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A GENETIC ANALYSIS OP THE CROOKED 

TOES DEFECT IN CHICKENS 

ABSTRACT 

The crooked t o e s d e f e c t i n c h i c k e n i s an example o f 
an a b e r r a n t p o l y m o r p h i c t r a i t a s s o c i a t e d w i t h i n b r e e d i n g 
d e g e n e r a t i o n . The mechanism g o v e r n i n g i t s e x p r e s s i o n i s a 
p r o p e r t y o f b a l a n c e d genotypes based on o b l i g a t e l e v e l s o f 
h e t e r o z y g o s i t y . F i x a t i o n o f t h e t r a i t was a c c o m p l i s h e d i n 
C a l i f o r n i a by a s e l e c t i o n program combined w i t h i n b r e e d i n g i n 
a S i n g l e Comb White Leghorn f l o c k . The crooked t o e s l i n e 
d eveloped from t h i s program was combined, i n t h e p r e s e n t 
i n v e s t i g a t i o n , i n c r o s s e s w i t h g e n e t i c a l l y u n r e l a t e d s t o c k . 

S t r a i n and breed (New Hampshire) c r o s s e s t o the 
crooked t o e s l i n e were made r e c i p r o c a l l y and c a r r i e d t h r o u g h 
the F-j^, F 2 and b a c k c r o s s g e n e r a t i o n s . O f f s p r i n g from each c r o s s 
were mated from t h e F^ g e n e r a t i o n t o e s t a b l i s h f o u r l i n e s based 
on r e c i p r o c a l p a r e n t a l m a t i n g s . Comparisons were t h e n made t o 
determine t h e l e v e l s of i n c i d e n c e , t h e degree o f p h e n o t y p i c 
e x p r e s s i o n , the a s s o c i a t i o n of the t r a i t w i t h f i t n e s s and the 
e f f e c t s o f s e x - l i n k a g e , m a t e r n a l environment and i n b r e e d i n g . 

Crooked t o e s were found t o be a p o l y g e n i c t r a i t 
c h a r a c t e r i z e d by semi-dominance and v a r i a b l e p e n e t r a n c e . The 
t r a i t i s a s s o c i a t e d w i t h a number o f m o d i f i e r s a f f e c t i n g f i t n e s s . 
I n b r e e d i n g p e r se i n c r e a s e d i n c i d e n c e , and i n c r e a s e d i n c i d e n c e 
was accompanied by i n c r e a s e d e x p r e s s i v i t y . The b e h a v i o r o f 
matings between p a r e n t s w i t h v a r y i n g degrees o f crooked t o e 
i n c i d e n c e was u n p r e d i c t a b l e . The appearance of the d e f e c t i s 
determined t o a c o n s i d e r a b l e degree by the presence o f a p h y s i o l ­
o g i c a l t h r e s h o l d f o r i t s e x p r e s s i o n . An u n s u c c e s s f u l attempt was 
made t o l o c a t e marker genes a s s o c i a t e d w i t h a g g r e g a t e s of crooked 
toe d e t e r m i n i n g l o c i . 
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INTRODUCTION 

Crooked t o e s i n c h i c k e n and t u r k e y s i s a m o r p h o l o g i c a l 
d e f e c t e x p r e s s e d as a p e r s i s t e n t f l e x i o n ( F i g . l ) o f t h e p l a n t a r 
d i g i t s o f t h e f e e t . I n most cases onset o f t h e d e f e c t i s d u r i n g 
t h e l a s t e i g h t days o f i n c u b a t i o n but may o c c u r a t any ti m e 
p r i o r t o somatic m a t u r i t y ( H i c k s , 1953). Due t o r e d u c t i o n i n 
growth o f the f l e x o r tendons o f the f e e t , t h e d i g i t s a r e unable 
t o a c h i e v e f u l l e x t e n s i o n . 

The g e n e t i c c h a r a c t e r i s t i c s of t h e crooked t o e s complex 
show t h a t i t i s a p o l y g e n i c a l l y determined t r a i t which o c c u r s i n 
many p o u l t r y f l o c k s a t a low l e v e l o f i n c i d e n c e ( H i c k s and L e r n e r , 
1949). The t r a i t i s amenable t o s e l e c t i o n . I t e x h i b i t s v a r i ­
a b i l i t y i n p h e n o t y p i c e x p r e s s i o n , shows semi-dominance, and 
in c o m p l e t e p e n e t r a n c e . The i n c i d e n c e o f the t r a i t i s g r e a t l y 
i n f l u e n c e d by e n v i r o n m e n t a l c o n d i t i o n s . 

Crooked t o e s i s s i m i l a r i n o c c u r r e n c e and g e n e t i c 
d e t e r m i n a t i o n t o a number o f t r a i t s i n o t h e r organisms w h i c h 
have been c a t e g o r i z e d as a b e r r a n t polymorphs. The n a t u r e o f t h e i r 
g e n e t i c d e t e r m i n a t i o n and wide d i s t r i b u t i o n i n p o p u l a t i o n s o f 
c r o s s - f e r t i l i z i n g organisms i n d i c a t e s an a s s o c i a t i o n w i t h adapt­
i v e p o t e n t i a l s i n thos e p o p u l a t i o n s . The o c c u r r e n c e o f t h e 
c h a r a c t e r i s t i c s i n p o p u l a t i o n s a t low f r e q u e n c i e s i s a s s o c i a t e d 
w i t h d i s a r r a n g e m e n t s o f b a l a n c e d g e n e t i c systems w h i c h a r e 
o r i e n t e d and m a i n t a i n e d by n a t u r a l s e l e c t i o n . 

The f o l l o w i n g s t u d y was de s i g n e d t o e n l a r g e t h e under­
s t a n d i n g o f t h e g e n e t i c mechanisms c o n t r o l l i n g crooked t o e s . A 
number o f s t r a i n and breed c r o s s e s have been made t o o b t a i n d a t a 
f o r t h e F-̂ , F£, and b a c k c r o s s g e n e r a t i o n s . The i n c i d e n c e of. 
crooked t o e s i s compared between d i f f e r e n t c r o s s e s and the e f f e c t s 
o f g e n e t i c and n o n - g e n e t i c f a c t o r s t h a t m o d i f y t h e i r e x p r e s s i o n 
a r e e v a l u a t e d . 



F i g u r e 1. White leghorn c h i c k with 
crooked t o e s . 
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LITERATURE REVIEW 

D u r i n g the development of t h e s c i e n c e o f G e n e t i c s 
a number o f h e r i t a b l e t r a i t s have been r e p o r t e d whose b e h a v i o u r 
under s e l e c t i o n had l i t t l e apparent c o n n e c t i o n w i t h a M e n d e l i a n 
i n t e r p r e t a t i o n o f i n h e r i t a n c e . L e r n e r (1954) has c l a s s e d s u c h 
t r a i t s as p h e n o d e v i a n t s ; o t h e r s ( D u b i n i n , 1948) have d e s c r i b e d 
them as a b e r r a n t polymorphism. One of t h e more d e t a i l e d e a r l y 
i n v e s t i g a t i o n s was made by Wright (1934a) on o t o c e p h a l y i n t h e 
g u i n e a p i g . He d e s c r i b e d i t as a t r a i t w i t h v a r i a b l e m a n i f e s t ­
a t i o n i n v o l v i n g t h e r e d u c t i o n o f head p a r t s from a v e r y s l i g h t 
d ecrease i n the s i z e o f t h e l o w e r jaw t o a v i r t u a l s u p p r e s s i o n 
o f c e p h a l i z a t i o n . I t was found t o be p r e v a l e n t a t a low 
i n c i d e n c e (.05$$ i n g u i n e a p i g p o p u l a t i o n s and t o be determined 
by a number of genes which l a c k e d dominance. He c o n c l u d e d t h a t 
complete dominance of the t r a i t was not p o s s i b l e . I n one l i n e 
w hich reached a 27% l e v e l o f i n c i d e n c e , he assumed a dominant 
mutant was p r e s e n t . 

