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technigues of estimation were used.

Such a dilemma, 1f it really exists, requires an explanation.
Iush (1949) discusses five possidle explanstions which are, in brief:

1, Overdominance

2, Hpistasis

%. Wegative genetic correlations

L, Positive selection for a character at one stage of the 1life

eycle and neéegative selection at another stage of the life
cycle |

5. Selection for a character in one herd, or ecologlicsl niche,

and against 1t in another,

One is not concerned with item five when considering the results
from a single experiment station where any selection that is practiced
for a aharsﬁﬁar is generally alweys for or always against it, Jtem
four was discredited ae an axylaaé%iﬂm of the ineffectiveness of
selection by the selection study (Dickerson, 1951). It is difficult,
if not impossible with present technicues, to distinguish hetween
overdominance and epistesis, The net effect of each, howsver, is to
reduce the fraction of the total variance th@t can be additively
genetic (heritability). 4 lot of eplistatic variance could lead to an
spparent dilemms, however, because epistasis would contribute something
to most of the estimates of heritabilities that have been reported.

Bven whera‘tha additive genetlic variances are substantial for
geversl charseters, the net effect of simaltanecus selection for all

charscters might be zero in the pxeswnﬁa of negative genetic
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relationships,. For example, the genes which have a positive effect
on one sharacter could have az negative effect on another character.
Such genes would be alternately selected for and against and, if this
selection were perfectly balanced, their frequency would not change.

It must not be overlooked, in spite of previous evidence, that
heritabilities may not be far different from zero, Heritabilities
could be negligible either becasuse the hereditary variance is composed
almost entirely of dominance and eplistatic varisnce or because there
is little or no hereditary variability. In the latter case gene
frequencies ave near 0 or 1 for genes which have any important effect
on the character,

The amount of additive genetic wvariation for litter size and
for growth in swine, and the genetle relationships between these
characteristics, ave investigated in this study. In addition, certain
vhenotypic relationships are investigated to aid in interpreting

the reounlts,
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REVIEW OF LITERATURR

Produnction merit in swine is & composite of fecundity, mothering
ability, livability, rate of gain, feed economy and carcass quality.
Iitter asize end welght for age, which are considered in this study,
have received considerable attentlon in the past.

The composition of the galn in weight changes gradually through-
out the growing period. Growth prior to birth consists largely of
structures and organs essentiasl to life processes, After birth the
body tissues exhibit marked differentizl growth behsavior. Skeleton,
msole and fat develop in that order. McMeskan (1940) states that
most of the yigfa skeletal and muscular growth is made during the
_ first 116-120 days, and that most of the later increase in weight is
in fat deposition, Genetic influences on growth might then vary in
importance with the stage of growth.

The conditione under which growth oscurs during prenatal developw
mant,/the suckling periled, and after weaning also differ, The pig
becomes more independent of maternal influences as development proceeds,
In fact, welght or growth cannot be considered to be entirely a
function of the pig since the dam also exerts considerable influence
on the pigts grovth from conception until weaning at least. An
extrome example of materual effect on sisze of offspring is the foal
size in reeciprocal crosses between the Shire horse and Shetland pony

(Walton and Hammond, 1938), '"he size of foal at birth appeared to be
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X, 33 @, ¢, Ly &3 B, &
X, 4 a6 6 .1 .45 L, 5% .26 m .31 .02

Although the genetic variance constituted only about cne-fifth of the
observed variance in each of the thres periods (15, 28 and 17 percent,
respectively), the genetic correlations were larger than the corres-
ponding environmental correlations., This indicated that genes with
persistent effects #era responsible for much of the genetic variation.
Although no figures were presented, Nordskog gﬁlg&. {1943) found
negative genetic correlations between genotypes for growth before and
after weaning,

Dickerson and Grimes (1947) correlated three phases of growth of
the progeny (birth weight (X), 72 day weight (Y), daily gain from 72
days to 225 pounds (Z) ) and pounds of feed consumed per pound of
gain (VW) with the eame measures of the parents. The aarrélatiens weres

Danm fire Midparent

X Y Z W X Y 2z ¥ X Y z ¥
Z .06 .18 .10 -.15 ~.19 -,17 ~.14 .09 -.23 .02 -.08 -.00

mog@w Y “015 n% . la .09 'ﬁ.m ﬂaa ul} haul) 11 "‘ols .09 . 23 "“oag
2 -.00 .16 .29 -.07 .10 ,11 .22 -.22 1% .25 .43 .,29
W "".{)7 ""011" "'019 bgl “'ol@ “’tao "‘“‘Qas 033 -033 "‘031 -.,u‘Q .26

These correlations were actually deduced from regressions of progeny
on parent o eliminate the blas in correlstions introduced by selecting

the parent and sveraging the progeny. Dickerson and Grimes concluded
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Table 3

Percent of the Variance in Litter Size Estimated to be Hereditary

Correlation of rmﬁs

Heasure of Mhtw&am

iitter size regression cgmlaﬁan ﬁalif-ai’b by the zsme dam

, S Lorrelation

sumber of plgs  (1)* (2) (8) <3> () {5} {?;u ® @ O <a} <6> m (9
born 25 14 2y 13 20
Humber of plgs . '
born slive 2% 16 22 18 17 K 18 11 a1 13 iz
Humber at o :

weaning 19 32 : 12 25 17 2 ki
Bumbey at ' -

168 days 1

a?ixe nombers in parenthesis indicate the follewing suthorities: (1) Blunn and Baker, 18h9,
Daroe. 528 daughiers.; (2) Stewart, }.ﬁhﬁa. 12 Poland China lines and 2 crossbred lines, U2
sires and 245 1itters. 250 dams and 475 dsughters.; €3} Morris and Johnsen, 1932. Poland
China. 1,035 daughter-dem paire from the herdbook.; (%) Rommel and Phillips, 1906. FPoland
China, 6,145 daughter-dom pairs from the herdbook.; (%) Hemke, 1935. 89 Tamworth litters.
71 Berkshire litters.; (6) Lush and Holln, 1942, Variocus breeds. 7,415 litters born.}
(7) Hetzer ot al. 19%0. Chester White, 362 litters.; (8) Cumminge st al. 19%?‘; Inbred
iines. 279 dems, {9) Eorkman, 19%7. Large White and Landrace. 573 dams. 2,292 litters,

21~
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will most likely be found between other records of those dams, The
other entrises in Table 3 would mot be expected to be as largs as
the estimates of repeatability unless (a) ts}wré» were no permanent
effects of environment and (b) there were no dominance or epistatis
deviations, Under those conditions, diffepences between any two
entries in Table 3 result from sampling veriation,

31% of 1itter has been noted to have an adverse effect on
average welght of the pigs in the 1litter at birth by Carmichsel and
Rice (1920) and Iush et al. (1934) and at weaning by Bywaters (1937).
The regression is curvilineer, however. In each came, pigs in
litters of 1 and @ were not as heavy as those in litters of 3, and
there was a general degline in average welght with size of litter
greater than 3. ILush gt gl_,. (1934) found 11%@: size to account for
7 percent of the variation in birth weight, while Bywaters (1937)
found only 3 percent of the variation in weaning weight to be attributed
to litter size, Smith and Donald (1939) found post-weaning growth
in pigs to be independent of litter aize.
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CONCEPYS AND DEFINITICHS

The basic concepts and definitions relating to genetic parameters
have been developsd and clarified by Fisher, Wright and Iush during
the past 35 years, Those porﬂmht to this study will be outlined,

Partitioning the Phenotypic Variance

The deviation of the phenotypic expression of a character from the
population average can be considered to be the sum of s hereditary
effect and an effeet attribubtable to environmeat and interaction
botween the heredity and environment. This consideration is written
symbolically as X « y + H + X, vhere X is the phaneﬁme, # 18 the
population average, H 1% the hereditary effect and ¥ is the deviation
of § and pu from X, If the heredities are randomly distributed among
the environments, the phenotypic variance 1s of = °§ + of.

In his study on the correlation between relatives Fisher (191%8)
found that these correlations could be expressed simply in terms of
certain components of ag. He named these somponents (1) additive
genetic variance, (2) variance due to dominsnos deviations from the
additive scheme and (3) variance due to epistatic deviations from the
additive and dominance scheme. These components will be symboliged
as aa. o® and ag. respectively.

D
The partitioning of the hereditary variance can be exemplified by
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two leci, each with two allelic genes (A, a and B, b). This exciundes
the case of multiple alleles, If the coupling and repunlsion double
heterosygotes are considered to be identical phenotypleslly, there are
then 9 genetic types as in Table Na.

Pable la

Mean Tields and Frequencies of the Nine Genetic Types
for Twe Leei, Bach with Two Genes

BABB ) AADD ‘
LSH K2 K3 K,
£, 215 3 £,

AaBB AsZb Anbb
eI K22 Ea3 Kp,
t £ f20 £ 3 7%
aalB aalb sabd
k5 K32 K33 K.
£y Iy 233 f3,
L K2 k3 .
23 £, ? 3 £

The X's and f's in Table Ha are the yields and frequencies of the indicat-
ed types, respectively. A dot (.) indicates a marginal frequency or

noan.

4

i.

ndﬁf,‘:

K, = § fy Kyylty,
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terms in each scale 18 zero and that the sum of the frequencies times
the products of corresponding terms of any two sesles is sero., There
are sight scales or partitions of the variance, one partition for each
of the sight separate degrees of freedom in a 3 x 3 ¢able,

The partition of the variasnce corresponding to any particular scale
is found by first computing the products of X and the corresponding
term of the particular scale, These products in turn are multiplied
by their corresponding frequencies and then summed, The sum 18 squared
and diﬁ&ed by the sum of the frequencies times the square of gorres-
ponding terme of the scale, This ylelds the desired partition of the

variance. ¥or example, the eighth partition of the variance, of 1is:
T DU D i Iy
og = (K F3fu - Ko Fof1e + Kyysfs - 5y m 21 + Xpp T f22 -
2, 2y
Y3 Tpy'e3 * Fny ?3:331 "3:2 2732 + K33 Bty !
1 R ! a6 4
(£, }3*;1 + 2, 1“12 + ¥4 3;!"" + £y 31 1’22 }frgé 4-‘:!.'23 ;-g% +
gt T, i :ﬂy} - ‘?‘J oF vg oW -

vhere ¢ov K ws is thes covariance ‘neween K and the eighth orthogonal
scale and L , is the regression of X on the eighth orthogenal scale.
i‘he other seven partitions are found in a similar mnai’.

PThe choice of this particular set of seales (there are an indefin-
 itely large number of sets of eight scales which would be orthogonal

and would partition thewarisnce between nine items of data), and of
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this regression. The variance due to the Tegression is She additive
‘gmﬂw variance for the A locus and the variance due to deviations
from the rmesmw is the variance due to dominance at the A locus.
The additive genetic deviations for the A locus, g's, vhere g = "m{’l'
are the same as the deviations of Wright's (1935) G values from their
mean, G. The dominance deviations, d's, v&;wa da= ‘bwawa -k - -z
are the same as Wright's deminnnce devistions, vhers K; represents
marginal means for the A lecus, fThe varisnce among the g's is of
gourse the additive genetic variance and the warlance among the d's

is the dominance varisnce. Rather than introduce a new notation for
each of the partitions of the v;rimm. they will be nusbered the same

a8 the orthogonal scales, For example,

2 .2 2 ..2 2
°) ® Py OV, * Pxv, k.

is the additive genstic variance caused by 4 and

i8 the dominance variance caused by A, These two sum to the marginal
varianae for the A lecus, Im a similer manner u§ and ai are the additive
and dominance wvariances, respectively, which sum te the marginal variance
for locus B; 1,e. the variance between the means for the coluwne in
Teble 4a, The partitioning of the varlance to this point is identical
with that of Pisher (1918) and Wright (1938).

The last four components (mg through ﬂgi acoount for the remaining

or epistatic portion of the variance of X. The naming of the epistatic



componente is founded on the relatiocnships among the orthogonal scales:

W - Wi x Wy (additive x additive)

Wg = Wy x Wy {additive x dominance)

W7 = Wy x w3 (dominance x additive)

Vg = H’2 x Wy, {dominance x dominance),
The eplatatic variance, therefore, consists of four parts: m? is the
additive by additive, of s the additive in A by dominamce in B, o5 is
the dominance in A by additive in B and "g i» the dominance by dominance,
Fisher (1918) and other subsequent workers in expressing the epistatic
variance for two loel in s population mating at random, obtained one
epistatic component which is mtmlly the sum of the four components
indicated above,

In summary then the tth partition of the variance of K is

2 2 2 , ;
@'t'bxwt @w‘k (%“ 1.,.. 6)
and -
2 2 2 2

where ,ﬁmt ig the regression of X on the t‘m orthogonal scale.

