t #« .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 wes not consistent with that 

found for the heritability of body weight. The realized 

heritabilities for body weight were higher in the weight 

lines than in the angle lines. Considerably more variation 

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 1¥, in those 

lines, 

General 

The realized heritabilities obtained for body weight 

were comparable for the weisht and angle selected lines, 

Realized heritabilities for breast angle, however, were high- 

er in the lines selected for weight than in those selected 

for breast angle. This suzgests that the correlated response 

of body weight in the angle lines was not es great as the 

correlated response of breast angle in the weight lines end/or 

there was a difference in the expected secondary selection



Lb 

  

  

  

  

Table 8. Comparison of heritability of breast angle at 
eight weeks of age in the breast angle and 
body weight lines. 

Line 

Sex Methoal>® Breast angle Body weight 

co 1 24 40 
2 -el + .O7 © 53 + .23 

22 1 el 35 
2 -l17 + .09 41 + .18 

1 — _ os . 
(Xpp - Xua) /yix in breast angle lines and 

(xy - xy [33x in body weight lines. 

2 by 
(X54 Gea) *rix in breast angle lines and 

b(x - x *riY in body weight lines. ( Wy wy iY in y weig i
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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 selection differentials within each pair 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 traits were calculated (Table 9). These 

regressions were part of the expected secondary selection 

adifferential 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 iY, for body weight and 

breast angle are given in Table 10, Examination of these 

ratios reveals that the relationship of IY, 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, 1.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. Phenotypic regressions (b) and their standard 
errors (se) of unselected on the selected traits. 

Regression of breast angle on body weight 

Hw Lwt 
e 2 

sex Gen. bo + se b + se 

oo Fy 13 + 1.4 6 + 2,0 

Fo 13 + 1.4 19 + 1.4 
Fe 10 + 1.7 15 + 2.2 

Fy 17 + 1.7 12 + 2.2 

29 Fy 16 + 2.2 ll + 2,0 
Fy 120 + 1.4 25 + 2.0 

F ll + 2.4 20 + 2.4 

Fy 13 + 2.6 30 + 2.2 

Regression of body weight on breast angle 

Bat __ nal 
Sex Gen. b + se“ bo + se” 

oo Fy 16.8 + 1.9 15.6 + 1.5 
Fo e7.f + 2.1 22.2 + 2.2 

F2 23.8 + 2.9 9.8 + 2.8 

Fy 10.7 + 2.4 9.5 + 2.5 

22 Fy 12.1 + 1.6 9.1 + 1.5 

Fo 2eh.o + 1.8 13.6 + 1.8 

F 13.4 + 2.7 10.2 + 2.2 

FP, 19.5 + 1.8 8.7 4 2.2 

1 HW - High weight line. 
LW - Low weight line. 

BA - Broad angle line. 

NA - Narrow angle line. 

e 10°3, all regressions were highly significant (P< .01)



Table 10, Ratio of selection differentials (ix) and 

u7 

expected secondary selection differentials 
(1¥_) of body weight and breast angle by x 
lines, sexes and generations, 

  

    

  

Trait 

wi aé 

Sex Gen, ix 4Y¥x  1Yx/ix(%) ix 4¥x  1¥x/ix(%) 

Jo Fy 334 150 49 9.2 3.0 32.6 

Fo 597 = 340s BT. 16.8 7.1 42,3 

F, 814 ALO 54.0 22,8 9.6 42,1 

Fy 1041 504 48.4 29.2 12,8 43.8 

2? Fy 337 109 32.3 10.2 45 AA, 

F, 600 257 42,8 18.0 9.1 50.6 

F. 804 324 40.3 23.6 11.8 50.0 

Fy 1036 Ay 40,0 30.0 16.7 55.7 
  

1 we Weight selected lines. 

2 
A - Angle selected lines,
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coveriences. Since these assumptions are rarely met in 

blological material the common situation would be for 

Péxy # DGyxs Biases can be shown symbolically to result 

in either a comnonent senetic correlation estimate or a 

one-way reelized estimate of a genetic correlation in the 

following manner: 

Since, 

r = /bd * b 
Gxy Gxy Gyx 
  

it of 2 ot 2 Vo"Gry 7 OG, O°Gy 

= "Gxy > °C, "Gy (7) 

then, the TGyy is dependent on both the resression of X on 

y and y on Xx, 

Therefore, 

Des = AYy + AX 

Paxy = “Xy F ay 

and by transposing, 

AY, = Ax OG yx 

Axy = Ay CGxy 

When TGyy = © from either variance-coveriance analyses 

or one-way selection experiments and there is a directional- 

ity of response, bgxy # bGyx: and rg,, would not he valid for xy 

the prediction of the correlated >
 seqye iwmh SARA r 4 maximum efficiency ir
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resvonses. 