Wright (1934, b and c) found a s i m i l a r g e n e t i c 
mechanism t o e x i s t i n t h e c o n t r o l o f P o l y d a c t y l y i n g u i n e a p i g s . 
The t r a i t was a l s o p r e v a l e n t a t a low i n c i d e n c e and was c h a r a c t ­
e r i s e d by: g e n e t i c d e t e r m i n a t i o n by a number o f genes none o f 
which showed dominance; a v a r i a b l e response i n c r o s s i n g t o 
d i f f e r e n t s t r a i n s ; t h e presence o f p h y s i o l o g i c a l t h r e s h o l d s 
a f f e c t i n g i t s e x p r e s s i o n ; and i n c r e a s e d i n c i d e n c e o f e x p r e s s i o n 
w i t h u n f a v o r a b l e e n v i r o n m e n t a l c o n d i t i o n s . He b e l i e v e d i t was a 
p o l y g e n i c t r a i t e x h i b i t i n g b l e n d i n g i n h e r i t a n c e which was 
a f f e c t e d by p h y s i o l o g i c a l t h r e s h o l d s . A s i m i l a r b e h a v i o u r o f 
P o l y d a c t y l y i n mice was r e p o r t e d by Murray (1932), H o l t (1945), 
H o l t and Wright (1946), and Chase (1951). Murray p o s t u l a t e d 
t h a t g e n e t i c c o n t r o l was determined by a dominant gene and a 
number o f m o d i f i e r s . On t h e o t h e r hand, Chase considered- the. 
t r a i t t o be composed o f s e v e r a l genes, none of them dominant, 
which were s t r o n g l y i n f l u e n c e d by a p h y s i o l o g i c a l t h r e s h o l d . 
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One o f the more e x t e n s i v e l y s t u d i e d g e n e t i c complexes 
i n D r o s o p h i l a m e l a n o g a s t e r i s t h a t o f abnormal abdomen ( S o b e l , 
1952). T h i s t r a i t was p r e s e n t i n a D i c h a e t e s t r a i n which he 
e s t a b l i s h e d from a s t r a i n e x h i b i t i n g a s y m m e t r i c a l a b n o r m a l i t i e s 
o f t h e head, t h o r a x , and abdomen d u r i n g t h e p u p a l s t a g e . D u r i n g 
s e l e c t i o n f o r abnormal abdomen some i n b r e e d i n g was p r a c t i s e d . 
I n one s t r a i n , s e l e c t i o n was a b l e t o i n c r e a s e i n c i d e n c e from 
4.4% t o 28 - 31%. T h i s a p p a r e n t l y was the s e l e c t i o n l i m i t . When 
r e v e r s e s e l e c t i o n was p r a c t i s e d , no r e d u c t i o n i n i n c i d e n c e 
o c c u r r e d . I n a n o t h e r D i c h a e t e s t r a i n , s e l e c t i o n i n c r e a s e d the 
i n c i d e n c e t o 39$. I n c i d e n c e was a f f e c t e d by temperature and 
time o f h a t c h i n g . When c r o s s e d i n t o o t h e r s t o c k s , t h e t r a i t 
e x h i b i t e d i r r e g u l a r dominance. He concluded t h a t abnormal abdomen 
genes a r e p r e s e n t as b a l a n c e d p o l y g e n i c systems i n v o l v i n g s e v e r a l 
chromosomes. The e x p r e s s i o n o f t h e t r a i t i s i n c r e a s e d i n the 
presence o f D i c h a e t e . S e l e c t i o n can i n c r e a s e i n c i d e n c e when 
D i c h a e t e i s p r e s e n t , u n t i l homozygosity o f t h e genes d e t e r m i n i n g 
t h i s t r a i t i s reached. 

A nother example i n D r o s o p h i l a i s p o d o p t e r a ( G o l d s c h m i d t , 
Hannah, and P i t e r n i c k , 1951). T h i s t r a i t has a p o l y g e n i c b a s i s 
and i s found a t a low i n c i d e n c e i n many s t r a i n s . The b e h a v i o u r 
o f t h i s t r a i t i s s i m i l a r t o t h a t o f abnormal abdomen. Donald 
(1949) g i v e s evidence o f a c o m p l i c a t e d g e n e t i c s t r u c t u r e f o r a 
t a i l a b n o r m a l i t y , k i n k y t a i l , i n p i g s t h a t i s a p p a r e n t l y t h e 
same i n i t s major f e a t u r e s as t h e above t r a i t s . There a r e a l s o 
some i n t e r e s t i n g c h a r a c t e r s i n p l a n t s such as rogue peas (Bateson 
and P e l l e w , 1920; Renard, 1930) whose g e n e t i c . s t r u c t u r e may be 
r e l a t e d t o the above t r a i t s d e s c r i b e d i n a n i m a l s . 

Two i m p o r t a n t s t u d i e s o f t h i s t y pe o f c h a r a c t e r i s t i c , 
i n w i d e l y d i v e r g e n t m a t e r i a l , have r e s u l t e d i n e s s e n t i a l l y t h e 
same i n d e p e n d e n t l y f o r m u l a t e d i n t e r p r e t a t i o n o f e x p e r i m e n t a l 
d a t a . The f i r s t o f t h e s e s t u d i e s was completed by D u b i n i n (1948) 
on e x t r a wing v e n a t i o n i n D r o s o p h i l a . The t r a i t was demonstrated 
to be w i d e l y d i s t r i b u t e d i n a number o f w i l d p o p u l a t i o n s o f 
D. mela n o g a s t e r and t h r e e o t h e r s p e c i e s o f D r o s o p h i l a . A l t h o u g h 
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a s e a s o n a l c y c l e o f f l u c t u a t i o n i n i n c i d e n c e o c c u r r e d , i t 
remained a t an average low l e v e l o f 0 .29$. S e l e c t i o n and 
i n b r e e d i n g were e f f e c t i v e i n i n c r e a s i n g the i n c i d e n c e and 
degree o f e x p r e s s i o n o f t h i s t r a i t . The m a j o r i t y o f t h e 
s e l e c t e d l i n e s showed the t r a i t w i t h i n f i v e g e n e r a t i o n s but i n 
one l i n e i t d i d not appear u n t i l t h e twenty-second g e n e r a t i o n o f 
b r o t h e r - s i s t e r m a t i n g s . When l i n e s were c r o s s e d , the i n c i d e n c e s 
i n t he o f f s p r i n g were u n p r e d i c t a b l e . G e n e t i c a l l y , the t r a i t was 
c h a r a c t e r i s e d by p l a s t i c semi-dominance, i n c o m p l e t e p e n e t r a n c e , 
and a p o l y g e n i c system o r g a n i s e d i n t o gene b l o c k s w i t h i n t h e 
second chromosome. 

The second i n v e s t i g a t i o n was on t h e crooked t o e s d e f e c t 
(CT) i n c h i c k e n by H i c k s (1953), and H i c k s and L e r n e r (1949). 
T h i s t r a i t has t h e same e s s e n t i a l f e a t u r e s as t h a t o f e x t r a wing 
v e n a t i o n . I t i s widespread a t a low i n c i d e n c e and e x p r e s s i o n i n 
p o u l t r y f l o c k s ; w i t h s e l e c t i o n t h e t r a i t can be f i x e d ; i n b r e e d i n g 
i n the absence o f s e l e c t i o n w i l l i n c r e a s e CT i n c i d e n c e ; i t i s 
v a r i a b l e i n e x p r e s s i o n , so much so t h a t t h e r e s u l t s o f i n d i v i d u a l 
matings a r e u n p r e d i c t a b l e ; as i n c i d e n c e o f CT i n c r e a s e s , so does 
the degree o f e x p r e s s i o n ; and i t i s a p o l y g e n i c t r a i t c h a r a c t e r ­
i s e d by a v a r y i n g t h r e s h o l d f o r e x p r e s s i o n , i n c o m p l e t e dominance, 
and i n c o m p l e t e p e n e t r a n c e . 

The t h e o r e t i c a l i n t e r p r e t a t i o n of t h e r e s u l t s o f th e s e 
experiments has r e c e i v e d i t s f u l l e s t t r e a t m e n t by L e r n e r (1954) 
who i n c o r p o r a t e d the i n t e r p r e t a t i o n s o f D u b i n i n and H i c k s i n t o a 
l a r g e r and more s p e c u l a t i v e t h e o r y o f g e n e t i c h o m e o s t a s i s . T h i s 
t h e o r y assumes t h a t a p o p u l a t i o n o f c r o s s - f e r t i l i z i n g organisms 
has s e l f - r e g u l a t i n g p r o p e r t i e s which enable i t t o ba l a n c e i t s 
g e n e t i c c o m p o s i t i o n and t o r e s i s t sudden changes i n environment. 
These p r o p e r t i e s a r e not s i m p l y the s u b s t i t u t i o n a t i n d i v i d u a l 
l o c i o f l e s s f a v o r a b l e a l l e l e s by more f a v o r a b l e ones but i n c l u d e 
the i n t e g r a t i v e a b i l i t i e s of a p o p u l a t i o n by s h i f t i n g gene 
f r e q u e n c i e s and gene arrangements t o adapt t o c h a n g i n g e n v i r o n m e n t a l 
c o n d i t i o n s . These p r o p e r t i e s have e v o l v e d under n a t u r a l s e l e c t i o n . 
The g e n e t i c mechanism which b e s t f i t s t h i s t h e o r y i n v o l v e s an 
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an obligate degree of heterozygosity in most individuals. 
In support of this theory, Lerner has drawn upon 

several other important lines of investigation that have been 
instrumental in demonstrating genetic properties in populations 
that transcend those in individuals. Waddington (1942) has 
demonstrated that cross-fertilizing organisms have the power of 
regulating their development (canalization) which produces a 
uniformity of phenotypic expression in a population in spite of 
genetic variability between individuals. The action of natural 
selection i s to favor the average phenotype (stabilizing select­
ion) with the elimination of extreme phenotypes (Schmalhausen, 
1949). Heterozygosity best explains greater fitness in the 
average individual by "regulating his ontogeny to remain within 
the normal bounds of development. 