The orthogonal scales are udeful in another wey which may not have
been noticed thus far, TFor example, the additive genetic deviations
for the A locus are hﬂ;_wl' In finding the correlation of these devia-
tions with any other variable, hwi maw be omitted except for siegn (+ or =),
since it is a constant multiplier for each deviation. Therefore, the
correlation of K with another variable may be found by computing the

correlation of each seale with the other varisdls.




Where e's indicate the following comparisons among the yield values:
o = K3 - Ko - Kpy + K 012 = K12 - K3 - Kpp + Koy
0y = K3y - Kpp - K3y + K32 o2 = Kgp - Kpg = K3 + K33

the eight regression coefficients and wariances of the orthogonal scales

under random mating ares;

ﬁr*:ﬁ:gzmal | '&m | . tr,,a,
o gy - Ky) - v - K,) 2uv
¥, v, - &, + Ks.) 1/ufv?
Wy x(K, ~Kpo) -y 5-Kj) 2xy
L xexa(x“l - 23:‘2 + K 3) llxzra
Vg uxey; + We;stvxez; + Vye,, buvxy
g x%y? [uleyy - e12) + v(epy ~ e22)] 2uv/x%y?
¥ ‘ﬂ.a"a ‘[i(ﬁn - op1) + y{(ego - 022)] m/'aa‘va
Vg uavzxara(an - 81 - aai + ep2) 1/&‘:,%2:2;72

The extension to the 3 looil case is apparent, There are 3 additive
components, 3 dominance components snd 20 spistatic components. The
20 epistatic components are 3abya, 6 adyd, 3dbyd, L adbyabdya,
Zabyabyd, 3abydbydand 1d4dbydbyd (ae=additive, d =
dominance), For many purposes the epistatic components may be combined.
They are designated separately Pecause they present different proper-
ties in the correlations among relatives which will be discussed later.

The partitioning of the variance for any number of loci with two

slleles each would follow a pattern similar to that outlined., Although
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the method presented hers does not lend itself to multiple alleles,
Fisher (1918) did partition the marginsl variance for o locus with any
number of alleles in & vandom mating population into an additive pars
and & dominance part, Correlations among the additive deviations and
dominance deviations of relatives were the same as those for two alleles
at 2 loeus. It may be possible to partition the epistatic variance for
multiple alleles into components which will bear definitions similar
to those where only two alleles are considered, Should the correla~
tions among these epistatic deviations of relatives be the same as those
vhen only twe alleles are considered, the development herein is gener-
al for any number of alleles, At meaeﬂ, this must remain as a
conjecture,

The phenotype is now axpressed as

Xep+G+D+14+038,

where u is the mean, G is the sum of the additive genetic deviations
from all loeci, D is the sum of the dominance deviations from all leei,
1 i the sum of all epistatic deviations, and ¥ is the deviation of
H and 4 from X. The varisnce of X is csg - ez + ag + ai + ag » 8ince
G, D and I are independent by definition and the genotypes cocur among
the environmen$s at random in this exumple.

Another quantity, heritability, is often estimated rother than the
additive genetic variance. Hergitability in the narrov sense is defined
by Iush (194&) to bBe the fraction of the phenstypiec variance that is

additively genetio: 2
ha oG

a‘%‘

X
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Relationship Between Two Characters

One is generslly interssted inm more than one important character-
istie in each individual, It is desirable, therafore, to consider two

phenotypes obeerved on the sanme individual,

Yp=py+Hp+ B
xglﬂa'ﬁggﬂvna

The two phenotypes are X, (for example, weight) and Xy ( quality ).
The definitions and variances of each are the same ag those previonsly
outlined.

The relationship between X, and Xo may be oonsidered from the stand.

point of correlation,
g, T v mp + eov B
X3Xo °%,%%2 1 ‘

since the H'e are uneorrelated with the Z's in this exawple, The
~eovariance between Hy and Hp (cov HiE,) is the sum of the covariances
between the component parte of each H (G, Dyy 1; and Gy, By, Ip).

The relationship among these parts may be exemplified again by two loei
with two genes each and where the frequencies of locl are uncorrelsted,
let K be the mean yield for one charagteristic and X' be the mean yleld
for the other characteristic, The mean vields, frequencies and the

first orthogonal scale are:



K Ky X2 K3 Ky Ko XKy K3 Kz Kag
KR Ky Ky Ky Ep By Ky Ky Ky
£ty T %33 Iy fp fpy £y Iy Iy
2v 2y &%  veu veu ven -2u  -2u -2

The remsining W's are the same 28 those in Table M,
It can be shown that

3 3 Plomegs) Ogr, ¥yo) 9 3,

]
pﬁl’ ® M QK ﬂkg
(t‘t' w 1 T S)
Since
Py . | +
(hwtwg) (bxlw.ktg'Qi) - pwtw‘d *
and since

= O if t* t';

it follows that
tto t@;
Pxx‘ - M ¥

vhere o, and o; are square roots of the tﬁ‘ partition of the variances
of K and X', respectively. Plus or minus is determined by 'bxwt and
"hmwt; plus, 1f the two regressions are of the same sign and minue if
they ave of different signs,

Since there is no correlation between a component of one vhenotype

and the other componente of the other vhenotype, when the frequencies
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of locl are uncorrelated, the covariance between the hereditary ocom-
ponents of the two phenotypet may be wr!.tten a8
cov Hqlo m p + Op_ %p 4» o
2 " Paj05°0,%0, " P00, "0, T P13,

and the cerrelation between the phenotypes is

1
= ( Oy Op + o + Uy Oy + Op On ) "o o
f"xlxa pﬂlﬂ ¢,°6, Pp 122 39 Pr 32711, Py N R leaxa

A genetic correlation was defined by Hazel (1943) to be cov Gy0,/

Cpn Oy s+ Which of course is the same as p +» When the frequencies
@0, 8,
among looi are uncorrelated the genetic correlation can be written as

i eu’ext

‘ ' a
Vi, W

vhere u:n is the additive mcmc contribution to s;l for the 1*® locus,
and a:-?i is the additive genetic contribution to cy’;z for the 1% locus,
0f course, a:u or a;m is zero for those loci vhich affect one charsc-
gter dut not the other. When frequencies among loct are uncorrelated,

Pe

which they would be in a random mating population or in a population
vhere mates were related only through descent and gene frequepas.ea
were not changing, a genetic correlation can result only from pleio-
troplec effects of genes, Plelotropic effects are considered here to
be a multiplicity of effects coming from a common cause (genes at a
locus), and whether pleiotropy is "gemuine® or "spurious" “(émaborg
1938) makes no difference.

1f the frequencies of loei are correlated ,wo characters may de
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Although the partitioning of the epistatic varisnce may be beyond the
limits of estimation techniques, the utility of this type of partition-
ing will be seen in expressing the correlstions between parent and

offepring,

Correlation Between Parent and Offapring

The biometric relations between parent and offepring are given
by Ficher (1918) and Wright (1921 and 1935). Under random mating
the correlation between the additive deviations is one-half, and
between the dominance deviations is gero.

The orthogonal scales may again be invoked to obtain these rela-
tiwﬁnhipe for a random mating population where gene frequency is not
changing., Let Kp and Kﬁ be the yields of the parents and offepring
respectively, and let w* be the tm #ﬂhagm&:& scale for the parents
mw; e the ”th orthogonal scale for the offspring, Of course, the
of fepring have the same yleld values and orthogonal sceles as the
parents, The different notation simply designates whether the value

or scale is used for the parent or offspring. Since

‘y"i*§“xpwt“t' (b= 1,..8)

x° " f“’ §|bxaw‘$; % (tl « 1 cen 5)

the correlation between XP and K, may be expressed as



magm ’

L p . . T Oy
R SAAL ST R

Pr 1
Kgxb Gmp Qxa

2 2

e
Remenber that o - ’omtawt .

5

Kﬁi,
p -2 P ’
(b o Wby oy W2, Vig
xywt t KﬁW;‘ 41

because the regression coefficients are constants as far as ths corraela-
tion is concerned. The sign of the correlation, Pyguy, 1¢ the same

as that of the product of the two regression cvefficients., It is
ne¢easary then to determine the correlations between the eight
orthogonsl scalse of the parent spd the eight orthogonal scales of

the offspring. This is done by constructing a nine dy nine joint
&iatrﬂmum or association (Figsher, 1918) table for parent and off-
gpring. In a rendom mtmg; population with no selection the correla-
tions, which take values other than O, among the scales of the parent

and those of the offspring are:

ﬁwlw‘ = 1/2
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It will be recalled that “§ and ag are the additive variances for

locus A a.w& locus B,respectively, while !’5’52 is the additive by additive
- eplstatic variance. The only correlation, therefore, between the
epistatic deviations involving two loel of parent and offspring is
one~fonrth for the additive by additive kind. A logical extension
of these findings is that the correlation among epistatic deviations
involves only the additive kind, For exanple, with 3 loel, there
ave 3a, 3abyaandlabyabdyapartitions, and the remaining
19 partitions involve dominsncs for one or more factors, It has been
found that the sorrelation between the one~factor or additive genetie
deviations (a) of parent and offspring is one-half, that the correla-
tion between the two-factor additive or a by a epistatic deviations
of ’;mmnt and offspring is one-fourth, and that the correlstions
between partitions involving dominance for two loci of parent and
offepring are sero. Although mot shown, the 3-logl case is believed
to include only one other type of partition that 1s correlated between
parent and offspring. This partitlon is the three factor additive
or a by a8 by a epistatic deviations, and the correlation is one-sighth.
A complete generalization for random mating and no selection, then,
is that the correlations between the deviations of parent and offspring
involve only the additive sort, and that the correlation is (%)n )
vhere n is the number of factors or loei imvolved in the deviations
under question,

The correlation between epistatic deviations then can be variable

with & maximum of one~fourth, Howsver, one would expect the correlationm
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$0 be much less, eince it involves only s portion of the possible
epistatic deviations, @nd since the eorrslation, for the correlated
portion involving more than two loci, is less than one~fourth,

The correlation beiween the phemotype of the parent and that of
the et‘f&ming in

1.2 1.x 2
. TetiR .
Pxpx« aﬁ ek s kw= (2,3 .., 1),

E%’k g;?k < 1
af pro
vhere I = ﬁ 1‘&: + Ia a8 in the previous section. 'The correlation

between one trait in the parent and another in the offspring is

: P
%ﬁ*g 56,90, * E(ﬁ)k PId 2 “InCTox

px - E -
ip 20 ze axg

Epistasis may coniribule then to the correlation between one tréit
in the parent and another in the of fepring, as well as to the correla-
tion betwsen the same trait in the parent and offspring. -

Although of no partioular Desring on this study, the correlations
among the yield walues of half«sibe and fullwsibs, in a random mating
population where gene frequency is not changing, were computed for
the two loci case, The methed of computation was similar to that for

parent end offspring. The halfesid correlation turned out to be
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2
_gcfenoirmos
b A

snd the fullesld correlation was

. . 1 2 1 2
. %‘a?4—%@3.0'%6§+%6§*%0§+'g074‘was
px.x”'ﬂ P win > ’ i .