Heritability in the narrow sense is the ratio of addi- 

tive genetic varience to the total phenotypic veriance, ‘This 

is not the case, however, for the realized heritability of a 

correlated trait from the method of Ideta and Siegel (1966 ), 

They showed that 

h2 = Response + iY, 

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

is for trait (x) is egual to: 

AY = OX bey, = ix h®y dgyy 

then the expected secondary selection differential is equal to 

Therefore, 

a. = 2... “. h y ix hh“, BGyx ix OP yx 

The selection differentiels cancel and since 

2 = o2 * g2 h x = KG - 6 Py and 

= O + g2@ 
Pay x Gyx Gy 

the numerator becomes 

2 2 : 2 
OG / OP Gyy/o Gy!
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and the denominator becomes 

= > 2 

thus, 

2 2 = a2 2 2. h“y = (o%q, + 6 Py) (og, : o%¢) (op. op) 

= SGyx > °Pyx (8) 

So the method of estimation of realized heritabilities of 

correlated traits is actually tne ratio of the genetic to 

the phenotypic covariances of the selected and correlated 

traits. The term realized correlated heritability would 

probably be a better word than realized heritability which 

was used by Ideta and Siegel (1966), This is because the 

heritability of correleted traits contains genetic covari- 

ances and its value may fluctuate more among generations 

than the realized heritabilities of the primary trait. Var- 

fation could in addition to genetic deviations be due to 

environmental deviations end senotyrne-environment interac- 

tions, The phenotypic regression of one trait on another 

contains both senetic ard environmental influences in the 

following manner 

= Dg 2 - ne ° 
BP ne = BG yx hey + DE (1-h xo) (9) 

Table 11 shows tne phenotyoic, genetic, end environmental 

oO correlations between body weleht and breest angle in both b
a
t
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Table 11. Phenotypic ("p), realized genetic ("G), 
and environmental (TE) correlations between 
eight-week body weight and breast angle 
calculated in weight- selected lines and 

breast angle© selected lines. 
  

    

  

"Pp "Gq "E 

Sex Gen, * wi Ae wt Ae wh Ae 

co Fy 32 0 (51 O07 2A 43 63 

Fo 64 65 76 01 58 = ght 

Fe 40 HO 71 2 24 18 

Fy 6,32 55 AG 53. .27 

99 Fy 420 hie 33 ae A653 

BF, -O4 oll TH 0.002 59 94 

F, 2 36 1.07 0.28 6 ho 

Fy 54 48 57 AL 53 50 
  

i W - Weight selected lines. 

ea - Angle selected lines.
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Bohren et al. (1966) simulated conditions between 

leci contributing to e correlation between two traits and 

suzeested that different loci might contribute positively 

to the covariance in one seneration, negatively in the next 

generation, and even interact differently among generations. 

They sugsested that the least variation would be with e@ gene 

frequency of .5 and a larse number of genes affecting the 

two cheracters in se pleiotropic manner, Rendel (1963) also 

showed that genetic covariances between correlated traits 

could cheanse signs during the course of selection, 

ased on the evidence for the variability of senetic 

coveriances, it seems that the pronosed method of Ideta and 

Siegel (1966) for the estimation of realized heritabilities 

of correlated treits could be biesed among generations, ‘The 

directionality of the bias appears unpredicteble for any 

single generation unless the genetic coverisnces between 

traits are known before hand. This information is not evail- 

able, therefore, when the method is employed the correlated 

response should be regressed on iY, over a period of several 

generations. This would vrovide an avererme realized corre- 

lated heritability that covld be used to voredict the averege 

resconse of the correlated trait,



EXPERIMENT IIs SEXUAL DIMORPHISM 

Materials and Methods 

This experiment involved data from ten generations of 

a bidirectional selection experiment for body weight at eight 

weeks of age. Data for the first four generations were part 

of that used in Experiment 1 for tne eight-week weight in the 

HW and LW lines. Selection and management procedures are 

described in the Materiels and Methods section of Experiment 

1. 