Organised and balanced systems of polygenes have been 
described by Mather (1941, 1943, and 1953; Wigan-and Mather, 
1942; Wigan, 1944) which require a heterogeneous condition for 
optimum fitness in natural populations. They are based on two 
types of balancing mechanisms, both controlled by natural 
selection. Internal balance refers to the organisation of genes 
along a chromosome. Crossing over and chromosomal aberrations 
such as inversions (Dobzhansky, 1947a) w i l l develop and maintain 
desirable gene arrangements within a chromosome. Relational 
balance refers to interactions between homologous chromosomes and 
between chromosomes. This should be the most important balancing 
mechanism and is demonstrated repeatedly when inbred individuals 
exhibit greater phenotypic variability than crossbred individuals. 
An extensive study by Mather and Harrison (1949) who selected for 
high and low chaetae number in Drosopila melanogaster. indicated 
that selection with inbreeding upsets the genetic balance of 
polygenic systems and can be restored either by relaxing selection 
or by the adjustment of the polygenic systems to a new balance. 

The theory with regard to phenodeviants rests on their 
properties as balanced polygenic complexes. Most individuals in 
a population possess balanced genotype and are, therefore, 
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p h e n o t y p i c a l l y normal. N e v e r t h e l e s s , a few i n d i v i d u a l s i n 
every g e n e r a t i o n f a l l below a t h r e s h o l d o f o b l i g a t e h e t e r o z y g ­
o s i t y and t h r o u g h unbalance o f t h e p o l y g e n i c system a r e u n a b l e 
t o r e g u l a t e themselves a l o n g a normal d e v e l o p m e n t a l p a t t e r n . 
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MATERIALS AND METHODS 

B i r d s from t h r e e l i n e s o f s t o c k were used i n t h e 
experiment. A s m a l l number of f e r t i l e eggs from th e U n i v e r s i t y 
o f C a l i f o r n i a CT l i n e were s h i p p e d t o t h e U n i v e r s i t y o f B r i t i s h 
Columbia i n t h e e a r l y s p r i n g o f 1954. T h i s l i n e was d e r i v e d from 
the S i n g l e Comb White Leghorn (SCWL) p r o d u c t i o n f l o c k a t t h a t 
i n s t i t u t i o n . The CT l i n e has been a pure CT b r e e d i n g l i n e s i n c e 
1950 (one c h i c k out of 146 was c l a s s i f i e d as normal a t t i m e o f 
h a t c h i n 1953). 

The second l i n e came from th e UBC SCWL p r o d u c t i o n f l o c k . 
T h i s s t r a i n has been e s t a b l i s h e d f o r over 20 y e a r s and has been 
e s s e n t i a l l y c l o s e d s i n c e t h e n as f a r as can be dete r m i n e d . The 
f l o c k i s r e p r o d u c t i v e l y i n e f f i c i e n t and a mediocre p r o d u c e r . 
S e l e c t i o n i n the SCWL f l o c k has been toward improvement o f t h e 
p r o d u c t i o n i n d e x w i t h some s e l e c t i o n p r e s s u r e f o r egg s i z e . The 
t h i r d l i n e came from t h e UBC New Hampshire (NH) p r o d u c t i o n f l o c k 
w h ich was developed from a c o m b i n a t i o n o f s e v e r a l s t r a i n s i n t h e 
e a r l y m i d - f o r t i e s . The NH f l o c k has been developed as a d u a l 
purpose s t r a i n , w i t h a p p r o x i m a t e l y e q u a l s e l e c t i o n p r e s s u r e a p p l i e d 
f o r t h e improvement o f bo t h meat and egg p r o d u c t i o n . The f l o c k i s 
r e p r o d u c t i v e l y e f f i c i e n t . 

There was a v e r y low i n c i d e n c e o f CT (Ta b l e I ) i n t h e 
UBC p r o d u c t i o n f l o c k a t t h e time of h a t c h i n the f i r s t t wo y e a r s 
t h a t t h e t r a i t was r e c o r d e d . N e v e r t h e l e s s , i n t h e 1953-54 season 
t h e r e was a s i g n i f i c a n t l y g r e a t e r i n c i d e n c e i n t h e SCWL f l o c k 
t h a n i n t h e NH f l o c k . The d i f f e r e n c e s a r e reduced i n the f o l l o w ­
i n g season a l t h o u g h t h e SCWL f l o c k a g a i n has a h i g h e r i n c i d e n c e 
o f CT. While the e f f e c t s of the two s e l e c t i o n programs a r e 
d i f f i c u l t t o a s s e s s r e g a r d i n g t h e i r e f f e c t s on t h e CT complex, 
the b r o a d e r h e t e r o g e n e i t y and the c a n c e l l i n g e f f e c t s o f a d u a l 
s e l e c t i o n program i n t h e NH f l o c k may c o n c e i v a b l y l e a d t o a 
b e t t e r b a l a n c e d f l o c k genotype. 

There were no CT b i r d s p r e s e n t a t h a t c h i n the dam 
f a m i l i e s from which b i r d s were t a k e n t o mate w i t h t h e C a l i f o r n i a 
CT l i n e . A l l matings made i n t h e course o f t h e experiment a r e 
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T a b l e I 

I n c i d e n c e o f CT among hatched c h i c k s i n t h e 
U n i v e r s i t y o f B r i t i s h Columbia p r o d u c t i o n f l o c k s . 

Season Breed C h i c k s h a t c h e d CT a t h a t c h % i n c i d e n c e 

1953- 54 SCWL 1547 29 1.87 ** 
NH 1518 10 0.66 ** 

1954- 55 SCWL 1470 4 0.27 
NH 1482 0 0-.00 

** The d i f f e r e n c e i n CT i n c i d e n c e between breeds i s 
s t a t i s t i c a l l y s i g n i f i c a n t a t the .01$ l e v e l . 
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shown i n T a b l e I I . Three b r e e d i n g pens were made up w i t h t h e 
p a r e n t a l b i r d s i n t h e f a l l o f 1954, each headed by a s i r e from 
one o f t h e l i n e s used i n t h e experiment. Each pen c o n t a i n e d 
f i v e dams ( o n l y f o u r were a v a i l a b l e from t h e CT l i n e ) from each 
o f t h e t h r e e l i n e s . Where p o s s i b l e dams w i t h i n a pen were 
u n r e l a t e d but each dam had f u l l s i b i n each o f the o t h e r two pens. 

W i t h i n a m a t i n g pen comparison o f t h e r e s u l t s between 
m a t i n g c a t e g o r i e s was based on t h e d i f f e r e n c e between h a l f -sib 
groups. R e c i p r o c a l matings o c c u r r e d between each s t r a i n and 
breed c r o s s e d . Thus g e n o t y p i c d i f f e r e n c e s were m i n i m i z e d between 
m a t i n g c a t e g o r i e s p e r m i t t i n g t h e maximum e f f e c t o f t h e CT complex 
t o be e x p r e s s e d . The m a t i n g d e s i g n a l s o would p e r m i t t h e d e t e c t ­
i o n o f s e x - l i n k a g e and maternal- e f f e c t s i f t h e s e c h a r a c t e r i s t i c s 
were p r e s e n t . 

The CT l i n e dams were s o c i a l l y dominated by t h e o t h e r 
b i r d s i n t h e p a r e n t a l matings t o such an e x t e n t t h a t t h e y had t o 
be housed s e p a r a t e l y i f t h e y were t o s u r v i v e . S i m i l a r i l y , t h e 
NH dams dominated t h e CT s i r e s u f f i c i e n t l y t o p r e v e n t s u c c e s s f u l 
m a t i n g s . C o n s e q u e n t l y , t h e t h r e e s i r e s were housed i n i n d i v i d u a l 
cages and the p a r e n t a l matings were conducted w i t h an a r t i f i c a l 
i n s e m i n a t i o n program. 

I n the f a l l o f 1955, f o u r b r e e d i n g pens were made up 
w i t h F^ b i r d s , one from each o f the r e c i p r o c a l matings o f t h e CT 
l i n e w i t h t h e SCWL l i n e and t h e CT l i n e w i t h t h e NH l i n e . T a b l e 
I I i n d i c a t e s t h e phenotype and the l i n e o f o r i g i n o f the b i r d s 
i n each b r e e d i n g pen. I t w i l l be seen t h a t t h e mat i n g s t r u c t u r e 
o f each pen was s i m i l a r t o t h a t i n the p a r e n t a l m a t i n g , t h a t i s , 
each male was mated w i t h t h r e e c a t e g o r i e s o f females w i t h a 
maximum o f f i v e dams i n each c a t e g o r y . I n t h e s e matings t h e r e 
were t h r e e s h i f t s o f males t o each pen, so t h a t each dam was 
mated t o an F-̂  s t r a i g h t t o e (ST) s i r e , an F^ CT s i r e , and a s i r e 
from one o f t h e p a r e n t a l l i n e s . Note t h a t the b a c k c r o s s P-̂  CT 
s i r e i n group 12 (Table I I ) i s t h e same s i r e a s ihat i n group 14. 



Table I I 
M a t i n g d e s i g n o f the CT experiment. Beneath eaeh s i r e i s t h e d e s i g n a t i o n o f each o f 
the t h r e e c l a s s e s o f dams w i t h which he was mated. I n the F-̂  m a t i n g s , t h e p a r e n t s o f 
the b i r d s a r e i n d i c a t e d by t h e numeral and l e t t e r i n p a r e n t h e s i s . 