Only the additive kind of deviations are correlated between half~sibs
as in the case of parent and offspring, while all Beviations are
correlated between full-sibs. These results lead to an even broader
generalization than besfore, If one determines the correlation between
the one factor additive deviations of twe relatives to be b and

the correlation between the one factor dominasnce deviatione of these
relatives to be ¢, then the correlation between = particular eplstatic

deviation of these two relatives is
Ro
®2 )2,

vhere nq is the noaber of lecl involving additive and n, is the number
of locl involving dominance in the particular epistatic deviation,
For example, b= 1/2 and ¢ = 1/4 for full-sids, The correlation

betwsen a by d epistatic deviations of mlb-ai'ba is (-5) (%*) = 1/8,
The correlation !or ady ais (';E) (%-f » g » 8nd the correlation for
d by d 1is (g)ﬂ(r;) - lllﬁ
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where n is the number of loci involved in the asfdditive kind of eplstatic
deviations,

In contrast to what happens to the whole population of many more
or less distinct inbred lines as inbreeding inc¢renses, 1t is desirable
to gongider the relationship Vetween parent and offspring within inbred
lines, In generzl, considerinz the whole population,

Pa 0, = p@,@.—% ' (lmeh, 1948)
vhere pg g 18 the correlation Detveen additive genetic values of fulle
sibs, The aires and dams are considered to be equally inbred, Vhen
an analysis 18 done entirely within lines, the correlation among full~
sibs is obtained from the following argument, If the parents within
the line huve the same inbreeding, zamé are no more related to theirt
mates than to the rest of the parents in the line, the overall or
population correlation among genedlc values of non-sib members of the
game line will De 2¥ / (1 + ¥), vhile the overall correlation between
full-sibs 1s (1 + 2F « 7') / 2(1 + ¥), (Dickerson, 19%2). The additive
genetic variance in the population at a given time can be partitioned

into 3 parts;

Between lines p o ‘g
Between litters in lines (p%%.m o g ]
Batween litter mates (1 - g,%%} oG

where p i the population correlation among non-sibs within the same
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line. The intrsline correlation between full-sibs ie

p ~ P
pé‘&_’ L] M—-m -

laﬁ

w1

- » ] P .5
s i L s AR

This is appreximataly% if P end P' are not very different. The inbreed.
ing coefficient of parent and of fspring capnot be very different in
animals in & regular inbreeding system, On substituting, the intrae

line correlation between parent and offepring is

12840 NITF

1
which is even cleser %0 7 than the full-sid correlation, since P! will

generally be & little smaller than ¥,

1t appears then, for all practical purposes, that the genedic
rolationships ameong relatives within inbred lines are sbout the same
a8 those under randon mating; The same generalizstion is reached by
considering the process of inbreeding to be a random fixation of certain
genetic effects for each line., The Sérrel&ticms among the remaining
sdditive genetic effects of relatives within a line would then be
aimilar to ’ehwa‘abtameé when mating is random. Such a generalization
would not be valid when considering large lines in whioch thers are sube-
lines or alosely related groups or when mating wae assort:ative within
lines. Although the genetie relationships among relatives within
inbred lines are similar to those for random moting, the phenotypie

rel&ti@ns&zips are different, 4s whs previously pointed out, the genetic

variance within a line is reduced by inbreeding, For ex
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such an index, the amount of genetic chanmge in the 1“‘ character, ai.,
which may be expected to scoumpany a given smount of selection for Y,
is obtained from the regression of G, on ¥,

E b; ooV ﬁiﬂj

B -
G, Y e
i G’I

When selection is wholly on Y, the intensity of such selection for Y,
or the selection differential for Y may be written as 3 oy/p, vhere
s/p s the difference in standard deviations between the mean Y of the
selested portion (p) of the parents and the average Y of the original
unselected parents, Then the expected improvement in 6, from selecting

entirely on ¥ is

a %

' by cov GG
- 5 J 3y (Morley, 1950). (1)
P oy ‘
The expected selestion differentisl for an individual tralt is found

in a similar manner to be

A 2 B
X =% % “xx
. ghsawxzx“

" -
Sy

(2)

Since the quantity = oy/p in Equation (1) is positive the genetic improve

ment in a trait will be proportional to
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§ bﬁ eov ﬁiﬁﬁ = og, lﬁi og *+ § By p@iﬁj w&3;7 .
It is evident that selection based on any sort of an index will de
fruitless in effacting genetic improvement of a character either if
(1) the genetic variance of that character 1s zere or (2) if the term
in the brackets is zero, Selection could actually cause deteriora~
tion in the character since ﬁﬁi“g may be negative and large enocugh to
make the whole term within the brackets negative.

Enowing the progress that can be made through selection, then,
depends on evaluating adaQﬂately the additive genmetic variation for
each characteristic and the gametic covariation smong the characteris-

tios,

Hethods of Hstimating Genetic Parameters

Tush (19H0 and 1948) describes and discusses several methods of
estimating heritability. fThe most popular methods for animale are;
(1) correlation of offspring and parent, or regression of offspring
on parent if parents are sslected, (2) ratio of the difference between

a high and low line to the smount of selection prasticed in a selection

- experiment and (3) full-sib and half-sid correlations,

the estimation of genetioc correlations has réesiveé less attention
than heritability. Hasel et al. (1943) presented a method which utilizes
paternal half-sib components of covariance and variance. Haszel (1943)

indicated another method utilizing parent-offspring regressionms,
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The techuigques wilch utilize the resemblance between parant and
offepring are used in this study, It has been shown thet the correla-

tion between parent and offspring is
2 2

< ad i gg *f' 1 E‘é .

X@Xp 2 oy ¥ oy

This i3 equal to one~half of heritability,

h =

sl
-

only if there is no eplstatic variance, or if the epistasie present
is of the kind that is uncorrelsated between parent and offspring,
Therefors, iwlice th@ parent-offapring correlation may be a biased
estimate of heritability baﬁuﬁs of epistasis end the blas is always
in the direction of making the estimate too large.

Bioce parents are generally selscted in a breeding program, off-
spring op parent regression is more often used as an estimator than the
sorrelation., The regression is unbliased by selection of’ the parents,
where parents are selected only on the characteristie for vhich the
regression 1s computed, and where the relationship between phenotypes
of parents and offepring ie linear, |

Hazel's {1943) method of estimating the genetic correlstion is

0363 7 AByp1y ¢+ Pyoyy OV 1213+ %OV Joly |

vhere D i¢ the regression cosfficient, 1 2nd J are the 18 apa 3“‘

characters and 2 and 1 are thev of fspring and parent, respectively. Again,
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regressions are used instead of correlations becsuse regressions are
unbiased by selection of the parents, The regression coefficients or
sovariances in the numerater may be of opposite signs in some omses,

Rationaliszing that this discrepancy is the result of a fortultous

sample, the following form hae been used:

Qﬁviw + GWJM or Gw’i‘m *Qﬂw (n)
Fa,0 EV"Wiail - sovy, af% . ,aéj.‘

2d1

vhere agz and “e%;; are estimated in some manner. This seems not to be
s very advisable procedure, particularly when genetic variances are
estimated in an unbiased manner and the covariances nmay be biassed by
selection., Also 1% is possible that the covarlances are measuring
slightly different things, This point will be dealt with later.

The genetic correlation in (3) may alec be hiased by epistanis,
The correlation, written in terms of the expected value e: the regres-

sione, is

‘pﬁi@ W}ia% * Pii 11 335’11“1 ;)(f’ﬂ “Gi"ﬁa + 91111 33"11”& 5)
Yo o
648 "| =2 é -
| ..$ Plyilys "11 ..?1 + mxlga"u

where ’llu.xa 2 is the corrslation betvween tha“apis‘ba‘bic deviations of the
1% trait 4n the parent with the §™ trait in the offapring, amd PL 1z
is the sorrelation between the epistatic deviations of im trait in the
parent and the same tralt in the offspring. The limits of Pr 11142 and

1
@13114 are 0 and '3; + while the limits of PLyyIgp 578 - 'ﬁ' and if. The
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type of bias in this procedure cannot be predicted. Of course,
when there is no epistatic varisnce, the method estimates the desired
correlation,

Sampling errors for methods (1) and {2), using large sample
techniques, are given by Ercanbrack (1952) and Rae (1950), respec-
tively.

Selection experiments also present an approach to the genetic
relstionship among different characters, It will De recalled from
the previous section that the expeoted gain for the iw trait from
salecting on an index is

: % by cov 0,0y
3 .2 14 '

and the expected nlaﬁtiea differential is

A

X,

£

i

ﬁhj awxixj

If selection is solely on one characteristic, xl,

-

the expected gains
and selection differentisls are
A o
ﬁl " "5“ ‘ji *
p le

A

%
1=3 %

£ oY G’?‘&./

A ]
hfr= 3 ox,
PR R
g1 °%y
e observed gain divided by the selection practiced for the tralt under

selection,



al}Z

2
&
PO .. T S n ﬁ
saleation 1 1

ﬁf)

estimntes heritability for that trait, The observed gain of another
trait divided by the observed gain of the trait under selection,

41 - ooV Gv a
131
astimates the mweaaian of the additive genetio values of the
observed character on the additive genetic values of the one selected
for, Two selection experiments afford an estimate of the genetie

correlation in that

Poyay ™ ~Payey Pagey
It should be noted that, even with large sampling techniques, an
unbiased estimate of heritability and the genetic regression is
obtained only when selection has been practiced on a single

characteristic in one experiment.
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Table 5

Dates of Origin and Sources of the Inbred Lines of Swine
Developed at the Iows Hxperiment Station

' " | Date Firss . T
Lines Poundation Date of Inbred Litters ¥o, Ho.
Bhegk . Origis Tarxowed Sires _ Dame

Pnlga& Parchased 1930 1931 b Lo
A Exa 1938 1940 2 20

B ¢z ¥ 1938 1gko 2 20

¢ Purchased 1938 1939 1 10

D  Purchased 1938 1939 1 10

2 8 1937 1938 1 10

¥ Purchased 1938 1939 1 10

¢ Purchased 1938 1939 1 10

i) 8 1937 1938 2 20
I8 1937 1936 1 10

J 8 1937 1938 1 10

K Purchased 1938 1939 1 10
Laégrac& Imported frem 193% 193k 2 20

Denmark
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were desoribed mnd scored by seversl members of the animal husbandry
staff independently, including usually the project leader himself, and
the scores were averaged for each animal and considered in the selec-
tions,
Bogioning with litters farrowed in the fall of 1938 a sslection
index was introduced, This index gave two-thirds credit to weleht
at 180 days and one-third oredit to the pig's score at 225 pounds,
The dam's productivity was included by using factors based on the
number of pigs farrowed and the number and weight of offspring at
three weeks and at weaning (Lush and Molln, 1942)., 'The index was
modified in 1940, so that forty percent of the credit was based on
weight at 180 daye; 20 percent on market score at 225 pounds; and 4o
percent on the productivity of the dam. Provision was made for fulle
sib aredits or pesalities, 'ﬁ;fter 8 gllt weaned her first litter, her
productivity was added to the index, which served s8¢ a basis for any
- subsequent decisions sbout whether she should be kept to produce a
second ‘liwar.‘
| Another modificetion in the index was made in 1941 in sccordance
with ‘the findings of Hazel (1943), The new index was
Index = 5% - 065 4+ 1.L0P + B
W woight at 180 days
5 = geore at 225 pounde
P = dams pmduetiﬂty {(Imsh and Meollm, 1942)
B » sibegredit for weight and score computed on a eliding
scale according to the number of eibs (Hazel, 1943),
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In 1943 ¥ was changed to welght at 154 days and market score was
dropped fyrom the index, which then took the form: Index =
(.65 ¥+ ¥+ B)(1.0 - 0.1 ¥), where ¥ is the number of defects in the
litter, and the faotor .1 N is an arbitrary deduction, Such defects
include erytorchidism, umbilical hernia, serotal hernis, blindness
and atresia ani.

A comprehensive account of the amount of selection practiced 1is
given by Kottman (1952),

aaaﬁuaag breeding snd farrowing records were kept on each linme,
By the 1938 aspring season, in which were taken the first data used
in this stady, www;s@wawaw woere taken at w»u&vw and at approximately
3 weeks, § weeks and 6 months of age. In 1943 the G-month weight
was changed to 5 monthe, Iitter sige at the various ages was comput-
ed from the mumber of weights recorded, Birth welghts of all pigs
dead or alive were recorded and the sex of each pig was mo ted at that

time, The inbreeding of each litter was entered on the litter sheets.

Characters Studled

The charseters chosen for study »a this investigation were:
(1) size of litter at birth, ,...nm ,
(2) sige of Litter at 56 days, .... 56 o
(3) size of litter at 15M4 days, .... Bk
(1) welght of pig at 56 days, .... W56 o
(5) weight of pig at 154 days, .... gy *
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Bize of litter st birth included all pigs born.

Adjustment of Data

8ince the eizht-week and five-month welghts wers sometimes taken
a few days earlier or later than these exact ages, the actual welghts
were adjusted for age, Right-week welghts were adjusted to a standard
age of 56 days by the formula developed by Whatley and Guaife (1937)1
W= a (ﬁ@*} .
where ¥ = adjusted H6~day welght,
2 = actual welght,
X = sctual age in days when welghed.
Tive-month weights were corrected to 154 days by a formula derived
by Lush and Kineaid (1943): '
. ab2.s e
¥ = 2 {5,0032143 X° + 058K = 23 )
where ¥ = adjusted 154-day welght,
% = sctual welght,

X = actunal aze in daye when weighed.
Prior to the fall of 1942 welghts were recorded at spproximately
180 days instead of the 15U days used later. These weights were

first adjusted to 180 days according to Whatley's (1942) findings:

- 180-60,
ez O

where W = 180-day adjusted welght,
2 = actual welght,
X = actual age in days when weighed.
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Bince thig study included welghts from both perieds, the 180~day
welghts were in turn reduced to 154-day weights by the 154-day adjust-
ment formula, Bach l54eday or 180-day welght was actually based on
two different welghte taken about two xgwﬁ apart, Hach of these
welghte was adjusted and the two adjusted weights were then aversged.

Other extraneous sources of variation, which allew partisl
statistical control, are the general differences betwoen lines,
years, sessons, sges of dams, inbresding of dam snd 1itter and sex
of the animal. The data were not sorrected for these items, Instead,
the §ﬁ§§ were done within lines, years, seasons and ages of dam,
This should remove all additive and non-additive gontributions from
these sources, However, the estimates obtained may not be entirely
free from the influences of these sources. This point will be deslt
with later.