Birds were individually weighed. However, in the sex 

dimorphism phase of this experiment differences were teken 

between male and female full sib family weights. Differences 

between full sib families were used because it was felt that 

they would yield more reliable estimates of genetic variabil- 

ity for sex dimorphism than differences between half sib fam- 

jlies. Those families that did not have at least one male 

and female full sib were eliminated from the analyses. The 

amount of data lost by using this procedure was small. 

Heritability estimates for sex dimorphism were esti- 

mated, in the broad sense, from a one-way analysis of vari- 

ance between the HW and LW lines. The statistical model wes: 

Yqy Futdy Fes, 

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

en individual full sib family of the ith Tine. Falconer 

53
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(1960) described the relationship as: 

h® = (Sg - NSy)/[MSp + (n - 1) MS] 

where, 
MS, = mean square between lines, 

MS, = mean square within lines, and 

nm = mean number of full sib families per line. 

Heritability estimates in the narrow sense were estimated 

from a nested cesign using the model: 

Yoge = Ut 1G Ft Scyys T O(a5)x 

where, Ya 5k was the measurement of the kth male and female 

full sib family difference of the jth sire of the ith line. 

The heritability in this sense is: 

2= h(n Fi f - he = A(HSs - NSy)/ DNS, +(k~- 1) MSi7] 

where, 
MSg mean Square between sires, i 

MSY = mean square within sires, and 

k = mesn number of full sib femilies per sire, 

Realized heritabilities (Student, 1934 and Felconer, 

1954) and estimates based on full and half sib correlations 

(King and Eenderson, 1954) of body weight at eight weeks of 

ace were celculsated on a within sex basis. Since analvses teu “
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were on a within sex basis the requirement of male and female 

sibships was not necessary. 

Two methods were used to estimate genetic correlations 

between males and females for body weight at eight weeks of 

age. The first was a covariance analysis (Eisen and Legates, 

1966) which provided the expected genetic covariance compo- 

nent of the males and females (OG, 5)° The formula used was! 

E(MCP) = (nog (10) 
12) 

where, 
MCP = mean cross product of sexes between lines, 

and 

NG45 = expected mean cross product, 

Transposing ylelds, 

o = MCP/n 
Gi2 / 

where, 

n = number of individuel measurements, 

“Go for females Tne genetic variances, 0G, for males and o 

were obtained from a between line analysis. 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 analysis of vari- 

ance that utilized the line-sex interection (Robertson, 

1959), This procedure considers males and females as two 

environments and the statistical model was:



where, 

1, = effect common to the lines, 

Sj = effect common to the sexes, 

sli = effect due to the interaction of lines and 

sexes, and 

Cisx = error due to individueal measurements. 

ine genetic correlation between males and females was ex- 

pressed by Robertson (1959) as: 

_ MSy - NSzs 

MS; + MSpg - 2(1S,)) 
  r (11) 

MS; = mean square between lines, 

NS; g = mean square of line-sex interaction, 

MS,, = mean squere within sexes and lines, 

rq = genetic correlstion of sexes between lines, 
and 

n = number of individusls per Line. 

pe
e sen i} 3} = a tt a 

“mF cart 2 Ye WN ct oa Mra Uy nt i ots Toye FQ Ort Dismiss os GNaeoLiea &@ Comnarison eney OL & CWO PPOCkauUurecEe 
* 

e
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Although the line-sex interaction component cen be used to 

estimate tne heritability of sexual dimorphism of a character 

(Eisen end Legates, 1966) it was not used in this experiment 

because of the more direct method which consicers a differ- 

ence between male and female full sib family means as a sin- 

Sle treit. To provide a measure of the magnitude of the lLine- 

sex interaction, however, a least squares analysis wes made 

for lines and sexes over ten generations. This was necessary 

to interpret the genetic variability for sex dimorphisn, 

Least squares procedures were necessary because of dispro- 

portionate subclass numbers and the requirement of male and 

female full sib was relaxed for this analysis. The statis- 

tical model was: 

Yagki = DT 14 rh 84 + By + isi, + 184, + SE 3x + 1884 5% + C4 5k1 

wnere, 
u = means, 

1, = effect due to lines, 

S; = effect due to sexes, 

&, = effect due to generations, 

is.,;, = effect due to interaction of Lines end sexes, 

aaa) ley, = effect due to interaction of lines end genera- 
tions, 

~ a ro. 3 4. de pn rad wy PT = ry 5 SG. = effect due to interection of sexes and genera: 
“~ de dnl 