P a r e n t a l m a t i n g s ; 
1. CT cf 

a. CT °-¥ 
b. SCWL 8°-
c. NH n 

P^ m a t i n g s : 

4^ P~"ST cf ( l . b ) 

a. P 1 ST ?? ( l . b ) 

b. P 1 CT ( l . b ) 

c. P x SCWL (2.b) 

8. P.̂  CT cf ( l . b ) 

Dams:- same as i n 
4a, b, and c. 

12. P 1 CT cf 

Dams:- same as i n 
4a, b, and c. 

2. SCWL cf 
a. CT °4 
b. SCWL $$ 
c. NH n 

3. NH o" 
a. CT n 
b. SCWL ?? 
c. NH W 

5. P-L ST cf (2.a) 

a. ¥ ± ST $$- (2.a) 

b. P]_ CT ? ? (2.a.) 

c. P 1 CT ? ? (l.a)-,^ 

9. P 1 CT cf (2.a) 

Dams:- same as i n 
5a, b, and c. 

13. P-L SCWL c* 

Dams:- same as i n 
5a, b, and c. 

6. P 1 ST cf ( l . c ) 

a. P x ST ( l . c ) 

b. P 1 CT ( l . c ) 

c. P X NH °-¥- (3.c) 

10. P x CT o* ( l . c ) 

Dams:- same as i n 
6a, b, and c. 

14. P-L CT cf 

Dams:- same a s i n 
6a, b, and c. 

7. P x ST o" (3.a) 

a. P 1 ST $? (3.a) 

b. P 1 CT ? ? (3.a) 

c. P 1 CT $$ ( l . a ) 

11. P x CT o* (3.a) 

Dams:- same a s i n 
7a, b, and c. 

15. P-j_ NH cf 

Dams:- same a s i n 
7a, b, and c. 

•1. I n mat i n g 5.c. one of t h e females i s t h e dam o f the males w i t h which she i s mated. 
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The i n c u b a t e d eggs w h i c h f e i l e d t o h a t c h were broken 
open t o determine t h e cause o f d e a t h . I n t h o s e embryos which 
d i e d a f t e r t h e t w e l f t h day o f i n c u b a t i o n , t h e sex and presence 
o r absence of CT was r e c o r d e d . Day o l d c h i c k s were p e d i g r e e d 
and presence and grade o f CT was r e c o r d e d . At 10 weeks o f age, 
a l l b i r d s were a g a i n h a n d l e d r e c o r d i n g sex and presence and 
grade o f CT. I n t h e c r o s s e s t o t h e 1JH l i n e an attempt was made 
t o i d e n t i f y c o l o r genes which might i n d i c a t e l i n k a g e between a 
p a r t o f t h e CT complex and a s i n g l e dominant gene. B i r d s d y i n g 
b e f o r e t h e t e n t h week were a u t o p s i e d and cause o f death and sex 
determined. 
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RESULTS 

CROOKED TOE INCIDENCE ' 
CT i n c i d e n c e has been measured by combining t h e 

i n c i d e n c e among embryonic dead (13-21 days o f i n c u b a t i o n ) and 
hatched c h i c k s . Embryos which d i e d b e f o r e t h i r t e e n days o f 
i n c u b a t i o n were not i n c l u d e d because t h e development of t h e CT 
c h a r a c t e r i s not expressed b e f o r e t h a t time ( H i c k s 1953). The 
combined i n c i d e n c e i s p r o b a b l y t h e most r e l i a b l e i n d i c a t o r o f 
the t r u e g e n e t i c p i c t u r e s i n c e i t i n c l u d e s more zyg o t e s t h a n 
e i t h e r t h e embryonic dead o r hatc h e d c h i c k s a l o n e . F u r t h e r , up 
t o h a t c h i n g time the zy g o t e s have been l i v i n g under the most 
u n i f o r m e x t e r n a l c o n d i t i o n s p o s s i b l e . Thus d a t a o b t a i n e d d u r i n g 
t h i s p e r i o d o f t h e l i f e c y c l e a r e l e s s s u b j e c t t o e n v i r o n m e n t a l 
m o d i f i c a t i o n s . 

The i n c i d e n c e o f CT i n t h e p a r e n t a l l i n e s and i n the F^, 
F^ and b a c k c r o s s g e n e r a t i o n s i s p r e s e n t e d i n T a b l e s I I I - V and 
F i g s . 2 and 3. The d a t a , summarized a t t h e s i r e f a m i l y l e v e l , 
i l l u s t r a t e s one o f the i n h e r e n t d i f f i c u l t i e s as w e l l as one o f t h e 
im p o r t a n t f e a t u r e s c h a r a c t e r i s t i c o f p h e n o d e v i a n t s . T h i s f e a t u r e 
i s t h e extreme v a r i a b i l i t y between groups i n t h e e x p r e s s i o n o f 
the CT c h a r a c t e r . The v a r i a b i l i t y i s emphasized when t h e d a t a 
a r e examined a t t h e dam f a m i l y l e v e l . A t y p i c a l example o f t h i s 
i n t h e Fg g e n e r a t i o n i s demonstrated i n t h e s i r e f a m i l y F^ CT cT X 
F-j^ ST from t h e p a r e n t a l m a t i n g CT o* X NH I n t h i s f a m i l y 
o f f i v e dams, t h e CT i n c i d e n c e ranged from 14.7$ i n the progeny 
of t h e dam f a m i l y w i t h the l o w e s t i n c i d e n c e o f CT t o 53-3% i n t h e 
dam f a m i l y w i t h the h i g h e s t i n c i d e n c e . C o n s e q u e n t l y , i t has been 
d e s i r a b l e t o combine the d a t a i n t o l a r g e groups (Table VI) f o r 
a n a l y s i s . The f o u r p h e n o t y p i c c l a s s e s i n the F^ matings from t h e 
same p a r e n t a l l i n e ( T a ble IV) i l l u s t r a t e a l a c k o f correspondence 
between t h e phenotype o f the p a r e n t s and t h e phenotype of t h e 
o f f s p r i n g . I n t h e m a t i n g o f F^ ST b i r d s , t h e o f f s p r i n g had a CT 
i n c i d e n c e o f 18.2$ w h i l e t h a t o f F^ CT b i r d s had a CT i n c i d e n c e 
of 12.4$. The r e c i p r o c a l F^ CT X ST matings produced o f f s p r i n g 
w i t h a CT i n c i d e n c e o f 24 - 25$. S i m i l a r comparisons between 
the F p h e n o t y p i c c l a s s e s d e r i v e d from the o t h e r p a r e n t a l l i n e s 



Table I I I 
Combined i n c i d e n c e * o f CT and e x p r e s s i v i t y averages i n the P-̂  
g e n e r a t i o n ; o f c r o s s e s between CT, SCWL and NH l i n e s . 

CT s i r e SCWL s i r e NH s i r e 

Dams No. CT/ 
t o t a l <fo E x p r e s s i v i t y 

No. CT/ 
t o t a l fo E x p r e s s i v i t y 

No. CT/ 
t o t a l fo E x p r e s s i v i t y 

CT 42/46 91.3 3.65 30/52 57.7 1.70 7/40 17.5 1.15 

SCWL 33/178 18.5 1.12 20/195 10.2 1.01 3/121 2.5 1.00 

NH 5/178 2.8 1.01 0/175 0.0 1.00 2/80 2.5 1.00 

* Combined i n c i d e n c e = i n c i d e n c e among dead embryos (13 - 21 days of i n c u b a t i o n ) + 
i n c i d e n c e among hatched c h i c k s . 

H 
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T a b l e IV 

I n c i d e n c e o f CT i n t h e g e n e r a t i o n i n r e c i p r o c a l 
c r o s s e s o f t h e CT l i n e w i t h UBC SCWL and NH l i n e s . 

CT X SCWL l i n e s CT o*X UBC ffi UBC cf X CT ffi 
No. CT/ 
t o t a l E x p r e s s i v i t y 

No. CT/ 
t o t a l E x p r e s s i v i t y 

S i r e Dams 

F l ST X F 1 ST 3 4 / 9 3 3 6 . 6 1 . 8 7 3 3 / 1 1 4 2 9 . 0 1 . 5 7 

F l ST X F 1 CT 2 0 / 5 4 3 7 . 0 1 . 6 5 1 9 / 8 4 2 2 . 6 1 . 3 6 

* 1 
CT X F X ST 5 0 / 1 0 2 4 9 . 0 1 . 5 4 5 5 / 9 8 5 6 . 1 2 . 1 4 

P l CT X F - L CT 4 3 / 7 1 6 0 . 6 2 . 0 7 4 5 / 9 7 4 6 . 4 1 . 9 6 

CT X NH l i n e s 

P l ST X F1 ST 2 2 / 1 2 1 1 8 . 2 1 . 2 5 5 3 / 1 6 1 3 2 . 9 1 . 6 2 

F l ST X F X CT 2 1 / 8 6 2 4 . 4 1 . 4 4 4 / 3 7 1 0 . 8 1 . 2 0 

F l CT X F1 ST 4 0 / 1 5 9 2 5 . 2 1 . 1 8 5 7 / 1 4 7 3 8 . 8 1 . 8 1 

F l CT X F X CT 1 1 / 8 9 1 2 . 4 1 . 1 5 7/27 2 5 . 9 1 . 6 1 
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Ta b l e V 

I n c i d e n c e o f CT i n t h e b a c k c r o s s matings o f P 
b i r d s w i t h the p a r e n t a l l i n e s . 