Sex of the animel was ignored entirely. JBywaters (1937) found
gex to account for only O.2percent of the variance in weaning weight.
While sex is more important in influenecing labter welghte, 1t was
found by Whatley (19%2) to contribute only 2 percent to the total
variance of 180-day weights. BSex has even less influence on number
in the litter. Vernon (1948) found mortelity from birth to 21 deys
to be bl for boars and .38 for gilts, Mortality in later pericds
was larger for hoars than for gilts but the difference was extremely
small, That the contribubion of sex to the wvariation in litter size
is small mey bDe seen by considering, as an extreme oase, the situation

where litter size at birth is constant snd vhere one-half the litters
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Pable 6

Phenotypic Means for Lines, Ages of Dam, Tears and Seasons

Group- To, of T ' ' nmu ‘ ' -

ing littern ' ’ S o % eﬂg&raﬁlm
n ‘ w of litter
| ™ , wh Moy ‘% klﬁ*! (years) (%)

Line '

N k39 7.43 5.06 476 3.5 1 137  29.9
: L RE wm o in v 2%
¢ 136 7.97 h4.68 4.3 M2 120 1.2 37.0
D o4 7.12 40T 379 27.8 13 1,51 35,1
¥ 6.12 k4,31 3;95 29,3 121 159 33,2
G 105 g.gg hoo k61 26,7 10 1.39  37.%
H 12 .70 3 96 a 57 2¢.% 1z 1, ge 5,7
1 ;? b2 &u5 03 29,3 129 1.ke ag.a
J 4 6,66 4,35 411  30.6 15 1. ;;6 .7
X 66 7.83%3 h.05 ?{M 21.8 130 1.k 3.1
L 177 8.19 5.12 ¥ 32,3 2l 1.k 27.%

Age of dam in Jears
0 1179 6.6% W% 3,93 27.0 131 1,00 .6
5 Mo 749 5,02 2.51 31,0 13* 1.50 32.3
.0 326 s.ge 5.17 h,91 32,8 W3 2,00 5. ",:
5 ﬂo - 8.43 5,10 4,91 324 139 250 29,1
5 10 9.60 W50 3.29 32,7 139 S0 24,
) 3 9,33 k.67 67 - 3.5 121 00 15,3
.0 3 12.%3% 5.33 5.3% 38.8 161 5.00 11.0
any

Boomoamh o on ow oo

1 8%  7.73  5.00 2:76 32.3 138 1.39  23.5

1941 245  7.11 k.78 W50 %0.8 ko 1.40 26.8

1942 195 7.11 4,98 W72 28.8 136 1.24  30.%

1943 198 7.0 W60 417 28,9 139  L3B W7



Pable 6 (continued)

Group o, ©F Hoank o
ing l1itters ' I Aﬁs eﬁn‘hi«e&im
Bk LTS Wich an  of litter
| b 1 ;.5 5 | 15 esrs) )
!am“
108 181 6.0 M.25 3,73  26.0 119 1.4 37,2
1545 199 7.1 MWy 397 277 129 1.bo 9,2
1546 173 7.22 W2 hor 28,3 132 1,32 1.3
1547 133 6.73 E.az g,aa 243 117 1.20  Mh
1949 g0 6.70 g.ﬁs 3*21 26.7 13 1.13 U458
1850 86 7.2 L5 3o 3110 1% 1,60  keM
Senson 4
Sprimg 1596 7.28 4,58 W24 28,9 136 1,33 3h,
Tall e 7,19 W78 B3 0.7 130 155 30,

Total or o ‘
Average 1980 7.26 4,62 H.27 29,3 135 1.38  33.9
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The variances of and covarisnces emong the litter sises were
obtained from the sums of squares and preducts which were firss
found within LYSA groups and then pooled, These variances and co-
variances are given in Table 7.‘ %he simple correlations, computed

in the usual manner, are also presented in Tabls 7.

Table T

Varimcea of and Covariances and Simple Correlations
Among Iitter Sizes

Correlation

Character  4.f, Bs6  Bygh
n, g b6y 2,10 1.90 52 R
g A 349 320 .94

Ryslh kg 3.3

With the use of Bartlett's tﬁat, as described by Snedescor (1946),
variances for all litter sises were found to be heterogeneous, The
probability of such differences being chance ones is five percent
or less, The test was not applied $0 all groups simultaneously,
but t0 various classifications, For axmple.' suns of squares were
pooled for each line, am! the variasnces among lines were tested for
heterogeneity. This same procedure was carried out for years, for
seasons and for ages.of dam. The tests showed significant hetero-

geneity for all of ﬁm asbove c¢lassifications, excepi seasons,
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Sources of variation whiech act multiplicatively can cause
heterogeneity of variance, provided the means vary from group to
group, However, sources of variation within groups may differ
markedly from group to group. For example, the temperature may
remain relatively stable throughout a particular farroving sesson,
while for another season 1t may fluctuate t&&w«. Mortality would
ingrease for litters bornm in extremely cold spells with inadequate
heating facilities. Diseases may bo prevalent for only part of the
season, Eaa in other seasons may be relatively free of disenses,
Such sources of variation and others that could be mentioned,
many of which do not lend themselves to experimental control or
statisticnl analysis, can cauvse heterogeneity of variance,

For a given litter sige at birth, the litter elze at weaning
may be approximately dinomially distributed, provided mortaliiy does
not differ genuinely from litter to litter, However, Kincaid (1946)
found evidence that mortality to weaning was not independent of the
litter, Morsality would be expected to vary more from litter to
litter than the binomisl distribution indicates because litter mates
prior to weaning are much more contemporary than individuals chosen
at random from the came IYSA group. Also, litier mates are more
alike genetically and would respond more alike to diseases and adverse
gonditions than randomly chosen individusls. In addition %o the
litter differences in mortality amongz those litters which are of the
same sige at birth, many workers have found mertality to differ with

the size of litter at birth, In the present anslysis variation among




56~

sizes of litter at weaning inqlnaaé all litters within a IYSA group,
many of which differed in size at birth. Just what sort of distri.
bution size of litter at weaning follews under these conditions is
not clear. The suggestion of & binomial aistribux&ou, however, leads
one %o suspect that the ﬁ&am and evariance ave corrslated, ‘The
correlstion betweon the mean and variasnce is not large vhen mortali.
ties are near the middle of the range (.5). Here mortality was

about .36 from birth to 56 days but only .08 from 56 days to 154 days.
That & slight correlation does exist is indicated by the relationship
between the average litter size and the variance of litter size of

different aged dams ae follows;

Age of Dam 4.f. o, Bgg  By5Y *ﬁb '%56 "ﬁm

1.0 998 6.64 k.30 3.93 k.26 a 35 3, 1¢
2.0 213 8.50 5,17 ko1 5.79  3.h0 3.32

Although these means are not the most reliable comparisons, as
indiceted previously, they show about the same order of differences
as those of Lush and Molln (1942). fThe relationship is mest apparent
for 11t$arflize at birth. Why the variance of litter size at 56

and 154 days is less for two~year-old deme than one-and-s-half-year-
old dams is not known, Since older dams are more selected than
younger ones, & very slight reduetion in variancn would be expected
because of selection, but not nearly as much a8 was found, Although

quentitatively not large in this case, selection increanses the mesn
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but reduces slightly the variance among seledted individuvals. The
guestion of trapnsformations to homogenige the variances is discusaed
in detail by Bartlett (1947). There does not appear t¢ be a clear
case for using any particular transformation for these data.

Pooling the sums of squares may not be the best method of odtain.
ing an over-all varisnce. If one could assume that one wa® sampling
from a population with common variance, an uniiased estimate of the
perulation variance is obdained by pooling the sums of squares and
dividing by the total degrees of freedom. DBut in this oase, the
variance is not real‘ly the same in all groups. An average variance,
no matter how it is wolghted, need not be an unbinved estimate of
the variance in any particular .onef of these groups but is an average
~of genuinely unegqual mﬁmm&

"fhe correlations between size of litter at birth and size of
litter at 56 and 154 days were also different among the olassifications
tested except for semsons, 7The correlation between sige of litter
at 56 days and size of litter at 154 days varied little t‘r@u group to
group, The consistency of the later correlations is not surpriaing
Decause there is little mortality from 56 to 154 days, Therefore,
size of litter at 154 days is tm; mejor part of size of litter at 56
days. The over-all corrslation coefficiente were computed from
sums of products and squares which were found within I¥SA groups and
then poalm together, |

The weights of plgs at 56 and 154 days were also analyzed as
between and within litters within I¥SA groups. Although the procedure
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i fairly common (Snedecor, 1946) the general outline will be pre-

sented., Two tralts X and ¥ will be considered. xsk ig the obhsorvee
th

tion of X on the k™ animal in the J*™ litter of a particular IYSA

group. A similar definition applies to Y The analysis of

_ Je
covariance for a LYSA group is;

Source . 4.f, Hean Product g(iﬁ’z
z:::::: in t-1 “‘"’i x" xj x.;ff ’] (pr’nyc )a,ay + P Pyy'9xCy
1YSA group s ‘ '
K Y
Within L -
litters n_,-t E [Jk 3“?337 n, ] (;pxr p‘xr')"x“y

In this example k goes from 1 %o Rye the number of animals in the
th
J

litters, A do% (.) indicates summation over that subseript. fThe

litter, and 48 variable; and J§ goes from 1 to t, the number of

expectations of the mean products are found from the following con~
siderations:

(kﬁﬂﬁywmﬁ-ﬁwzvn%ﬁﬁxﬂduj’mﬂknw
= Cov xy! ® Pryt®e%y if J = 3" and k ¢ k!
=04f J 4§ and k¥ k',
where u is the mean, Pxy is the correlation between X and Y on the
same individual, and pxy‘ 18 the correlation betwesn X or one indivi-~

dual and T on a full-sidb, The qoentlsy p is

Bk

pe1-

where n 48 the average litter size, If the number of iitters, t, is

at all large, a§ / tn is small, and n may be used for p with little
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error, The number of litters was often quite small in a I¥SA group
and p was computed,

The expectations of the mean products are writien in gensral
form, "hey may bDe converted to the expected mean squares by letting
Y = X, The expectations then become:

Source % (mean square)
Between litters sz( - ) : 2 (1 ) 2, 2
~ xWPry Pxxt! + P Pyg1Op = V=P /0x + P Pyyt9y

Within litters ai(p”—pm.) = (lopyy)ol

The mean squares and products for the weights, which were found
by pooling the sums of squares and products of the IYSA groups, are

given in Table 8.

Table 8
Mean Squares and Products for Weights at 56 and 154 Days

d.7. for d.f, for  Mean Bauare Mean product Mean SGuare

Source ¥56 Y15k ' Y56 V56 Y154 %154
Betwoen litters o B | -

within I¥BA

groups 19 14hg 126.1 255.5 1329,1
Within litters 7140 6467 33.3 77.2 505.6

P 4,50 4,15 4,15

From the mean squares and products in Table 8 the variances and
correlations in Table 9 were found. %he prime, as before, means
that the tralt which is primed is observed on a litter mate of the

© animal with the wnprimed trait. The varisnces and correlations are
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very similar to those of Baker et al. (1943) and Nordskog et al.
(1g44).
e variances of welghts within litters, c:i{l - pm‘) . Were

heterogeneous from group to group within the major classifications,

Teble 9
VYariances of and Correlations Between Weights at 56 and
154 Days
‘ ' “Correlation
Tralt Yariance "'56 w! 154 ku
w6 5l .38 .22 .62
15y 7ok .22 .28

Again, to make this tesi, the sums of squares for welghts within
1itters were pooled for eanch major aubgmﬁp within years, lines,
soasons and ages of dam. The tesis for homogeneity were applied to
the variances computef from the pooled sums of sguares, The variances
were particularly variable for 154-day welghte. Variable sex ratios
could have caused 1little of the varistion among variances of 154
dey weight or Hb.day weights ‘because sex dif ferences would be sbous
Mmgod cut between groups in which the variances within litters
vmré‘ pooled,
A poﬁaiblé’ cause of such heterogeneity is the relationship

‘between the mean and variance or standerd deviation in growth data,

The coefficient of variation remains fairly constant over the period
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56 days. Runt pige would tend to make the average welght of the
litter low but cause the variance to De large, particularly if the
nuvber of pige in the litter was: small,

There i8 some question as to whether a runt or extremely small
plg 18 a normal individual and whether it should be ineluded in a
stuly such as this. No satiafactory scheme for determining an
abnormal pilg could be decided on at the time, and all pigs wers
included in the stuly regardless of their weight. Am arbitrary
minimum, below which all pige are deleted, is highly unsatiefactory
becanse the distribution of weights is continaous throuwgh sueh a
oninimum, A runt is conspicuous when he is an exception in the
litter and his littermsates have done very well, It ocourred to the
author later in the analysls, that the comparison of a suspeot
with the average of his litter mates might afford a reasonable
approach for the rejection of runts, somewhat according to the
recommendations of Thompson (1934) concerning the rejsction of
aberrant items in general, However, this was not done.