CLOUT
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isg = effect due to interaction of lines, sexes, ijk 
generations, and 

Ossi = error due to individusl measurements, 

Tne second order interaction was not obtained because 

the amount of data contained in this experiment was too large 

for the I.B.M. 7040 computer and the variation for this in- 

teraction was included in the error term. Prior to pooling 

a check was made on date from the first four generations to 

determine whether the second order interaction was signifi- 

cant, Since the interaction wes not significant there was 

validity in pooling it with the error tern, 

The predicted response of sexual dimorchism for body 

weignt was mede by multiplying the selection differential 

by the heritability in the narrow sense. Selection differ- 

entials for sex dimorohism were estimeted as the difference 

between mean male and female selection differentials for 

body weight each generation, 

Results end Discussion 

It is well known that mele chickens ere heavier than 

females, This experiment was designed to determine whether 

this sexual dimorphism is comparable in different lines and 

its mode of inheritence,
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Response to Selection 

Means, standard deviations, and coefficients of vari- 

ation for body weight at eight weeks of age by lines, sexes,- 

and generations are presented in Table 12. Analysis of var- 

lance of these data are shown in Table 13. Tne divergence 

between the HW end LW lines in the Fyg generation was 563 g 

for males and 501 ge for females. <All main effects, as ex- 

pected, were highly significant. The first order interactions 

were the sources of varietion that were of particuler inter- 

est. All were highly significant, The generation-line in- 

teraction was, of course, expected because selection was in 

divergent directions. That diversence occurred is shovwm in 

Figure 9, Tne significant sencration-sex interaction re- 

sulted from a greater response of males (b = 5.6 # 4,3) 

than females (b = 0.4 + 2.5) to selection (Figure 9). ‘he 

highly significant line-sex interaction wes of particuler 

interest because it was concerned with both the genetic cor- 

relation between sexes and the heritsebility of sex dimorphism 

for body weight which will be referred to subsequently. 

The coefficients of varietion in the HW line decreased 

significantly with selection (b = -,80 «+ .17 for males and 

~.80 + ,40 for females) demonstrating a reduction in pheno- 

typic veriation. ne coefficients of variation for the LW 

Line did not follow this pattern (ob = -,08 «+ .19 for meles 

end .27 +.29 for females). Further evidence of differences
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Table 13. Analysis of variance for generations, lines 
sexes and their first order interactions for 

body weight at eight weeks of age. 
  

  

Source of var. degrees of freedom mean squares 

. ¥% 
Generations (G) 9 1.39 

x 
Lines (L) 1 204.78 

x* 
Sexes (S) 1 59.15 

%% 
Gx L 9 3.50 

#% 
Gxs 9 08 

x% 
Lx 8 1 2.01 

Error? TH19 02 
  

1 The second order interaction was pooled with the error 

term, 

"" (P< .01).
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Figure 9, Line-generation (top) and sex-generation (bottom) interaction 
for body weight at eight weeks of age.
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in phenotypic variation was the highly significent difference 

between lines from an analysis of variance of the coeffi- 

cients. The larger coefficients of veriation in the LW line 

than the HW line was in agreement with the results of Maloney 

et eal. (1967). They ere, 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 percentage of the population as parents from the HW line 

will decrease and lessen the reproductive capabilities of the 

line with continued selection. In the LW line, with the large 

amount of variation remaining, retardation of revroduction 

Should not be realized with increased selection pressure. 

Genetic correlations betvescn sexes and the heritability of 

sexuel dimorchism for body weights 

Genetic covariances between sexes for body weight, 

genetic variences for males and females, and genetic corre- 

lations between meles and females for body weight at eight 

weeks of ase are shown in Table 14, The genetic correletion 

was essentially unity for each seneretion with some minor 

variations and tne pooled values over all generations was 

1.00 which was similar to the .98 value obtained by 

Robertson's (1959) method from the analysis in Table 13, 

Altnoush these estimates are high they cannot be considered 

as unity because the line-sex interaction was hichly signif- 
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Table 14. Male-female genetic covariances!, male genetic 
variances®, female genetic variances3, and ; 
genetic correlations between males and females’ 
for body weight at eight weeks of age. 