CT X SCWL l i n e s CT cf X UBC ffi UBC c/X CT °-$ 
No. CT/ No. CT/ 
t o t a l % E x p r e s s i v i t y t o t a l $ E x p r e s s i v i t y 

P x C T cf ^ S C W L cf 

p l S T %% 70/93 75.3 2.81 14/85 16.5 1.12 

F l C T n 59/60 98.3 3.61 25/97 25.8 1.12 

P-L S T cf 

p l S C W L ? ? 1/109 0.9 1.02 

P 1 C T cf 

p l S C W L ? ? 17/84 20.2 1.09 

C T X NH l i n e s P x C T cf P 1 NH cf 

P l S T 72/80 90.0 11/134 8.2 1.03 

P l C T $ $ 21/23 91.3 2/21 9.5 1.19 

P 1 S T cf F± S T cf 

P l NH W 10/113 8.8 1.08 

P l C T 5/6 83.3 4.00 

¥ ± C T cf P x C T cf 

P l NH ? ? 10/110 9.1 1.06 

P l C T ? ? 25/25 100 3.55 



Figure 2. Incidence of CT in reciprocal CT X SCWL 
matings. Recorded in percent. 
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Figure 3. Incidence of CT in reciprocal CT X NH 
matings. Recorded in percent. 
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show a l a c k o f correspondence between p a r e n t - o f f s p r i n g phenotypes. 

The P 1 i n c i d e n c e o f CT i n t h e CT X SCWL c r o s s e s i s 
i n t e r m e d i a t e between t h e two p a r e n t a l l i n e s but approaches more 
c l o s e l y t h e i n c i d e n c e i n t h e SCWL l i n e . A s i m i l a r s i t u a t i o n 
e x i s t s i n the combined r e c i p r o c a l c r o s s e s i n t h e CT X NH l i n e s 
where the i n c i d e n c e i n the F^ progeny i s even more c l o s e l y 
a s s o c i a t e d w i t h t h a t e x i s t i n g i n t h e ST p a r e n t s . 

When t h e P^ b i r d s were mated i n t e r s e , t h e i n c i d e n c e o f 
CT i n c r e a s e d i n b o t h the s t r a i n (CT X SCWL) and Ithe breed (CT X NH) 
c r o s s e s . A l t h o u g h the Pg i n c i d e n c e i n t h e progeny from t h e SCWL 
l i n e s remained h i g h e r t h a n i n t h e NH l i n e s , t h e r e was p r o p o r t i o n ­
a t e l y a much g r e a t e r i n c r e a s e i n t h e l a t t e r group. 

I n the b a c k c r o s s matings o f t h e P^ progeny t o the 
p a r e n t a l l i n e s , progeny o f th e s e matings v e r y n e a r l y approach t h e 
CT i n c i d e n c e i n t h e p a r e n t a l l i n e t o which t h e y were mated. T h i s 
tendency i s c a r r i e d t o t h e g r e a t e s t extreme i n t h e CT X NH P^ 

b i r d s b a c k c r o s s e d t o t h e CT p a r e n t a l l i n e . I n t h i s case the back-
c r o s s progeny e q u a l t h e i n c i d e n c e o f crooked t o e s i n t h e CT l i n e . 

Sex-Linkage 
E v i d e n c e o f s e x - l i n k a g e i n the CT c h a r a c t e r ( H i c k s , 1953) 

was i n d i c a t e d f o r s e v e r a l g e n e r a t i o n s d u r i n g t h e development o f t h e 
CT l i n e i n C a l i f o r n i a . No evidence s u g g e s t i n g t h i s r e l a t i o n s h i p 
was found i n t h e p r e s e n t experiment. 

M a t e r n a l E f f e c t s 
An e x a m i n a t i o n o f the d a t a between r e c i p r o c a l matings 

(Table VI) i n the c r o s s e s t o t h e SCWL and t o t h e NH l i n e s shows 
t h a t i n t h e P-̂  g e n e r a t i o n t h e r e i s a much h i g h e r CT i n c i d e n c e i n 
the matings t o CT l i n e dams th a n i n the matings t o CT l i n e s i r e s . 
The h i g h e r i n c i d e n c e i s s t a t i s t i c a l l y s i g n i f i c a n t b o t h i n t h e 
CT X SCWL c r o s s e s ( c h i square = 28.709, P = _ .01 w i t h 1 d.f.) 
and i n the CT X NH c r o s s e s ( c h i square = 10.874, P = / .01 w i t h 
1 d . f . ) . 

When t h e two components, embryonic dead and''hatched 
c h i c k s a r e examined s e p a r a t e l y , t h e y b o t h e x h i b i t a h i g h e r 
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i n c i d e n c e o f CT i n t h e c r o s s e s t o t h e CT l i n e dams (see b e l o w ) . 

CT i n c i d e n c e i n embryonic dead. F_ g e n e r a t i o n . 

SCWL ( f X CT ? ? 14/17 82.3$ NH cf X CT $$-

CT cf X SCWL ?? 21/35 60.0$ CT cf X NH 

CT i n c i d e n c e i n hatched c h i c k s . F-̂  g e n e r a t i o n . 

SCWL cf X CT ? ? 16/35 45.7$ ** NH cf X CT 

CT cf X SCWL $? 12/143 8.4$ ** CT cf X NH 

** S i g n i f i c a n t a t 1$ l e v e l 

F a i l u r e t o o b t a i n s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s i n t h e 
m a j o r i t y o f comparisons" i s due t o t h e s m a l l number o f progeny i n 
the s e p a r a t e c a t e g o r i e s . The evidence l e a v e s no doubt t h a t t h e r e 
i s a s t r o n g m a t e r n a l e f f e c t c o n t r i b u t e d by dams from t h e CT l i n e 
toward t h e e x p r e s s i o n o f the CT c h a r a c t e r i n t h e F^ g e n e r a t i o n . 
A h i g h degree o f i n b r e e d i n g i n the CT l i n e (F = .55) i s p r o b a b l y 
t h e cause o f t h e m a t e r n a l e f f e c t . T h i s c o u l d o c c u r p r o v i d e d t h e 
CT l i n e dams were g e n e t i c a l l y unbalanced ( r e l a t i v e l y homozygous) 
p r o d u c i n g u n f a v o r a b l e e n v i r o n m e n t a l c o n d i t i o n s w i t h i n t h e egg. 

I n t h e F2 g e n e r a t i o n , progeny descendent from CT X SCWL 
matings do not e x h i b i t a c a r r y - o v e r o f m a t e r n a l e f f e c t s from the 
F^ g e n e r a t i o n (Table V I ) . The progeny descendant from CT X NH 
matings c o n t i n u e t o have a s i g n i f i c a n t l y h i g h e r CT i n c i d e n c e i n 
the NH cf X CT ? ? l i n e t h a n i n t h e CT cf X NH ?? l i n e ( c h i square = 
14.983, P =/.01 w i t h 1 d . f . ) . T h i s d i f f e r e n c e between t h e 
r e c i p r o c a l p a r e n t a l l i n e s i s not supporte d i n the b a c k c r o s s matings 
where no d i f f e r e n c e s i n i n c i d e n c e o c c u r i n t h e b a c k c r o s s e s e i t h e r 
t o the NH l i n e o r t o the CT l i n e . T h e r e f o r e , t h e r e may be a 
c a r r y - o v e r o f m a t e r n a l e f f e c t s i n t o t h e F2 g e n e r a t i o n from t h e 
CT X NH breed c r o s s e s a l t h o u g h t h e evidence i s i n c o n c l u s i v e . 

5/6 83.3$ 

3/13 23.1$ 

2/34 5.9$ 

2/163 1.2$ 



T a b l e V I 

I n c i d e n c e o f CT i n the P-̂ , F-^, P2» and b a c k c r o s s matings i n 
each o f t h e f o u r l i n e s formed i n t h e experiment. Combined 
d a t a i n p e r c e n t . 

L i n e x l 
SCWL 

BC t o 
SCWL ?$ 

BC t o 
CT cf CT 

CT 0* X SCWL 10.2 9.3 18 . 5 45.9 84 . 3 91.3 

SCWL cf X CT ?.? 10.2 

BC t o 
SCWL cf 

21.4 57.7 38 .7 

BC t o 
CT g? 

not made 91.3 

CT cf X NH 

NH 

2.5 

BC 
NH 

9.0 2.8 20.6 

BC t o 
CT cf. 