Another possible cause of heterogeneity ls intra~litter competi-
tion for food, Pigs in larger litters would on the average have a
smaller milk supply per .plg than pligs in smaller litters, Husky
plgs in a laige litter comceivably could mainteln and increase
their advantage at the expense of thelr less fortunate litter mates,
If this were true, the variance within litters would be sxpected to
inerease with the size of the litter. ftThe correlation between

litter size at 56 days and the variance of weights at 56 days within
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uncorrelated with sige of litter, That there is some compensatory

| growth is indicated by being less than ra‘b%é' That the

.
BpW15h
pigs do not completely overcome the initlal effects of litter size
is indicated ny r%‘ 15% being negative, The same results would ‘be‘
obtained in a situstion where the genes for larger litler size

were positively correlated with genes for growth, The initial

Fable 10

Correlations Betwesn Size of ITitter and Average Welght
of Pigs in the Iitter

ware R R
Y56 -. 278 -, 148 -.072
*15h‘ -y 172‘ e 95}* .905

I < T Y N

negative direct effect of large litter size on weight of the pig
would be graduaslly overcome by the genes for growth as they had a
chance to express themselves, UQuite aside from the initial effect
of litter size on welght at birth, it is not easy to see how the
correlation between the size of litter and weight decreases with an
increase 1n age at which the sige of litter and welght is measured,

at least to the extent that n is zmerc or positive, Two

Tay5u¥15
forces seem to be at work, lLarger littars at birth are initially

handicapped in welght per plg. However, for a given size of litter
at birth, more pigs will survive to 56 days in those litters having

the higher averace birth welghts. Aalso, for s given average birth
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weight, the larger size of litter at birth will have a larger aver~
age weight at 56 days, This latter relationship says that pigs
under 2 grester handicap of large size of litter at birth, which
have done as well a8 pigs under & lesser handieap of small sige of
litter at birth, are inherently better doers, and will continue to
40 better as they become more independent of the direct effects of
size of litter., Thue, there 1s a conourrent see-saw relationship
between size of litter and welght of the pigs., ‘These forces are
in opposition to the initial relationship of welght and sisze of
littar'zo such an extent that by 154 days the size ~f litter is
not related to average welght of the pige in the litter. Since
birth velighte were not included in this study an gxmmpla can de
given only for 56 daye and 154 daye.

The double heeded arrows in diagrams a, b and ¢ in Plgure 1
represent the simple correlations bhetween the two varisbles to
whieh the arrows are pointed. The eingle hesded arrows are path
coefficients (Wright, 1934) or standard partial regression coeffi-
clents (Snedecor, 1946) of the varizbles to which the arrows point
on the variables from wihich the srrows point. Diagram ¢ is a

composite of diegrams a amd b, Although r, is negstive (~.07),

154%56
g“&Eﬁgbﬁ'”ﬁﬁ is positive (.O7). likewise, rhﬁéglsh is negative (-.05)
but ";15““5 65;56 is positive (.05). If one wished to predict the
correlation between Ry5y and ¥a5h. knowing only the relationships

in diagram ¢, the predicted correlation is
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Fig.l. Path Coefficient Diagram Indicating Relations
Between Number ond Average Weight in the Same

Litter at a Later Age As "Dependent On" Number
and Average Weight at an Earlier Age.
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Fagsiagy ® (-9 (:05)4(.07) (.65)+(.5) (-.15) (.65)4(.05) (=.15) (.OT)

00,
whioch agrees with the corrslation obtained,

It does not necessarily follow that the relationships exempli-
fied in the post-weaning peried ars the same ones present in the
prewesning period. Size of litter in the preweaning period is
thought to affect the food supply per pig, at least as far as the
amount of milk per plg obtained from the dam is concerned (even here,
mothering ability and milking capacity of the dam may be related
to size of litter or growth of the pigs)., In the post-weaning
petriod the pigs are freed of any concurrent effects of sisze of
litter, since the plgs are grouped together after weaning. Howvever,
the difference between uuvimm and uumm#mm can be explained by the

same arguments that were given in the post.weaning peried.
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ESTIMATES OF GENETIC PARAMETERS

Conceptually, at least, the varlances and relationships of
characteristies can be broken down into definable component parts.
Problems arise in the proper evalustion of these parte, This study
is concerned with the additive genetic variances of and the genetio

correlations betwesen litter sige and welpght for age.

Regression of Offspring on Parent with a Varieble Number
of Offapring for Bach Parent

The technique used throughout this study for estimating genetic
parameters was the phenotyple regression of offspring on dam, Since
the nurber of progeny from each dam was varisble, it seemed desirable
to investigate what procedure would be most suitable for estimating
the regression. Although thie 48 an old problem in animsl breed-
ing research, the best procedures for obiaining estimates whieh
have minimum variance have received 1ittle attention, In gemerel,
two methode have been used for this situstion, One method has
been to use the average of the offspring for a paired observation

with the dam, Such a solution may be written as

7 (X;*Ta)(n.*?s.&
b’&x " i (xi - X&)g )

where xi is the observation on the ifh dam, y; 18 the average of
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the n, offspring of the 1% dan, fa 18 the averags of the k dams,
and ;i.m the average of the aversges qf offepring (W:l. /x). e
other procedure has been to dub in the observation of the dam for
each offspring, snd then compute the regression in the usual manner,
This procedure is the same a8 nsing the average of the ofispring
for each dam, and welighting each dam by the nusber of offspring,
which is written as

F X Gy -y, )

et TR

where X, is the welgnted average of the dams (InyX,/In ), and y..
is the average of all offspring.

Complications arise not only because the number of offspring
is varisble but alse because the offspring are correlated with each

other. If the offspring are correlated with the dam, s the

Pxy
expeoted lntra-class correlation between offspring with the same dam
for this reason alone is piy. The correlation ie wsually larger

than this becsuse ofta#ring by the same dam are likely to be correlat-
ed for other reasons, particularly in those specles which have mmlti-
parous birth., Individusle within a litter not only usually have the
same sire but also they sre contemporary for many circumstances

vhich may sffect them phenotypioally. In these date most of the
offapring have ‘oae or more full-sibs,

The formlation of such a condition with allowsnce for linsar

' regression of offspring on dam, i
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I“na#ﬁxi*«—aw,

vhere o 18 a uonstani. B iz the regression of offepring on dam and
the oy ig are the déﬁat&ona. Since the e, 5‘3 are correlated as
between sibs, they will be considered to have the following expec~
tations:
) oy 3® 0
] 8540414t ® 02 if 4 e i, j=§
» po‘?" if 4= i, ) .ﬁt
- 04fs g,

, 2
The quantities p and o may be best understood in terms of the
phenotypic variances and correlations, relative to the whole popunla~

tion of many litters., ZSince

62*‘ g‘fj = B aid - % - 6x1}21 Q’? (1*9%),

and since
Wa - mij‘l.’,’ ™ 3(’!13*&—&11) (!‘”,-m»axl) = wg(ﬁ”a"ﬂiy) ’
it follows that

2
Pwl - P'xy
o W ’
- pxy
whers p# is the correlation between dam and offepring, Pyys 18
the intraclass correlation betwsen offspring with the came &ah

(fullesibs in these data) and cx? is the variance among offspriig

with different dams, The quantify p 1s them the intraclass
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correlation between offepring with the same dam, when those off-
spring's phenotypes had first been adjusted for their regression on
the phenotype of the dam,

The methed of maximum likelihood iz used to find the estimators
of o and B, If the errors are normally distributed, the likelihood
function is '

(2n) g

-l 3 iéi‘é‘ g 'y
V Ii? | — &Xp [~ 5 %J i!‘y‘p ('fu‘%'ﬁx;) (int',t"a"ﬁxi!)] '

41410 ‘
where pi’”’ J iz an element of the inverse of the variance-covariance
matrix, E‘“l (Mood, 1950), Sections of the varisnce-covariance matrix,

P, are independent 1f 4 # 4!, A section vhers i = 4! is

]

2 [to.-.p
o pl...p
1

—p p - * *
and the size of the se¢tion is nim v the number of rows and columns
being equal t6 the number of offspring for the .‘..m dam,

The solutions for o and P, found by taking the log of the
likelihood functiom, differeniiating with vxuﬁpam te & and B, and
solving eimultaneously, turn out to be:
ei (xi"ia) {y&."‘ ')

ey (% T)?

% = Tm - ﬁfm ’

'brnxuﬁn.f
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corrslated for environmental reasons., If p”,_ is found $0 be as

large as .3 or larger and if pxy does not exceed .2, p may for all

practieal purposes be considered to be the same as p”,. The

specific limits chosen are somewhat arbitrary, but they are

balieved to be representative for growth in swine., For example,

the correlation between offspring by the same dam (fulleeibs in
these M@) was found to be . 3% and .28 for 56. and 15M-day welghts ,

respectively (Table 9). The parent-offepring regression or correls~

tion has seldom been found to be larger than .2,

All three methods are umbiased, provided the weights (the ci)
are uncorrelated with the characterietic of the dam, 7The wvarlance
of the welghted regression is im general

E v?é!rfg)‘?/ ¢
2 i '

[? " (xi'&v)ala

A is the maximum likelihood weight and

"fv is the weighted mean of dams, If w, = ¢, the variance reduces

2 .o
%va

vhere wi 18 the weight, ¢

to 2
¢

2 |
Thy o g ’
Im* ™y (XX °

and is a minimum in large samples. The reduction in variance of
the regression coefficient, with incressing number of offepring may
be considered here by letting the number of offspring for each

parent be constant. Then,




wTh

02
TR
and 2 ‘ :
2 o 1+ (n-1)p a%
%n ) az(x,mf)&’ . 1
i

which tends towards po.‘zl a8 & limit vhen n becomes very lerge, The
subsoript for b indicates the number of offspring per parent. When
the number of offspring varies, the varisnce would be somewhatl greater
than the above formula would yield if T were used in place of n.

Fote that the two procedures generally used are two special

cages of the maximum likeliheod solution.

bﬂ'ax ™ hymx ifpmw1l

h,dxn hy,,x' ifpe= O,

Actually, p can never be O or 1 vhen the offspring are fullesibs,
unless the regression being estimated, B, is also 0. I% wonld be
desirable, with a knowledge of p, to be able to determine in advance
whether by , OF by . has the smaller variance, Although no procedure
was found, the extreme cases (p near 1 or 0) are apparent from the
relationship of the two regression coefficients and that of the
maximum likelihood one.

The procedure chosen in tide study was to average all offspring

for each parsnt within a I¥SA group (i.e. to commte Also,

‘hy‘x).
. the dam was dubbed in for some of the regressions in order that the

two methods of estim:tion could be compared (b

yax 0 b

Vs.x) *



Offepring on Dan Regression

Certain definitions are necessary 4o make ¢lear which off-
spring are regressed on which dams, Three terms, dam, daughter and
litter will be used. The daughter is an offspring of the dam, but
the mother of the litter, Iitter sige of the dam is the size of
litter in which the daughter was born, Jitter size of the daughter
iz the size of the litter which the daughter produced. Welght of
the daughter is the daughter's own individusl welght. Average
litter weight is the average welght per pig of the litter that the
danghter produced.