Gen oG of 0G "G ? 
° 12 1 2 12 

By 1,318 1,022 1,498 1.06 

Fo 8,552 9,421 7,562 1,01 

Ba 15,476 20,599 11,912 0.99 

Fy 20,372 25,057 16,457 1,01 

Fe 33,271 12,126 26,162 1,00 

Fe 39,302 50,000 30,804 1.01 

Fo 38,157 47,814 29,983 1.01 

Fe UM 675 53,407 37,286 1.00 

Fg 60,529 76,534 NT 5775 1.00 

Fio 65,676 73,845 58,227 1.00 

Total 327,328 399,785 267,716 1.00 

  

Go 

Gio 

2 
oG4 

2 
Go 

Ya 
Cie 

Calculated from the covariance analysis.
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of other investigators, Becker et al. (1964) resorted a 

genetic correlation of .&80 between sexes for body weight in 

Leghorn chickens, They also repvorted values of ,.91 for 

24_week body weight in turkeys and 1.00 for body weight at 

four weeks in Coturnix. Yoshida and Collins (1967) obtained 

a genetic correletion of .90 between sexes for four-teek 

weight in Coturnix and Eisen and Legates (1966) reported a 

value of .90 for six-week weight in mice. By contrast, 

Horton and MeBride (196) obtained considerably lower values 

or
 of .52 for four-week body weight and .48 for eight-week body 

weight in chickens, 

Heritability estimates for body weight at eight weeks 

of ase are presented in Tebdle 15 by sexes and senerations, 

sbilities (cumvletive divergence + cumu- o
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full sib correlations were somewnat lergser than the realized 

heritabilities whereas those besed on paternal half sib core 

relations were comparable to the realized values for males 

and considerably less than those for femrnles. The main point 

of interest, however, is the difference between the heritabil- 

ities in males end females. Tnis can best be compared fron 

= 

From each other, ‘The heritebility ct
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Table 15. Heritability estimates of body weight at 
eight weeks of age by sex and generation, 

Sex Gen, Realized! 4S/(S+D+e) 4D/(S+D+E) 2(S+D)/(S+D+8) 
  

  

oo Po -- 90 252 (i 

Fy 223 225 8 37 
Fy 233 221 8 344 

F3 035 244 278 251 

Fy 231 AS «65 255 

Fe 234 236 232 34 

Fe 34 -.19 285 233 

Fz 228 18 234 226 

F 223 oA 17 229 

Fo 230 ~.06 74 3H 

Fig 28 ol .09 235 

x 23h + 622 ©6649 + 23 40 + .13 

°° Py -- -1.,01 JO 252 

Fy 221 13 65 39 
Fo 232 .O7 205 208 

Fe 227 .02 he 239 

Fy, .28 221 Slt 256 

Bs 230 ~,O7 99 6 

Fe 027 ~ 34 OL 229 

By 23 229 . 2h 27 

Fe 223 40 8 Hd 

Fo 225 [2 - 05 233 

Fig 224 205 230 218 

x oh + 62900 Ue 132 135 + 1h 

Realized& 
of 25 + 02 

9 ,22 + .01 

1 EC Ress ~ Sra) + FLX
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was .28 + .02 for males and ,22 + .01 for females with the 

aifference being significant. Thus we can say with confi- 

Gence that the heritability of eight-week weisht is higher 

for meles than for femeles. 

Theoretically the difference between heritabilities 

for the meles and females should be an estimation of the 

genetic variation for sexual dimorphism. The difference be- 

tween heriteabilities for males and females were .O04, .06, 

.05, 005 and .27 for the realizedl, realized*, full sib, 

Maternal half sib, and paternal helf sib procedures, respec- 

tively. The first four values were in excellent agreement 

wnereas the difference between estimate based on paternal 

helf sib correletion wes inconsistent, ‘There wes consider- 

eble veriation among generations for estimetes based on 

peternel half sib correlations and the difference of .27 

wes probably an overestimate, It mey be assumed that for 

juvenile body weight mele heriteabilities are about .05 

higher then those for females, 

Heritability estimates of the sex dimorphism for body 

weight at eight-weeks of age per se were calculated by taking 

the difference between the mele end female full sib fenily 

means. This vrocedure considered sexuel dimorphism as a 

Single trait and two heritability estimates were obtained, 

one in the broad sense that was estimated by the between and 

within Line procedure of Felconer (1960) and the other in the 

ops ¥ ~~ Sy OPV t aif + ~ i. -F arrow Sense from peternal haiPf sib correlsati
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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 