90.3 91.3 

BC t o 
NH cf 

BC t o 
CT 

NH cf X CT ?? 2.5 8.7 17.5 32.5 91.8 91.3 
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I n b r e e d i n g 
There a r e two l e v e l s of i n b r e e d i n g between p r o g e n i e s 

i n t h e F2 g e n e r a t i o n . M a t i n g s o f the F-̂  b i r d s wherever p o s s i b l e 
were between h a l f s i b s which produced progeny w i t h P = .194. I n 
most s i r e f a m i l i e s , however, i t was ne c e s s a r y t o p l a c e a t l e a s t 
one f u l l s i s t e r t o the s i r e i n t h e b r e e d i n g pen t o o b t a i n a 
s u f f i c i e n t number o f dams. Progeny from f u l l s i b matings had an 
i n b r e e d i n g c o e f f i c i e n t o f .388. 

Comparisons between dam f a m i l i e s w i t h i n s i r e f a m i l i e s 
the 

showed t h a t i n h a l f ^ s i r e f a m i l i e s ( s i x out o f 12; the progeny 
w i t h t h e h i g h e r i n b r e e d i n g c o e f f i c i e n t were c o n s i s t e n t l y ^ h i g h e r 
i n CT i n c i d e n c e t h a n t h o s e w i t h t h e l o w e r i n b r e e d i n g c o e f f i c i e n t . 
When t h e s i r e f a m i l i e s a r e combined f o r comparisons between t h e 
f o u r c l a s s e s o f P^ ma t i n g s , the CT i n c i d e n c e i s h i g h e r i n t h e 
more i n b r e d progeny i n a l l l i n e s except CT o*X NH 

CT i n c i d e n c e i n h a l f s i b s and f u l l s i b s i n F2 g e n e r a t i o n 
i n p e r c e n t . 

p = .194 P = . 388 Weighted 

CT cf X SCWL ¥? 83/214 38.8 64/108 59.2 ** .259 

SCWL cf X CT ?$ 72/183 39.3 16/29 55.2 .216 

CT cf X NH ?? 63/290 21.7 31/165 18.8 .267 
NH cf X CT 39/131 29.8 71/177 40.1 .291 

CT X SCWL 
(combined) 

155/397 39.0 80/137 58.4 ** .237 

CT X NH 
(combined) 

102/421 24.2 102/342 29.8 .277 

** S i g n i f i c a n t a t 1% l e v e l . 

The d i f f e r e n c e between t h e l e v e l s of i n c i d e n c e a s s o c i a t e d w i t h 
the two degrees of i n b r e e d i n g i n t h e CT o*X SCWL l i n e i s 
s t a t i s t i c a l l y s i g n i f i c a n t . When t h e r e c i p r o c a l p a r e n t a l l i n e s 
a r e combined the CT i n c i d e n c e i s h i g h e r i n the f u l l s i b s i n 
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b o t h t h e s t r a i n c r o s s and the breed c r o s s . The d i f f e r e n c e s i n 
the CT X SCWL l i n e s remains s t a t i s t i c a l l y s i g n i f i c a n t . 

I f the h i g h e r CT i n c i d e n c e i n t h e more h i g h l y i n b r e d 
F 2 zygotes i s a phenomenon o f i n b r e e d i n g d e g e n e r a t i o n , t h e n i t 
would be expected t h a t a lowered h a t c h a b i l i t y would o c c u r among 
th e s e z y g o t e s . T h i s does not happen as i s shown below. 

H a t c h a b i l i t y i n h a l f s i b s and f u l l s i b s i n F 2 g e n e r a t i o n . 

F = .194 P = .388 
CT X SCWL 232/318 73.0$ 100/147 68.0$ 
CT X NH 366/450 81.3$ 306/374 81.8$ 

A s s o c i a t i o n w i t h Sex 

There was no a s s o c i a t i o n o f CT i n c i d e n c e w i t h sex 
e v i d e n t i n t h e d a t a . Sex r a t i o s were normal i n combined d a t a 
a l t h o u g h c o n s i d e r a b l e v a r i a t i o n e x i s t e d between dam f a m i l i e s . 

Secondary sex r a t i o s i n CT experiment, a l l z y g o t e s 
combined. 

G e n e r a t i o n Males Females Sex r a t i o 

P 1 451 458 49.61 

F 2 1063 1003 51.45 

The r e l a t i o n between CT i n c i d e n c e and sex showed no d i f f e r e n c e s 
between males and fe m a l e s . 

I n c i d e n c e of CT i n : Males Females 

F^ g e n e r a t i o n 

F 9 g e n e r a t i o n 

1 3 . 6 $ 

3 2 . 3 $ 

14.8$ 

30.2$ 
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I n t h e dead embryos o f the g e n e r a t i o n , 67.8$ o f the males 
were CI and 60.0$ o f t h e females were CT. At t e n weeks o f age, 
69 CT b i r d s had d i e d (34 males and 35 f e m a l e s ) . The d a t a 
suggest t h a t the e x p r e s s i o n o f CT a c t s e q u a l l y on males and 
fem a l e s . 

D i s c u s s i o n 

One o f the most s t r i k i n g f e a t u r e s of the d a t a i s t h e 
tremendous v a r i a b i l i t y between t h e phenotypes of the dams and 
t h e i r o f f s p r i n g . T h i s v a r i a b i l i t y p e r s i s t s t o a c o n s i d e r a b l e 
e x t e n t even t o the l e v e l o f comparisons between s i r e f a m i l i e s 
(note p a r t i c u l a r i l y the v a r i a b i l i t y between s i r e f a m i l i e s i n 
Ta b l e I V ) . The performance o f the p a r e n t s g i v e s but a s l i g h t 
i n d i c a t i o n o f what t o expect i n t h e performance o f t h e o f f s p r i n g 
w i t h r e l a t i o n t o the t r a n s m i s s i o n o f CT i n c i d e n c e ( f o r example, 
no d e f i n i t i v e s e g r e g a t i o n r a t i o s ) . T h i s c h a r a c t e r i s t i c of t h e 
CT t r a i t p r o v i d e s s t r o n g e v i d e n c e of a complex mechanism o f 
i n h e r i t a n c e , one t h a t i s not amenable t o a s i m p l e M e n d e l i a n 
a n a l y s i s . 

The d a t a (Table VI) i n d i c a t e t h a t breed d i f f e r e n c e s 
e x i s t a t l e a s t d u r i n g the f i r s t two g e n e r a t i o n s a f t e r t h e 
co m b i n a t i o n o f t h e CT genome w i t h t h a t o f t h e UBC SCWL and NH 
bree d s . The d i f f e r e n c e s between the CT i n c i d e n c e i n the s t r a i n 
and breed c r o s s e s may i n p a r t be a t t r i b u t e d t o d i f f e r e n t t h r e s h ­
o l d s f o r t h e e x p r e s s i o n o f the c h a r a c t e r . The w i d e r c r o s s t o 
the NH l i n e v e r y l i k e l y p r o v i d e s a g r e a t e r number o f he t e r o z y g o u s 
l o c i i n the F^ g e n e r a t i o n . The consequence o f t h i s s i t u a t i o n 
would be a tendency t o w a r d a h i g h e r t h r e s h o l d f o r CT e x p r e s s i o n 
as w e l l as the e x p r e s s i o n o f h y b r i d v i g o r . . T h i s h y p o t h e s i s i s 
supp o r t e d by t h e r e l a t i v e l y low i n c i d e n c e o f CT i n the 
g e n e r a t i o n o f progeny from t h e r e c i p r o c a l CT X NH matings ( P i g s . 
2 and 3). A l s o , h y b r i d v i g o r i s suggested by a g r e a t e r h a t c h -
a b i l i t y i n t h e r e c i p r o c a l CT X NH P-̂  g e n e r a t i o n (91.7$) t h a n i n 
the r e c i p r o c a l CT X SCWL P 1 g e n e r a t i o n (76.6$). 

That t h e t r a i t i s s t r o n g l y s u b j e c t t o e n v i r o n m e n t a l 
m o d i f i c a t i o n i s e v i n c e d by t h e e f f e c t s of t h e m a t e r n a l e n v i r o n -
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merit. The m a t e r n a l e f f e c t has i t s p r i m a r y i n f l u e n c e on pheno-
t y p i c e x p r e s s i o n and does not a l t e r the z y g o t i c g e n o t y p i c 
p o t e n t i a l s f o r CT e x p r e s s i o n , f o r example, the b a c k c r o s s e s i n 
the CT X NH c r o s s e s . I t reduces the t h r e s h o l d f o r CT e x p r e s s i o n 
so t h a t more zy g o t e s develop t h e d e f e c t t h a n o t h e r s w i t h 
e q u i v a l e n t genotypes which develop- under more f a v o u r a b l e 
e n v i r o n m e n t a l c o n d i t i o n s . I t i s p r o b a b l e t h a t a l o w e r CT i n c i d ­
ence would p r e v a i l i n the F-̂  g e n e r a t i o n b a r r i n g m a t e r n a l e f f e c t s . 
Even i n t h e presence of m a t e r n a l e f f e c t s t h e i n c i d e n c e i n t h e 
CT X NH c r o s s e s approaches v e r y c l o s e l y t h e i n c i d e n c e encount­
ered i n t h e NH p a r e n t a l s t r a i n . I n f a c t , i n t h e CT o"X NH 
c r o s s the i n c i d e n c e i n the P^ g e n e r a t i o n was 2.8$ (Table V I ) 
which i s almost i d e n t i c a l w i t h t h e i n c i d e n c e i n t h e pure NH 
matings (2.5$). The evidence i n d i c a t e s t h a t t h e CT genes cond­
i t i o n d i f f e r e n t t h r e s h o l d s f o r e x p r e s s i o n o f t h e d e f e c t . Thus 
a t h r e s h o l d w h i c h would not be exceeded i n c o n d i t i o n s o f optimum 
environment may be t r i g g e r e d by a s u b o p t i m a l m a t e r n a l environment 
o r o t h e r d e l e t e r i o u s environments as o c c u r r e d , f o r example, i n 
the temperature experiments i n " t h e UBC E x p e r i m e n t a l l i n e s . (Data 
u n p u b l i s h e d ) . 