To compute the regressions the dats were sorted into 1LYSA
groups (the same line, year, season aud age of dam) for the dsughters
and for the litters, This means that the dame within a IYSA group
were all born in the same line, year, and season but their mothers
could have differed in msge. For the regression of weight on welght
the avarnge welght of the p:«an was yegressed on the individusl
velght of the deughter. The regression of litter size on weight
utilized the sane %u»g_% weight on welght, except litter size
of the daughter was substituted for aversge weight of the litter.
For the regression of litter size om litter sisze, the litter size
of the daughter was regressed on the sigze of the litter in which the
daughter was born., In this case, if davghters were full-sibs, the
size of their litters were averaged for a single paired obsarvation

with the dam, To obtain the regression of weight on litter size the
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averagze welght of the litter wae regressed on the litter size of
the dam, Again, the average weights of litters from full-sid
daughters wers averaged for a single paired observation with the
litter sige of the dam. To summerize: the aversge welght of the
pigs in the litter the daughter produced was palred with the
individual welght of the daughter, the size of the 1ittar the daughter
produced was paired with the individual welght of the daughter, the
size of litter the daughter produced (she and her full-sibs were
averaged) wag paired with the size of litter in which the daughter
was bora, the average weight of the pigs in the litter which the
daugbtér produced (again average weights of pige from full-sister
daughters were averaged) was pajred with the sise of litter in
wvhich the daughter was born, and the regret#sions were computed
within groups such that the effects of lixio. year, season, and age
of dam were removed for both of the psired observations,

There were 1702 litter-daunghter pairs for the weights, The
1702 pairs o ntained only 1245 different daughters, and there were
821 full-aib groups among these daughters. In other words, vhen
daughters wiich were f‘ull-ciba wers grouped together, there were
821 such groups. The restrictions imposed to remove i;lns. year,
season and age of dam effects, divided the data into 372 IYSA
groups in each of which there were 2 or more litter-daughter pairse.
The number in a group varied from 2 to 21 with an average of 3.7,
after 309 litter-dagghter pairs were eliminated bBecause they

appeared singly in a LYSA greup‘. Por the regression of weight and
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litter size on weight of the dém;hter thers were then 1020 degrees
of freedom (1702-309-372-1), The averaging of daunghters which were
full-sibs in & I¥SA group, reduced the degrees of freefom to 557
for the regression of the tralts on litter size of the dam,

The regression coefficlents are given in Table 11, The
regressions of average welght of the litter and litter size of the
daughter on litter aize of the dam were also computed by dubdbing
in the dam for each daughter or litter; i.e. both hy‘; and b?dx
were computed, These regression coefficients are given in Table 11
for comparison with the ones obtained vwhen full-sid doughters or
litters from full-sib daughters were averaged. In general, b’a?
and b,ax are nearly alike, The standard errors in Table 11 were
computed in the ususl manner with the number of degrees of freedom
based on the number of dame shen litter size was the independent
Q&riabla and on the number of damghta?u when welght was the independ-
ent variable. They are approximate only 4in that dams or daughters
often appeared in more than one group, and the errors of groups
would then be gcoerrelated. The variances of the offspring (1litters
or daughters) also cannot be considered to be homogeneous since
varying pumbers of offspring were aversged,

I1f these data were from & random hrod'pOpnla$1o§; heritabilisy
of a character would be estimated by doubling the aeireap@nding
diasgonal element in Table 1l. He:itability in sn iabred population,
such as this, may also be estimated in this manner, Generally,

however, heritability ae found in the eample is extrapolated to



Table 11

Regression Coefficients of Characteristics of the Offepring on Those of

the Parent
in&epen&ant Charscter- Taughter's litter — Daughter's pigs
variable isﬁu By Beg ] | 56 _ ¥i5h
n,  -.053 I.oke oo fom  -.010 t.ozh .085 f.106 .020 %.361
-.039% -.008% -.017% .087® -.023"
Dam's litter nsg  -.092 foobe  -.o46 L.om  -.056 Lok .106 faa L33 s
-.059% -.032* -.ou® .093% 335>
ngy  --122 toug  -oma f.obr .otk toodo .110 f.323 332 %ohe2 1,
o
-.093" -.053% -.052% .o97® it '
we .04l tol 017 f.o10  .021 I.009 .012 1,029 -.063 *.099
sy -009 .00l 001 Z.001 0023 Y001 .003 %.032 .08 Z.035

= . ‘ .
These regression coefficlents were computed by dubbing in the dom again for each dauvghter
or litter, and are presented here for comparison with those directly szbove them, where full-

8ib daughters were averaged.
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make St comperable with that in a random bred pepulation., This
is intended to remove differences which the speocial level of
inbreeding in the sample studied would probably have caused in
the observed regressions. If there is no dominance or epistasis,
inbreeding reduces the additive genetic varistion within a line
in proportion to 1-F, vhere ¥ is the inbreeding coefficient., In
the event that dominsnce and epistasis do not alter the reduction
with ¥ very much, the relationship between the two additive

genetic varisnces will still be approximately
G%L " (yl*P)G‘gr s

vhere agm is the additive genetic wariance within & line and crgr
is the additive genetic variance in the randem bred population
from walch the line was derived. The relationship between herl-
$ability within an indbred line, h:b’ and heritability in a random
bred population, hr* is then

hy,
h B e —
T 1-F(1-hg)

One other correction may be worth considering. In these dats
many of the daughters were full-sibe, Estinmates of heritability
are not generally corrected for the relationship of the dams

or daughters in this case; however, it ie rare that so many fulle
8ibs appear as do in these data, When fullesid dsughters were

averaged for the regression of the various traits on litter size
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of the dam, there were only 558 degrees of freedem in contrast to
1021 degrees of freedom for the regremsions of the traites on the
ta»ar¢ of the daughter-~a difference of 463 degrees of freedom.
unpwgrasc contributed zbout one-half of the 1021 degrees of freedom,
since for each group averaged a single observation for the group
appeared in the 558 degrees of freedom.

If a2ll the dams in a group were full-sibs, the regression

would be a

Q%Ku

vhere p is the correlation among full-sibs,and epistasis is ignored,
The herlitability of differsnces among nonrelated dems (h = amxnmu is
h% 41 -p)& amr (L - £)

where h' is the heritability of differences among full-sid dams

(bt & 2b). ¥When the only reason for correlation smong phenotypes

" of full-sibe is additively genetie, p 48 h/2. In this case, the
correction to make heritsbility of differences between full-sid
dams applicable to heritability of differences between nonrelated

dams may be of considerable sigze,

by
h« 5 ¢ 20 ’
particularly if w.»a small, The correction is small, however, if
p is near .5. Also, ths correction bBeoomes less as the proportion
of dams which are full-sibs decreases. In these data the correla-
tion among full-sibs for 56~ and 154-day weights were ,38 and ,28,

respectively. The size of thess correlations, coupled with the

- . — RS e o A . A i e -l - PR,
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fact that only sbout half of the dams were full-sibs, would make
negligible the correction for relationship between the dame,
Heritability of weight was corrected for inbreeding. The

inbreeding figure used was .32, which is the average of the
davghters' and litters' aversge inbreeding of .29 and .35, respec-
tively. The heritabilities thus corrected turned out to dbe:

W56 eee .03

gy ees <07

These estimates are considerably lower than those found by other
workers (Pables 1 and 2), ‘The fact that these are much lower
than have generally been found, and that the estimates for litter
size are negative in comparison to an average of about .15 inm
Table 3, needs an explanation, Differences smong lines and age
of dams, or time trends could he important. The regressions are
broken down according to line of bBreeding, year of birth of the
daughter, and age of the daughter im Table 12,

Although the regression coefficlents in Table 12 fluetuste
considerably fyrom line to line and from year 10 year, they were
not significantly different from the average regression coefficlent.
e variability is about what one would expeet when ssmpling from
a population where the true value was zero. Since inbreeding
increased with time, and the additive genetic wariation within a
line decreases with an increase in inbreeding, heritability would

be expected to decremse with an inerease in years, No time trend
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Table 12

Regression of the Character of the Offspring on the Same
Character of the Parent by line, by Tear, and by Age

"'0076

of Denghter
arm“* d»ﬂﬂr a.m&r
ing litter n v, "/ welght
- 8ize " "6 "5“ 56 ﬁh
T . — —
8 160 ~.097 ~.098 -.09%3 .00 027 289
A a8 072 001 «.009 .007T  ~.0N7 149
B 66 ~.178 .03 b2 ,066 164 108
¢ 38 .102  .038 007 033 .178 69
D 21 -.01% -.270 -,284 111 272 b3
35 2.’$ "‘aQﬁ 0063 “‘0029 0’5& weﬁl 58
G’ 13 *»005 eQ% "y 3}‘0 .3@& 1"“? 7
: 4 k2 -,073 -.085 -.131  -,029 -.081 7
1 24 015 207 .188 025 071 43
J 13 172 =212 -, 364 LJ%0 107 30
K ‘HQ‘BZ ""0151 ”0365 ~.lﬂl "0987 18
L h} -, 172 «. 004  «.090 -.050 ~.125 81
Year
1938 23  -.280 ,112 L0 ~170 035 L3
119139 68 -.210 -,088 -.20%3 -.019 -.085 113
19k 63  .073 -.107 -.151 066  -.00h 129
1941 54  .,137 .0TH  -.001 002 .48 123
1942 72 .188 073 .018 L087  .065 116
194 55 L108 -,2H1 .,179 0,105 L1085 95
1 52  .,192 -,100 -,069 LOTH 100 105
1945 43 .,05%3 «.019  -.001 .128 . 299 7
19;:6 51 ~.285 -, %51 -2 <023 .16 g8
19? 19 .292 . 30 v}B@ “'UGQ‘? “‘1233 ;
1948 k3 160 -.006  -,099 -.218  .,213 8?
1949 15 037 .218 237 184 -,290 27
Age of daughter
1 year HOL -,067 -.0H8  ~,070 028 .062 756
51 year 157 «.004 -.0B0  ~,083 -.031 265
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is apperent, However, the increase i‘u average I over the perioed
studied was only from zbout .20 to .48, Hence s trend would not
be obvious unlees 1t were exireme.

Sempling errors can be invoked to explain the negative estim~
ates of heritability for litter eize. Sanmpling errors are small
enough, however, to make it highly unlikely that the parameters
estimated are anyvhere near ﬁm size ¢f the estimates found in
the past (Tables 1, 2 and 3),

The phenotypic consequences of inbresding were ignored., 1f
parents were mated po that the more inbred dams had less inbred
oﬁn?ring than the less inbred dams, there would be & negative
relationship betwsen the imbreeding of the dem and that of the off-
spring. This negative relationship would tend to make the correla-
tion between the litter size of the dauwghter and thot of the dam
‘negative provided the phenotypic values decrease with an increase
in inbreeding. The correlation actually found between the inbreed.
ing of the dam and that of the offspring was slightly positive,
.033, but essentially zerc,

The direct effect of litter sigze on welght of individuale in
the same litter, and of weight of the sow on the sise of the litter
she produces could be confusing sources of variation in the estima~
tion of heritability. These effects will be investigated while
considering the regression of ene varishble on another,

The genetle correlation between twe characters is found by

taking the ratio of the geometric mean of thelr two symmetrical
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elements (ragression cosfficients) in Tatle 11 to the geometrie
mean of thelr corresponding disgonal elements., No genetic correla-
tions are estimated in these dats since they involve taking the
square root of a negative number or utilizing & negotive heritsbil-
ity. Alse, with such numariaally snall values for heritebility,
the sampling srrors of estimatasvsf genetic correlatiions would be
extraordinarily high.

in mrdér that symmetrical elements in Table 11 may be compared
(blz %0 by;), the regression coefficlents in Teble 1l were converted
t0 correlation coefficients in Table 13. This conversion was done
by multiplying the regressiop coefficients by the ratio of the
standard deviation of the independent variable to the standard
deviation of the dependent varisble, 7The standard deviations are
the ones ﬂSun& in the rhenotyplo analysis,

Bach eorrelation in Tsable 1% comee from the regression in
the corresponding locetion in Table 1ll. In discussing the correls-
tions the subsoript order will be the same as that of the regres-
sion Goefficients from which they were found, The first subseript
denotss the sharacteristic of the daughter for ltter size and
of the litter for weight., The second subscript denotes the charace
veristic of the dam for litter size and of the deughter for weight.

Differences batwéén reciprooal correlations (1., r“56”15h and
T 1 } are most likely the result of sampling, but this need

154756

not be so, particularly for the correlstions involving size of



litter and weight. The correlation betwesn the size of litter

the dsughter produces and her own individusl weight.‘rn o iz a

W
correlation between two characters of the same individual (to the
gxtont th&t.ma size of the litter the mow produces really is a
character of the sow and the sow!'s own welght really ls a charace
ter of the sow), while the reciprocal eorrelation, o is between

one character of a sow and another charscter of her grandchildren.

Pable 13

Correlation Coefficients Between Characters of the Offspring
and Those of the Parent

h)

Tharacter  __ Daughteris litter " Daughter's pigs
"6 Misw Va6 Y154
n, -.053  .ooW -. 012 .026 002
Dam's ngg -.079 ~-.046 -.057 .028 .027

tter - .
nysYy =103 -.070  -.0TH .029 024
' .131 .065 -080 012 -.017

. Daugh~ 56

ter wp, .11 .008 .032 ~.010 025

It is not surprising then that the former correlation is generally
larger than the latter correlation., About two-thirde of the
1itters were from gilts, Stewart (1945b) found weight of the gilt
at mating to be correlated with subsequent litter size, and Yarnick
et al. (1951) found weight at 56 and 154 days to be negatively
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ecorrelated with age at puberty. Growthier gilts within a line
wonld then tend to be bred at & later heat pericd than slower
groving gilts, This would be partionlarly true if the breeding
season began late enough that even the latest of the gilts had
started to come into heat. Since ovulation rate lneoreases with
order of heat perioed, heavier gilts would conceivably have larger
litters. This sort of argument would not hold for older danghters,
To ocheck this point the correlations were compumted by age of
deughter in Table 1k,

Table 1M

Correlations of the Traite with Individusl Welghts of the
Daughter, Grouped According to the Age of Daunghter

" Age of “Daughteris iltter — Dsughteris pigse
Trait danghter By, Bg6 By Y56 vigy  d.f.
v 1 year 12 077 .086 028  -,016 756
?ﬁ 1 year 101, 030 .064 -.030  -.021 265
visy Lyear L1l 012 046 o9 062 756

" year L1112 «,002 -, 006 -.097 -.026 265

There 18 little indication that the correlation between the
litter size the daughter has and the daughter's weight at 56 or
154 dsys, differs as between first litters and later litters,
particularly for litter size at birth., 1If one considers weight

to be chiefly a function of the individual, and litter size a func-
tion of the sow which produces the litter, the correlation between

the litter size the sow has and her own welight ie a phenotypie
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corralation., f"This correlation may have both genetic and environ-

mental contributions, Althovgh the correlation, T is genernlly

less for daughters which produced their litters vhen they were
more than & year old than for daughters which produced their
litters when they vere a year old, the difference is not large.
Genetic causes mey then bs the chief coniridutor to the correla-

tion between litter size and weight. If this were true, - would

be expected to bBe about four times the size of r va {Table 13),
since the latter correlation involves the relationship Detween
the average weight of the dam's grandchildren amd the size of

litter the dam produces, Although the agreesment between sad

T
by \n 18 Teble 13 is not close in any particular case, the average

48 071 2nd four times the average ie 091,

Tvn
Way litter size at 56 daye and later is less related to

Tow

weight of the daughter that produced the 3.1%1%‘31;* than 1itter size
at 'b"irth is not apparent {Table 14), unless rapid growth indicates
a heavier, clumsier parent which overlays more pigs, or that rapld
growth enables a sow to farrow more pige to a greater extent
then it enables her to care for them., It could also indicate &
genstio antagonism between growth and mothering ability.