marrow sense was .02, ‘The letter which measures additive 

gene action per se is in good agreement with the estimates 

of .O1, 208, end .14 for sex dimorvhism of mice at 3, 6, and 

8 weeks of ate, respectively, (Eisen and Legates, 1966), 

Purtner, the broad and narrow heriteabilities obtained here 

bracketed the value of .09 reported by Yoshida and Collins 

(1967) for four week body weight in Coturnix, The difference 

between the broad and narrow estimates suggests thet the her- 

itablility of the nonadditive genetic effects influencing sex 

dimorphism wes about .15. 

Although, these heritability estimates suggests that 

edditive genetic variation for sex cinormnism of body weight 

eat elgnt weeks of ase is low, it may be considered reel be~ 

epuse of the highly significant line-sex interaction (Table 

13 and Figure 10). A biological hypothesis for the cause 

of the significant line-sex interrction is necessary end one 

concerning the genetic mechanism involved for sex dimorphism 

will be presented leter in this dissertetion, 

The comparison of the predicted and actual genetic 

response to selection should be close if the perameters for 

prediction are good estimates. Presented in Table 16 are 

the predicted (selection differential in gs times the herita- 
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1 
Table 16, Predicted and actual response of sex dimorphism 

of eight-week body weight and the ratio of 
actual to predicted response. 

Response 

HW? LW? 
Gen. Predicted Actual Ratio“ Predicted Actual Ratio“ 
  

  

Fy 167 169 1.01 LOT 182 1.09 

Fy 172 e14 1.24 184 153 0.83 

P2 217 els 1.13 153 145 0.95 

By OX? eT 1,00 147 160 1.09 

Be eg 300 1.20 161 213 1.32 

es 301 267 0.89 215 169 0.79 

Fr 269 E45 0.91 ‘A171 154 0.90 

Fo OUT QU? 1.00 156 166 1.06 

Fg 29 311 1.25 168 188 1.12 

Fio 310 260 0.84 190 198 1.04 

  

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. 

LW - Low weight line.
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of sectusal to vredicted were essentially unity for both the 

HW and LW lines demonstrating the reliability of tne esti- 

mated pareneters, 

General 

The estimation of edditive genetic variance for sexual 

Gimorphism of eight week body weight showed that this was a 

measurable trait with a low heritability. The demonstration 

thet sexuel dimorphism is a genetic trait is consistent with 

the conclusions of Horton and MeBride (1964) who interpreted 

a strain-sex interaction to incicate that sexual dimorphism 

Was e quantitative trait in chickens, They explained the 

sex dimorphism as being due to hisher selection intensities 

for sires than dams. This hypothesis is probably incorrect, 

because, although the selection spplied to sires is more in- 

tense than for dams the contribution of the sire is equal 

for male and female progeny. Weighting of the selection 

cifferentials by the number of male sand female offspring 

(the effective selection differential) will be essentially 

equal unless natural selection favors one sex over another, 

To demonstrate this point, selection intensities 

(selection differentials + phenotypic standerd deviations), 

weignted for male end female progeny by lines and generations 

are presented in Table 17. During ten generations of selec~ 

tion the selection intensities for body weisht at eight weeks
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Table 17. Selection intensities? of body weight at 

eight weeks of age weighted by male and 
female progeny. 
  

    

  

  

HWe we 
Gen, Males Females Males Females 

Fy 1.39 1.64 1.48 1.84 

By 0.95 1.08 0.74 0.83 

F2 1.48 1.76 0.59 0.49 

Fy, 1.04 0.86 1,10 1.05 

Fe 0.79 0.92 0.45 0.54 

Fe 0.63 O.70 0.85 0.99 

Fo 0.88 1.15 1.00 1.44 

Bo 0.76 1.00 1.13 1.40 

Fo 0.89 0.88 1.16 1.07 

Fy 0.57 0.56 0.99 1.04 

x 0.94 1.07 0.93 1.04 

1 (Selection differential + the standard deviation) 

e HW - High weight 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 was not a valid 

explanation for the results of this study and the change in 

sexual dimorvhism was due to something other than higher se- 

lection intensities for sires than for dams. 