The e f f e c t of temperature on CT i n c i d e n c e , i n p e r c e n t . 

I n b r e d 
Non-inbred 
C r o s s b r e d 

H i g h temperature 
101v25°P 

Embryonic At h a t c h 
4 1 . 8 4 . 2 

3 4 . 3 0 . 0 

3 3 . 3 0 . 0 

Low temperature 
9 8 . 0°P 

Embryonic At h a t c h 
1 3 . 0 0 . 0 

7 . 5 0 . 0 

0 . 0 0 . 0 

The e f f e c t o f i n b r e e d i n g i s a p p a r e n t l y t o i n c r e a s e 
CT i n c i d e n c e i n d e p e n d e n t l y o f i n b r e e d i n g d e g e n e r a t i o n . S t a t i s t ­
i c a l a n a l y s i s o f the d a t a suggests t h a t t h e assumption t h a t 
chance f l u c t u a t i o n i n gene f r e q u e n c i e s o f s p e c i f i c CT 
d e t e r m i n i n g genes ( g e n e t i c d r i f t ) a l o n e i s i n s u f f i c i e n t t o 
account f o r t h e d i f f e r e n c e s between d i f f e r e n t l e v e l s o f inbreed-



26 

i n g . The evidence on t h i s p o i n t i s i m p o r t a n t i n t h a t i t i n d i c a t e s 
t h a t the CT c h a r a c t e r i s i n f l u e n c e d by homozygosity p e r se. 
Thus- i t i s demonstrated t h a t t h e e x p r e s s i o n o f CT i s not the 
r e s u l t o f i n b r e e d i n g degeneration- but r a t h e r - b o t h phenomena ar e 
t h e r e s u l t o f the same u n d e r l y i n g cause. That i s , b o t h a r e 
i n f l u e n c e d by i n c r e a s i n g homozygosity i n an organism t h a t 
depends upon a h i g h l y h e t e r o z y g o u s c o n d i t i o n f o r optimum f i t n e s s . 

The combined d a t a ( P i g s . 2 and 3) f o r t h e F^ and P2 
g e n e r a t i o n s i n d i c a t e the CT genes t o be i n c o m p l e t e l y dominant. 
The m a t e r n a l e f f e c t i n d i c a t e s a v a r i a b l e p enetrance i n t h e 
a c t i o n o f CT genes. F u r t h e r e vidence of t h i s a c t i o n may be 
found w i t h i n t h e F2 g e n e r a t i o n when a l l matings from t h e f o u r 
p a r e n t a l c r o s s e s are combined on t h e b a s i s o f t h e p a r e n t a l pheno-
t y p e s (see b e l o w ) . 

. F_ ST U 1 ST 142/489 29.0$ 
¥ ± ST X P 1 CT 266/778 34.2$ 
F-L CT X F x CT 106/264 40.2$ 

There i s a rough correspondence between the phenotype o f t h e 
p a r e n t s and t h e CT i n c i d e n c e i n t h e o f f s p r i n g but t h e h i g h 
i n c i d e n c e i n t h e ST X ST matings r e l a t i v e t o t h a t i n t h e CT X CT 
matings i n d i c a t e s v a r i a b l e p e n e t r a n c e . A more s t r i k i n g example 
of v a r i a b l e p e n e t r a n c e o c c u r r e d i n t h e C a l i f o r n i a CT l i n e i n 
1949 when the progeny o f ST r e p r e s e n t a t i v e s o f the CT p o s i t i v e 
s e l e c t i o n l i n e had as h i g h an i n c i d e n c e o f CT as occured i n 
the g e n e r a t i o n from which th e ST p a r e n t a l b i r d s came ( H i c k s , 
1953). 

The m a t e r n a l and i n b r e e d i n g e f f e c t s i n d i c a t e the 
i n c i d e n c e of CT i s a f f e c t e d by v a r y i n g t h r e s h o l d l e v e l s caused 
by gene-environment i n t e r a c t i o n s and v a r y i n g degrees of homozy­
g o s i t y . The f a c t t h a t the i n c i d e n c e o f CT i n t h e F-j_ g e n e r a t i o n 
( F i g s . 2 and 3) l i e s between the i n c i d e n c e i n t h e p a r e n t a l l i n e s 
p r o v i d e s evidence o f a p a r t i a l l y q u a n t i t a t i v e g e n e t i c d e t e r m i n ­
a t i o n o f t h e CT t r a i t . I f i t i s assumed t h a t t h e h i g h e r l e v e l 
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o f CT i n c i d e n c e i n the Fg g e n e r a t i o n i s p r i m a r i l y due t o a 
l o w e r t h r e s h o l d r e s u l t i n g from s e g r a t i o n and t h e p r o d u c t i o n o f 
a g r e a t e r number o f homozygous l o c i , t h e n t h e q u a n t i t a t i v e 
c h a r a c t e r i s t i c o f t h e t r a i t becomes more e v i d e n t . F u r t h e r 
evidence i s found i n t h e b a c k c r o s s matings t o t h e ST l i n e s 
where t h e progeny e x h i b i t a CT i n c i d e n c e i n t e r m e d i a t e t o t h a t 
i n t h e p a r e n t a l l i n e s . However, the CT i n c i d e n c e approaches 
more c l o s e l y t h a t i n t h e p a r e n t a l ST l i n e s . 

The b e s t h y p o t h e s i s which f i t s t h e d a t a i s one which 
assumes a number o f genes which c o n d i t i o n t h e development o f the 
e x t r e m i t i e s of t h e p o s t e r i o r l i m b . These genes, which may be 
r e c e s s i v e , a r e p r e s e n t i n most i f not a l l p o p u l a t i o n s o f 
c h i c k e n s and t h e y a r e amenable t o s e l e c t i o n w i t h i n b r e e d i n g . 
Thus, i n each g e n e r a t i o n o f a n o n - s e l e c t e d p o p u l a t i o n t h e r e 
w i l l be a c e r t a i n number o f i n d i v i d u a l s which have one o r more 
l o c i i n t h e homozygous s t a t e and which w i l l e x h i b i t t h e t r a i t 
p h e n o t y p i c a l l y . S e l e c t i o n f o r i n c r e a s e d f r e q u e n c y o f t h e genes 
l e a d s t o t h e a c c u m u l a t i o n o f a g r e a t e r p r o p o r t i o n o f homozygous 
l o c i and c o n s e q u e n t l y t o a h i g h e r i n c i d e n c e and e x p r e s s i o n o f 
the phenotype. 

D i f f e r e n t p o p u l a t i o n s may c a r r y d i f f e r e n t c o n s t e l l a ­
t i o n s o f genes a t t h e CT l o c i . T h i s would account f o r t h e 
v a r i a b l e i n c i d e n c e s i n t h e F^ g e n e r a t i o n s which were d e r i v e d 
from d i f f e r e n t s t r a i n and breed c r o s s e s w i t h t h e CT l i n e . 
When thes e F^ b i r d s a r e b a c k c r o s s e d t o a p a r e n t a l l i n e w i t h 
low i n c i d e n c e , i t would be expected t h a t t h e i n c i d e n c e would be 
a p p r o x i m a t e l y e q u a l t o t h a t i n t h e p a r e n t a l l i n e because t h e 
b a c k c r o s s progeny would be homozygous o n l y a t th o s e l o c i which 
r e c e i v e d genes from t h e low i n c i d e n c e P^ l i n e . 

E s s e n t i a l l y t he same l i n e o f r e a s o n i n g can be a p p l i e d 
t o an e x p l a n a t i o n o f t h e evidence i n t h e b a c k c r o s s t o the CT 
l i n e . F^ b i r d s c a r r y a l a r g e s a m p l i n g o f CT genes, a p r o p o r ­
t i o n o f which a r e i n the homozygous c o n d i t i o n . When r e i n t r o d ­
uced i n t o t he CT genome, a l l o f thos e l o c i which were 
homozygous w i l l p r o b a b l y remain so and a t l e a s t one h a l f o f t h e 
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loci which were heterozygous in the F-̂  birds wil l become 
homozygous in the backcross zygotes. The presence of closely 
linked gene constellations with predominately CT genes which 
very likely occur in the CT parental line, wil l tend to 
increase the proportion of loci which become homozygous over 
that estimated above. Thus a considerably elevated incidence 
of CT will occur in such backcrosses. 