One other disturbing item in Table 1% is the negative correla~-
tion between average welght of the pigs in the litter at 154 days
and the 56~&ay individual velight of the daughter which produced the

1itter, Weight at 56 days is influenced to & considerable extent
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by the milking and mothering ability of the dam, while post-weaning
growth is chiefly a function of the plg. This negative relationship
again suggeste & genstice antagonism between milking ability and
rapid growth, on,awa other hand, the average welght of the pigs
in the litter at 56 days was positively correlated with the weight
of the daughter at 154 days. The difference between these two
correlations may not be real, It is possible, too, that the
latter correlation may measure envircmmental influences of weight
of the daughter on welght of the pigs that she produces, larger
gllts may be able on the average to feed their pigs better, simply
beosuse they have a larger body size and milking capmcity. when
sows over one year of age are considered, the correlation turus
out to be negative {Pable wrvr

The negative correlations between sigze of litter which the
daughter produces and size of litter vhich her dam produces might
be explained in part by the relationship of litter size to welght
of the pigs in 1% and by the relationship of weight of the gilt
to the size of litter that she produces, Not only does litter size
exert a direct influence on weight of the pig (Table 10), the
relationship 18 made even more negative by simultaneous selection
for the two traits, The corrsl-tions between welght of the daughters
and the size of litter in wiich they were born, for sslected daughters,
are in Table 15,

The correlations in Teble 15 which are concerned with B5g and

nygYy are more negative than the corresponding ones in Table 10,
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Aatua.lly; the correlations in Table 10 may differ from those in
Pable 15 for two reasons. The former correlations are between size
of litter and average welght of pigs in the litter, and thus are
expected to be more negative than the correlations botween the size

of litter snd the weight of a randomly chosen pig from the litter.

Table 15

Correlations Between Weight of the Beleoted Daughters and the
Sive of the Iitter in Which They Were Born

Trait , Iy, B5¢ By5h
56 -2 -.20 -17
sl B +- -.12 -.09

Although the latter correlations (Table 15) are between size of
litter and the welght of a single pig in the litter, simultaneous
selection for size of litter and weight made the correlations involv-
ing Bsg and 1:15}* more negative than the corrssponding onea in

Pable 10. | Kottmen (1552) found the selection pressure to be
greater for ngc than for my (ul% was not included in the selection
study), which would explain why the correlations involving n, do
not follow the same pattern as those imrolﬂng Beg and Bygy- Fow,
these negative relationships might in part explain the negative
estimntes of heritablility of litter size, Por empla‘, if the size
of the litter at birth in which the daughter was born ie correlated
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¥hen k ia %, no deminance exists among the yield v'aiueu; vwhen k

is O, complete dominance exists among the yleld values; and when
'k 1s less than O, the yleld value for the 1ntaeme&iam genotype
exceeds that of the Detter homosygote and overdominance 1s present.
The numerical value of k mensures the degres of aaain@ae within
or 'hawemn these broader classifications. The value of h describes
the dominsnce situation for the selective values in the same
manner that k does for the yield values. The selective values
deternine what happens to q, while the k values not only deseribe

, and K , but also may modify h,

1
especially in artificial seleoction vhere man may vary his emphasis

the location of xE relative to K

on K, The range of both h and k 1s from one to minus infinity,
but dominance for the selective values may be guite different from
that for the yield values, 7The range for s is from 0 to 1,

The additive gen&tia deviations for ﬁal&u among the selected
parents are g = by y (¥-¥) and the dominance deviations are d =
Eg - K, - €. Wright (1935) found additive genetic values, G's

{in hie notation), by minimizing =f, (xe.-.-@)a* subject to the restric-
tion that G3-0; = Gx~0;. The g's here are simply G -~ G in Wright's

potatien; i,e, the g'v are the additively genetic deviations from
‘the meam rather than the additive genatic values themselves. The
dominance deviations are ’thé same as Wrightts becamo ie = G. fThe
additive genetic deviations, g' ', and the dominance deviations,

at ts, for the offsprirg, which result froem random mating the



) B

selected parents are found im a similar manner. The regression of

offapring on selected parents is

Pory gy O
&' & £
bxégc‘ o w ﬁ " 1
o
X,

since the dominance deviations of parent and of offspring are not
correlated with each other or with the additive genetic values,

e yield valuss, the K's, are the ssme for both parent and off.
uﬁrimg. A prime is used to distinguish the values for the offspring,
The W scale is linear for both parent end offspring, but ?’K;,EI is
likely to be .d.iﬂwam from ’b%w. Thus g' will not be the same

as g since they ae;mnﬂ on frequencies of the E's which will differ
as between the parsnts and the offspring vwhen selection is being
practiced. The sign of the regression, ‘bxéxc' is determined by the
correlation between the additive genetic values of the parents

and that of the offspring,
o s 4 (1-0) (1-2a + &)
Peg* * = 7

PR o (ine) R(ineys(ioa) (1e]

Without selection this correlation is + «%.. The term under the square-
root sign is the factor by vhich the correlation ie reduced becsuse
of selection, The + or - consideration depends on whether the
additive gonetic effectn in the parents, ”x@w s and offspring,

bxg#’ are of the same or different sign, respectively. The sign of

the additive genetic effects are determined by the gquantities:
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Fig.2. The Shaded Areas Specify Conditions Necessary
for a Negative Parent-Offspring Regression.
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the frequsncy close $0 the equilibrium value. The attainment of
equilibrium, however, is an asymptotic property.

The foregoing sltuation, where the selective value is propor-
tional to the yleld value, i1s not likely to be very realistic,
especially when the intensity of selection is suddenly changed.
This could be partiaulafly true for genes which had more than one
effect, and vwhere selection was for several characters. No complete
generalization seems possible, but some understandimg of the problem
may be gained by considering special cases where the selection and
vield scales differ., In all céﬁes the overdominance condition
oxists for the yield scale, k less than 0. Otherwise, the parente
offepring regression is always positive.

For the first case, there is overdominance on the selective
scale, h less than O, and gene frequency has reached equilibrium
vith respect to selection, q = {l1-h)/(1-2h), 'The sign of the parent-

of fepring regression then depends on the sign of
2
(l-&h 4+ 8h (k”
-—————-7}-) h)
(1-2n)
for the offspring, and

(1-2n + &%) [x-b + a0 (1))
()2

for the selecied parents. If overdominance is greater on the yleld
scale than on the selection scale, k a larger hegative than h, the,

regression will always be positive, In this case, which seems likely
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range of values of s as the difference between q' and g" @eﬁiﬁa?
This means that & very small difference between h and k, h a greater
negative than k, will csuse the parent-offspring regression to be
negative in the presence of sﬁ@ww values of s, However, a more
logleal way of interpreting this is that smell values of s restrics
within narrow llmits the values h can take for a given k and for
the parent~offspring regresslon to be negative. It is not liksly
that 8 would ever be as large ag .1 for an individual gene (unless
sub-lethal or wﬁwmﬁ. Although attaching wvalues to s amounts to
sheer speoulation, it 1s believed that s is more likely to be of
the order of .01 or less, Huch numerically small values of s limit
the conditions under which the parent-offspring can be negative.
Por exsmple, when 8 = .01 and k = «1, the parent-offspring regression
is negative 4f |

keh 4 8 h (1=k) < 0 and k-h 7 0,

«l-h¢ ,0Zh &0 and ~l=h >0,
and thus h has the following limitations,

~1.02 4 h <& =1.00,
gr b must be a greater negative than «~1.00 but a leager negative
than -1,02, Por k » «,1 and k & «~10 h muet fall within the limits of

~.101 < h & -,100,
and

«11.25 < h £ «10.00,
respectively. If h is outeide ths ranges indicated for that set of

conditions, the parent-offspring regression is positive,



The other special case to be considered is where gene frequency
is optimom with respect to the yield sesle, 4 » (1-k)/(1-2k), and
selection is tightened up or relsxed so that gene frequency changes,
1f melection is changed such that ¢ becomes Iargér than the optimum
value (overdam&mcq is greater on the yield seale), as secems
likely when the selection intensity is relaxed, the parent-offspring
regression is positive. On the other hend, if selection decreases
gene fredueney (overdominance is greater on the selection secale), as
aae'mﬁl more likely vhen the intensity of selection is increased
greatly, the parent-offspring regreﬁsmn is negative, Wheneuili-
brium frequency is reached with respect to the incressed seleetion,
g = (l«h)/(1~2h)}, the conditions necessary for the parentnarfspring
regression 10 be negative are given in the case just previcus to
this one.

In terms of the present data, a parent-offepring regression
could be negative, but would require overdominance on the yield secale,
In addition, a persistent type of aeleetim is required vwhere over-
dominance is groater on the selection scale than the yield scale,
and where an equilibriuwm valus of g with respect to selection is
slightly lees than optimum with respect to yield, If selection is
relaxed or h changes so that 1t 1s outside of very narrow limits,
the parent-offspring regression is positive. Selection procedures
changed some with time in the present data. Selection also varied
considerably from year to year for the inbred lines depending on

defeots and difficulties which arcee with this sort of breeding
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procedure., The exacting requirements that overdominance be only
slightly greater on the selection scale than on the yield scale,
makes i1 seem unlikely that the parent-offepring regression would be
negative for a trait such ae welght, where the selection pressure
may be quite varisble. However, for a trait such as size of litter
or number of pigs reared, vhere h may be the same as k without any
conscious seleoction (man's emphasis), the additional comscious
selection could well cause c#as@or»wanaa to be greater on the selec-
tion seale than on the yield scale, This would caunse the parent-
offspring regression for litter size to be negative, provided that
overdominence on the selection scale was only slightly greater than

on the yield scale.