What then caused the line-sex interaction? If male 

and female progeny received an equal allotment of chromosomes 

from their parents, one would expect the ratio of male to 

femsle body weight not to chenge over a given number of gen- 

erations, This hypothesis is based on the assumption that 

the genes for body weisht are randomly distributed among 

chromosomes. In the chicken, the male is the homogametic 

sex and receives two complete sex chromosomes, one from each 

parent, Ohno et al. (1960) presented evidence of positive 

heteropycnosis in the female, and Shoffner (1965) and Zervas 

(1962) suggested that the heteropycnotic sex chromosome wes 

mot inert. Since the W chromosome is only a smell fraction 

of the size of the X chromosome it is doubtful that a compa- 

rable compliment of (compared to the X chromosome) genes 

would be cerried on the W chromosome, This hes in fact been 

demonstrated in qualitative studies with the barring and late 

feathering genes (Hutt, 1949; Siegel, 1957). Therefore, it 

is proposed that the line-sex interaction resulted from the 

senes affecting body weight located on the extre A chromosome 

possessed by the mele. ‘These genes probably acted in an ad- 

aitive manner because the additive estimate of sex dimorphisn
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for eight week body weight was a good estimator when tested 

in predicted responses of sex dimorphisn, 

The argument for sex-linked additive genetic effects 

for body weight can be further strengthened by looking at 

the heritability estimates of body weight based on maternal 

half sib correlations calculated on a within sex basis 

(Table 16). Since the dam contributes an X chromosome 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 femele progeny if additive sex-linkage is 

present, i.e., more additive genetic variability for eight 

week body weight in her male progeny than in her female prog» 

eny. The 4D/(S + D + E) heritability for male progeny was 

.05 higher than that for female progeny (Table 15), More 

conclusive evidence is available from the data in Table 15, 

namely that the realized heritebility for weight was signif- 

icantly higher for males than females with the difference 

between heritabilities being .06, 

There is one more avenue to possidly 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 Cetectable in the 

domestic fowl was 6 to 8 pairs, depending on the author, If 

one assumes an average of seven pairs then the diploid number 

of chromosomes would be 14 in the male and 13 in the femele,. 

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 sexual dimorphism in the narrow 

sense. This value was essentially the seme as the .02 ob- 

tained for the heritability of sexual dimorphism in the nar- 

row sense (ng. 68). This reasoning supports the hypothesis 

for additive sex linkage as an explanetion of genetic changes 

in sex dimorphism of eight week body weight in chickens, 

It is interesting to note thet the realized heritabil-~ 

ity of breast angle was .21 for males ané .17 for females in 

Experiment 1 (Table 6). Applying the same reasoning for this 

trait of a seven percent difference in favor of males yields 

a comparable situation to breast angle es: with body weight. 

Tne finding of additive sex-linked effects in this 

experiment was consistent with the sveculetions of Beilharz 

(1960) who found in both rebbits 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-lLinked effects were present for body weight on the basis 

of higher heritabilities for males than females for eight 

week bedy weight. In this dissertation the realized herita- 

bility of body weight was .28 for males and ,22 for females, 

The difference of .06 was in close agresment with the estimate 

or ,02 for sexual dimorphism per se. Thus, although both 

Tn ADbhawms 4nfny - 13 . fi: o ree 4 awran Beilharg (1950) end Siesel (19625) were apparently correct
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neither examined either the genetic correlations between 

sexes or the genotype-sex interaction to suvport their sup- 

positions, 

If more genetic 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 Stoneker (1963) who reported that weaning 

weights of Herford female calves were greater than those of 

bulls. Although male cattle are heavier than females, the 

physiological environment of the sexes are genetically fixed 

and this allows for larger adult body weight of males. A 

comparable physiological environment exists for chickens, 

However, the retio of male to female body weight eas such is 

not en indication of the degree of sex~linked additive ge- 

netic effects present. Instead it is the change of this 

ratio that is important when one considers the quantitative 

inheritance of cherecters affected by additive sex-linked 

genes, 

In summary it apvears, from the literature and the 

present exveriment, that there is a high genetic correlation 

between body weights of males and females. This correlation 

is not unity becsuse genotyoe-sex Interactions can be demon- 

strated and these interactions ere apparently caused by ad- 

ditive sex-linked genes,



SUMMARY AND CONCLUSIONS 

This dissertation consisted of two phases. One phase 

was to study the realized heritabilities of correlated traits 

and the second was to investigate the inheritance of sexual 

dimoronism of body weight. 

The first phase involved date from four generations 

of a double two-way selection experiment for body weight 

and breast angle at eight weeks of age. Phenotynic changes 

in both traits were measured in each subpopuletion, Breast 

angle was considered a 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 traits. The divergence of body weisht in the 

angle population was significent in the Pas Bigs and Py gen- 

erations. Divergence of breast angle in the weisht subvopu- 

| and subsequent generations, lation was significant in the F wd
 

2 

There was asymmetry of response to direct selection for 

breast angle, with the response in the narrow direction 

being greater than thet in the broad direction. Througn 

four generations of sclection for body weight the response 

in the hish and low directions was symmetrical, 

Heriteabilities of body weignt and breast enele were 

obtained each generation in each subpopulation, Healized 

heritabilities of body weight were .28 for males and .24 for
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females. Realized heritabilities for breast angle were ,21 

for males and .17 for femeles, 

Heritabilities of the unselected traits were obtained 

by the cumulative difference between lines + 2 1Y, and the 

regression of divergence on 2 1Y,. Validity of this proce- 

dure was tested by comparisons of correlated realized herit- 

abilities with the heritabilities obtained when the traits 

were under direct selection. The correlated realized herit- 

ability of breast angle in the weisht lines wes greater than 

it 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 of the two traits. Therefore tne procedure for 

estimation of correlated realized heritabilities may contain 

random biases. These would be minimized by regression of the 

cumulative divergent response on 2 1Y,;. 

A second experiment involved ten generations of data 

from a bidirectional selection experiment for body weight at 

eight weeks of ese. The data were subjected to an analysis 

of variance considering lines, sexes, and generations as main 

effects, As expected all main effects and first order inter- 

ections were significant. The genetic correlation obtained 

between sexes for eight week body weight from this analysis 

was .98, 

The heritability of sex dimorphism for body weight was 

.02. Predicted response of sex dimorcohism using the .02



79 

heritability yielded estimates very near the actual resvonse 

obtained by selection. The realized heritsebility for diver- 

gence of selected lines was .28 +,02 and .22 + .01 for males 

and females, respectively. ‘These blological evaluations 

demonstrated the reliability of the heritability estimate of 

sex dimorohism and the vrocedures for obtaining it. 

The genetic changes in sex dimorphism for body weight, 

as shown by a slightly sreater response of males than of 

females, were due to additive sex-linked senes. Several 

“lines of evidence were presented to support this hypothesis,
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CORRELATED RESPONSES AND SEs2UAL DIMORPHISM 
IN BIDIRECTIONAL SELECTION EAPERIMENTS 

Trea F. Carte 

Abstract 

This dissertation involved two experiments, (1) the 

study of realized heritabilities of correlated traits, 

and (2) the study of the inheritance of sexual dimorphism 

or body weleht. 

The first experiment included data from four generations 

of double two-way selection for body weight and breast 

angle at eight weeks of age. Breast angle was considered 

a correlated trait ian the weight subpopulation and 

body weight a correlated trait in the angle subpopulation, 

Tnere was a significant divergence between lines for both 

selected treits. The response to direct selection for 

breast engle was asymmetrical with the response in the 

narrow direction being greater then that in the broad 

GQirection. The response of body weight to two-way selec- 

tion was symmetrical through the By generation, 

Divergence of body weight between the lines selected 

for breast angle was significant in the Wie 2 

generations. Divergence of breast anmle between the lines 

and By 

selected for body weight was significant in the F_ and 
“en 

subsequent gencrations.



My
 

Heritabilities of the unselected traits were obtained 

f
e
e
 

te
 

by the cumulative difference between lines divided by the 

expected secondary selection differential and by the 

J. 

regression of the cumulative i. ence between lines on at
e di 

expected secondary selection differential. The correlated 

realized heritability of breast angle was greater in the 

weight lines than was the correlated realized heritability 

for body weight in the angle lines. Examination of the 

components of the correlated realized heritability showed 

that they were the ratio of the genetic to phenotypic 

covariances of the two traits 

The second experiment involved the invesvigation of 

sex dimorphism for body weight at eight weeks o. 

The heritability estimate for sex dimorphism of this trait 

was ,O2, and the genetic corrclation of it in males ard 

females was .98, The genetic variability (.02}) in sex 

7
 dimorphism was evidenced by a greater response jin males 

* to selection for eight-week body welgeht than in females 

The biclogical reason for this was additive sox-linkage.