Difference Between Selective Scale and Yield Scale -

The selection scale can differ from the yileld scale elther because
of the intensity of selection or Vecause of simmltaneous selsction
for several characters., JIn the latter category, natural selection
or survival rate must be included, Although the problem wae not
Snvestigated, 1% is very likely that h varies with the intensity of
selection or the proportion of individuals saved,

¥hen selection is based on several characters, genes with manifold
effects will be selected according to some average effect, which may
be quite different from the effect for & partieular character. For
example, suppbse one gives two traits equal welght in a selection

index. ¥ow, suppose the genetic effects of a locus are entirely
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additive, equally important for each trait, but negative in one tralt

and positive in the other trait. The yield values for each trait

are:
Genotype Prait 1 Trait 2 Aversge
AL 0 -1 - 1/2
Aa - 1/2 - 1/2 - 1/2
as -1 0 - 1f2

A

1f selection is proportional to average merit it would not effect
any change in ammﬁyﬁn@nuavau. This result is identical with that
of a negative genetic correlation, For this locus the genetic
correlation between the two traits is -1, The two approaches are
the same, The selective walue for s gene depends on ite average
effect. 1If two traits are negatively correlated aou_m@aa*»n reasons,
- gome genes xw»na affect both traits in opposite directions must
be present. BSelection would change the frequency of these genes
only in sccordance with thelr average merit. The aversge merlt
gonle could well be one of overdominance, even if dominance were
only partial for any one trait. This point is eaelly seen by letting
k take some value beiween O and 1/2, rather than 1/2, in the vua4uoﬁu
example, If the more favorsble effect of a gene is generally domin-
t&a. negative genmetic correlstions then indicate the presence of
genes which express a<@manu»5aﬁau on thelr average merit scale.
Hatural selection or survival rate must also be included in the
pieture, although little use may be made of it. If genes lower

survival in some manner, but have deelrable effects on certain
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example, differences among offspring's phenotypes, T's, which are
influenced matarnall& by the doms, may be considered %o be a func~
tion of differences between the pig's own additive genetic values,
Ghy’a. of differences between additive genetic values of the dams?
n&tawkal abilities, Ghy*s. and of differences in the environments,
3%’&,

Y= by + ﬁby + Qhw + @r.
A simllar description of the dam's phenotype s

X g + Gy + By + Byo

These considerations are also given in a path coefficlient dlagrem
~in Pigare 3, which in additlon indicates the relationship between
the components of X and T. The correlation betvesn the additive
genetic affect of the dam's own gena# in influencing her own growth,
Gy snd the additive genetic effect of the dam's own gemes in
maternally influencing the growth of her offspring, Gh’, vhich
resulte from the pleiotrople effects of the dam's genes, is written
as pﬁaﬁn' The correlation between Gh’,an& @hx is geegih’ since

1t ia the correlation between the additive genstic effect of the
offspring's own genes in influencing ite own growth and the additive
gan?tia effect of the granddam's own genes in maternally influencing
the grnwt& of the dam, The offspring-dam regression may then de

writien as

51 PR

2 1.2
@ga + ‘§ ﬂ'&m + % p&ﬁ@ﬂ ﬁGO Q'gh
ﬁx ‘ ‘

hyx -
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which is one-half the heritability of the pig's own influence on
hie growth, plue one-half the heritability of the dam's maternal
influence on the plg's growth snd plus an additional term which
indicates the additive genetic relstionship between the two influ-
ences,

A crude separation of the gwo genetic variances and the genetic
correlation may be accomplished with the regression of offspring
on sire and the correlation between paternal half-sibs, in addition
to the regression of offspring on dam. Since the sire influences
the offspring only through the gomete that he passes to them, the

regression of offspring on sire is:

14,2 .1
o o 28 * T Pogty G0 0
) n . .
Ixq 7
“x

RBven here, the offspring's phenotype may be correlated with that
of the sire becsuse of pleiotropic genes which maternally affected
the sire's phenotype and were passed on to the affsprmg and influ-
| enced the phenotype of the offspring directly. The paternal half-
8ib correlation, however, includes only the effects of the pig'e

oWR genes, 12
. . - %G,
e¥s T Tx
x

There are then three unknowns and three equations with which to
solve for the desired variances and correlation. Sampling errors
of estimates obtained by this procedure would no doubt be very large.

The present data did not lend themselves to estimating all three
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Fig. 3. Path Coefficient Diagrom Showing the
Relationship Between Offspring and Dam
for a Character that is Influenced Mater-
nally by the Genes of the Dam and Direct-
ly by the Individual’'s Own Genes.
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quantities and this was not done, The method is mentioned merely to
help clarify the type of variation that nay influence the relation-
ships between different relatives, %o be absolutely complete,
epistasis and dominance should have been included in the sbove con-
siderations, The regressions measure the indicated quantities parfect-
ly only in the sbsence of epistasis and dominance, and of enviren-
mental correlations other tham those incident to Q.

Pour times the paternal halif-eib ecorreletion, the principal
estimator of heritabilities in swine, other than resemblance between
offapring and parent, approximates the fraction of the total variance
that is additively zenetiec plus less than half the portion of the
epistatie variance present in a@s%ﬁmea derived from the regression
of offspring on parent, If the progeny of one sire is not treated
differently from that of another sire, there should be ne correlation
between the environments of half-sibs, Asy differences in the treat-
ment of progenies by different sires will contribute «lixfectly to the
half-aid correlation. Such practices as mating boars to sows which
are contemporary to them in age, for example, or msting one boar to
the first sove that manifest heat and amother boar to a later group
of dows may bias the half-sid correlation considersbly.

Much epistatic variance would tend to make the estimate of heri-
tability from the parent-offspring regression larger tham the one
from the paternal half-sid correlation. If the environment a dam

receives influences her offepring maternally, the offspring-dam
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regression way be increased or decreased relative to the paternal
half-sid correlation., An inereass would mean that a favorable eanviron-
ment of the da& paffwta& the offspring favorably, Additive genetic
maternal abilities of the dams may $end to make sstimates of heri-
tability from offspring-dam regressions larger or emaller than from
paternal half-sib correlations, for traite like 56-day weight. They

wounld be smaller if

and thus depends on the genetis eerx’el&tiéa between the direct and
mmrnal influence and on the ratio of their additively genetie
standard deviations,

The manner by which environmental sources of variation are renqmd
in computing the estimators may influence the estimates obtained,
The data are sometimes corrected for sxiraneous sources of variation
such as years, seasons, ages of dam and lines, The estimates are
then obtained from the corrected data, The method used in this study
was to obtaln the uﬂmtes from individuale whieh were contemporary
with respect to the asbove sources of varistion, thus insuring thelr
removal, The two methods are not identical, Although no particular
biases or correlsations can he foreseen to be introduced by first
correcting the data, a better procedure is to ingure that none are
introduced, partienlarly when estimating correlations of 0,1 or less,
The question really asked of these data is whether differences among

dams, which are contemporary with respect to line, year, season, and



sge of dam, are of any utility im predicting differences among their
offspring., The significance of the answer 1s apparent, even without
the genetic interpretation.

It does not seem desirable to compare the estimates obtained
from these deta with each of those reported by other authors, or
to make a detailed inquiry into the possible causes of disorepancies
in each case, The experiments include a variety of breeds, inbred
lines and crosses smong them. The number of smnimals vary., The
methode of analysis differ, particularly with respect to the removal
of environmental sources of variation, ﬁoﬁat&mez. too, it is mot
wholly clear just vhat was dope, ¥For a‘gyneral comparison, the
heritabilities in Tsbles 1, 2 and 3 are ranked im Table 16, along
with the ones from these data, Only those measuring the séma traits,
whieﬁ were takeh at approximately the same ages a8 the traite in
this study, are included,

The heritabllities of welght, found in the present data, fall
within the range of those found elsewhere, but they are somevhat
lower than the average of the others, particulsrly for 15h-day weight.
The heritabilities of litter ais& from these data are far below the
other estimates reported, It 1# hard to reconcile oneself to accept-
ing these differences for litter size as sampling differences, Over-
dominance ani melestion could enuse the parent-offapring regression
to Be negative, Whatever the answey is, these dats make it seem very

unlikely that heritability of litter sige 12 much larger than zero,
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Table 16
Estimates of Heritability (in percent)

‘ ‘ R ¥ From these

Eetimator ¥rom Other ¥xp eriments Table Trait Date
h(Paternal half-sib

correlation) s T w15 1 w56
2(0ffepring on dam _

regression) -19 10 16 2 g 3
2(0ffspring on sire

regression) [ 2 LT
(Offapring on mid~
' parent regression) 9 2 e
h(Paternsl half-sib

correlation) 20 24 25 26 34 43 1 154
2(0ffspring on dam

regression) -32 14 62 2 15 7
2(0ffepring on sire

regreasion) 22 2 ¥i5h
4(Paternal half-sid

correlation) 16 3 m,
2(Daughter on dam

regreesion) 1k 25 3 Y -11
2 (Davgh ter-dam ‘

correlation) M 4y 3 o,
Y(Paternal half-uid

correlation) 12 _ 3 56

2(Danghter on dam
regression) 19 %2 3 B -9

2(Daughter on dam
regression) ha 3 ny5 -15
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Low or negligible heritabilities are in accord with the resulte of the
selection study, Dickerson {1951) and Zottmen {1952).

If heritabilities are sere or low, ie there any hereditary
variance? If so, is 1t prim&ril& dominance, overdominence or epis-
tasis? These guestions cannot be snswered definitely here, but differ-
ent sorts of information may be used a3 ipdicators, The different
measures of heritability includé some eplstasis, Negligible eatimates
of heritability, then, indicate that the additive kind of epistatie
interactions ere of little importence, Since heritabilities from
paternal half-sidb correlations contain something less than half as
much epistatic variation ae those from offepring-parent regreseions,
& comparison of tisse two estimators may indicate the importance of
the additive kind of epistasis, Although the comparisons in Table 16
are not relisble encugh for conclusive evidence, thers is little
indication that the two estimators give different results,

The depression of the mean as inbreeding proceeds, which has been
neted in many other organisms as well ss in swine, indicatee that
there is hereditary variation., Mo argument would seem to explain the
inbreeding depression, without adsitting the existence of hereditary
variation at the onset of inbreeding. The effect of inbreeding is
to produce homogygosity or to eliminate heterosygosity. If the
heteroygote is ;ot on the average betiter than the average of the two
homogygotes, it is difficult to see how inbreeding could cause the
mesn to decrease., This implies that there is at lesst partial domin-

snce of favorable genes,
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The Illincis selection experiment (Krider, et al. 1946) fmishenb
evidence on the question of deminance, The mean of the superior line
actually decrsznses, but not as mueh as the mean of the inferior line,
Although the data are too few to be aonélusive, and yeay differences
were confounded in time trends of the means, such results might be
expecied when the major variation was of the overdominance type and
gene frequencies were in equilibrium, %he intensifying of seleotion
in a selection experiment could make overdominance greater on the selec-
tion scale than on the yield soale for the high line. The mean of the
high line would then go down slightly, depending on the intensity of
selection, On the other hand, the existence of overdominance of
favorable genes would permit selection to decrease the mean in the low
line. 1If such conditions were true, heritability estimated from the
salection experiment is an erronecus indiestor of the improvement that
can be made through selection., The heritability is walid in that it
ie indicative of possidble conditions (i.e., low freduency of favorable
overdominant genes in a low line) vhere considerable improvement may

be accomplished by selection,

Genetic Relationships

Two characters might be uncorrelated genetically, even when many
genes oxist which affect the two traita in different directions, ¥For
this to be true, however, would reguire that thaere be egqually effective

genes which affect the two traits in the same direction, One would
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think that the latter kind of genes, those which have the same sort

of effect on two or more tralis, would soon become nearly fixed and
wonld contribute little to the variation., The remaining variation then
might be expected to stem from genes which had both good and bad
effects, When that stage was reached the two characters would be
negatively correlated genetically,

These data indicate the genetic relationship between litter size
and growth to be positive, BEven if one suspected an envirommental
contribution in the correlation between the growth rate of a dam and
the 8ize of her subsecuent litter, the relationship between the size
of litter the dam produced and the growth rate of her grandchildren
was also positive (Table 13),

The slightly negative relationship between the average 15W-day
welght of the pig and the 56-day welght of the dam mey be interpreted
a8 an indication of an antagonism between the dam's transmitted and
&..uaﬁ influence on growth., It could also result from genes which csuse
the pig's own ability to grow to differ in the two m.as»ewn of growth,

In a_»sz_a case, the result is due %o genes which actually affect the two
phases of growth in different directions. Nordskog gt al. (1gul)
indicated thot they found sn estimate of the genetic correlation
between genotypes before and after weaning to be negative but the method
of obtaining it was not given., Hazel et al. (1943) found the genetic
eorrelation betwesn the two pericds of growth to be positive. Their
gorrelation imcluded line differences, however, snd is not necessarily

comparsble to the one of Nordskog et al. (1944),
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The correlation between the average weight of the pig at 56 days
and the dam's weight at 15b days was positive (.010, Table 13), If
there wére no environmental contridutions to the correlstion and if
the maternal influence of the dam were independent of her transmitted
influence, this correlation is expeeted to be the same as that between
the 56-day welght of the dam and 154-day weight of her offspring
(~.017, Table 13). An environmental contridution ecounld danse the
difference. An antegonism between the dam's maternal and transmitted
influence would tend to make the former correlation even more negative
then the latter ons, Both correlations are small and the difference

between them is small and statistically non-aignificant,
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SUMMARY

At the onset of this stuly two contradictory pleces of evidence
were at hand, Heritabilities of litter size and growth, although not
large, had been estimated to be of such & sige that one could expect
gome improvement from salaetma. On the other hand results of the
selection study (Dickersen et al. 1951) imim‘beﬁ that mprémmnt
in these traits did not result, in spite of siseable seclection differ~
entiale. The contradietion oould be a real one and not mersly due %o
sampling errors if negative genetic correlations between desired
c¢haracters were prevalsnt, i1f an impertant part of the variation cone
sisted of the additive kind of eplstasis, or if natural selection holds
gene frequencies at some value other them optimum for the characters
in spite of conscious selection for them,

The primary purpose of this study was to examine further the
heritability of litter sige and of growth in swine, and to investigate
the genetic ralationship between them, Litter sise was messured at
three different ages: Dbirth, 56 days, and 154 days. Growth was |
measured by weight at 56 and 154 days,

The data came from twelve inbred lines of Polend China swine and
ons inbred Danish Landrace line, and encompassed a total of 1980 litters.
The annlyses were of the wvarieation within groups in whioch all indiviw
duals wers contemporary with respeet to line, year, season and age of

dom,
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