The original hypothesis can be extended to account 
for more aspects of the data by certain assumptions relative 
to the quantitative aspects of the number of homozygous loc i . 
During the course of the original selection for the increased 
incidence of CT (Hicks, 1953), the pattern of increases in the 
early generations followed a roughly quantitative response to 
selection (1945-46). The intermediate generations did not 
(1947-48). On the basis of the selection differential the 
increases due to selection in the intermediate generations 
were considerably greater than expected. Thus, as the number 
of homozygous loci is increased, the phenotypic expression of 
CT increases proportionately until a point is reached where the 
addition of s t i l l more homozygous loci produces a geometric 
increase in incidence. The backcross incidence in the P-̂  X CT 
parental lines is amenable to such an explanation. 
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EXPRESSIVITY 

The CT c h a r a c t e r was c l a s s i f i e d i n t o f o u r grades 
depending upon t h e degree o f i t s e x p r e s s i o n , a f t e r the method o f 
H i c k s (1953). T h i s c l a s s i f i c a t i o n i s g i v e n below: 

C l a s s i f i c a t i o n Grade C u r v a t u r e 

S t r a i g h t t o e s 

S l i g h t crooked t o e s 

Moderate crooked t o e s 

Severe crooked t o e s 

1 

2 

3 

4 

none 

0-45 u 

45-90° 

over 90 c 

B i l a t e r a l asymmetry, which i s v e r y common i n t h i s m a t e r i a l , was 
i g n o r e d when a s s i g n i n g a c h i c k t o a p a r t i c u l a r grade i n t h a t t h e 
f o o t w i t h t h e g r e a t e s t e x p r e s s i o n o f CT was t h e c r i t e r i o n f o r 
c l a s s i f i c a t i o n . 

The e x p r e s s i v i t y c l a s s i f i c a t i o n s were made a t t h e time 
t h e c h i c k s hatched. The matings i n t h e F^ g e n e r a t i o n (Table V I I ) , 
w i t h the e x c e p t i o n o f t h e CT X CT ma t i n g , show t h a t t h e m a j o r i t y 
o f b i r d s f a l l w i t h i n t h e low grade phenotypes. I t i s o n l y i n t h e 
matings where m a t e r n a l e f f e c t s a r e p r e s e n t t h a t the severe CT 
phenotypes a r e p r e s e n t (see b e l o w ) . 

M a t i n g No. of c h i c k s i n grade 
1 : 2 5 3 : 4 

CT cf X SCWL ft 131 : 8 • 4 : 0 

SCWL cf X CT n 19 : 11 ; 1 : 4 

CT cf X NH ft 161 : 2 : 0 : 0 

NH c f X CT ft 32 : 1 : 0 : 1 

On the o t h e r hand, i n t h e CT X CT ma t i n g t h e g r e a t e s t p r o p o r t i o n 
o f CT b i r d s have severe phenotypes (85.7$). I n t h e matings where 
the CT l i n e b i r d s were c r o s s e d w i t h the UBC SCWL and NH l i n e 
b i r d s and the matings w i t h i n the UBC l i n e s , t h e r e i s e s s e n t i a l l y 



Table 711 
E x p r e s s i v i t y o f CT t r a i t . C h i c k s grouped a c c o r d i n g t o grade 
of e x p r e s s i o n (see t e x t ) . I n c l u d e s a l l hatched c h i c k s . 

M a t i n g c a t e g o r y T o t a l No. No. c h i c k s i n grade $ c h i c k s i n grade 
c h i c k s 1 : 2 : 3 : 4 1 : 2 : 3 : 4 

P, combined 
r e c i p r o c a l 

CT X CT 28 2 ! : 1 : : 1 : 24 7.1 : 3.6 . 3.6 : 85.7 
CT X SCWL 178 150 . 19 . 5 : 4 84.3 : 10.7 : 2.8 : 2.2 
CT X NH 197 193 3 . 0 : 1 98.0 : 1.5 ; 0.0 : 0.5 

SCWL X SCWL 
SCWL X NH 
NH X NH 

460 459 99.8 0.2 0.0 0.0 

F, combined 
r e c p r o c a l 

CT X SCWL 

F x X F 1 552 354 58 : 44 : 96 64.1 . 10.5 : 8.0 : 17.4 

F 1 X P 1 SCWL 307 297 1 : 3 : 6 96.7 . 0.3 : 1.0 . : 2.0 

F x X P x CT 130 22 18 : 17 : 73 16.9 . . 13.8 : 13.1 ' : 56.2 

!T X NH 
p l x . p l 714 563 . 54 : 22 : 75 78.8 : 7.6 : 3.1 i 10.5 
¥ 1 X P x NH 342 328 9 : 2 : 3 95.9 2.6 : 0.6 : 0.9 
F l x p l CT 99 8 : 21 : 24 : 46 8.1 ! 21.2 : 24.2 . . 46.5 
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a d e c r e a s i n g p r o p o r t i o n o f c h i c k s w i t h h i g h grade phenotypes. 

I n the ]?2 g e n e r a t i o n t h e r e i s an i n c r e a s e i n t h e 
p r o p o r t i o n o f b i r d s w i t h CT phenotypes. I n t h e progeny from t h e 
r e c i p r o c a l CT X SCWL p a r e n t a l m a t i n g s , 15.7$ o f the F^ c h i c k s 
e x h i b i t e d CT phenotypes compared w i t h 35.9$ i n the P 2 g e n e r a t i o n 
w h i l e t h e weighted average e x p r e s s i v i t y i n c r e a s e d from 1.22 t o 
1.78 ( P i g . 4 ) . A s i m i l a r i n c r e a s e i s p r e s e n t i n matings of o f f ­
s p r i n g from the r e c i p r o c a l CT X NH p a r e n t a l matings ( P i g . 5 ) . 
I t i s i n t e r e s t i n g t o note t h a t the s h i f t toward g r e a t e r e x p r e s s ­
i v i t y i s a p p a r e n t l y not p r o g r e s s i v e i n t h i s e x p e r i m e n t a l m a t e r i a l . 

D u r i n g the development of the CT l i n e i n C a l i f o r n i a , 
the t r a i t showed a p r o g r e s s i v e i n c r e a s e i n CT i n c i d e n c e c o u p l e d 
w i t h a p r o g r e s s i v e s h i f t i n g i n e x p r e s s i v i t y from low grade 
phenotypes, t h r o u g h the i n t e r m e d i a t e grades t o the s e v e r e CT 
phenotypes. The l i n e s from t h e s t r a i n and breed c r o s s e s show 
i n c r e a s e d numbers o f b i r d s i n t h e t h r e e grades r e p r e s e n t i n g 
p h e n o t y p i c e x p r e s s i o n of the t r a i t . I n s t e a d of t h e g r e a t e s t 
p r o p o r t i o n a l i n c r e a s e o c c u r r i n g i n t h e i n t e r m e d i a t e phenotypes, 
i t o c c u r r e d i n t h e severe CT phenotype. 

T h i s d i f f e r e n c e i n the a c t i o n o f the CT gene complex i n 
r e l a t i o n t o e x p r e s s i v i t y may be e x p l a i n e d i f i t i s a p o l y g e n i c 
system composed of groups of gene b l o c k s o r a g g r e g a t e s . 'During 
the development o f t h e CT l i n e , a g r a d u a l change o c c u r r e d as t h e 
CT d e t e r m i n i n g genes were i n c r e a s e d so t h a t a h i g h l y h e t e r o ­
genous system became a t l e a s t r e l a t i v e l y homogeneous f o r t h e s e 
genes. A number of g e n e r a t i o n s were r e q u i r e d f o r t h e p r o c e s s e s 
o f s e g r e g a t i o n , gene r e c o m b i n a t i o n , and s e l e c t i o n , t o accumulate 
w i t h i n i n d i v i d u a l s enough CT genes f o r them t o have a h i g h 
t r a n s m i t t i n g a b i l i t y . A f u r t h e r d e l a y i n o b t a i n i n g CT genotypes 
w i t h a h i g h t r a n s m i t t i n g p o t e n t i a l would o c c u r i f c r o s s i n g over 
among c l o s e l y l i n k e d gene aggregates was n e c e s s a r y . I f t h i s were 
the c a s e , an i m p o r t a n t e f f e c t of c r o s s i n g over under c o n t i n u e d 
s e l e c t i o n would be the g r a d u a l a c c u m u l a t i o n w i t h i n c l o s e l y l i n k e d 
gene aggregates o f CT d e t e r m i n i n g genes w h i c h would i n c r e a s e t h e i r 
CT p o t e n t i a l r e l a t i v e t o u n s e l e c t e d b i r d s . 
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F i g u r e 4. E x p r e s s i v i t y i n r e c i p r o c a l CT X SCWL 
matin g s . Recorded as weighted average; 
see t e x t . 

Note: V a l u e 1.00 r e p r e s e n t s ST phenotype. 
Value 4.00 r e p r e s e n t s severe CT phenotype. 
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F i g u r e 5. E x p r e s s i v i t y i n r e c i p r o c a l CT X NH 
m a t i n g s . Recorded as weighted average; 
see t e x t . 

Note: V a l u e 1.00 r e p r e s e n t s ST phenotype. 
V a l u e 4.00 r e p r e s e n t s severe CT phenotype. 



W i t h th e i n t r o d u c t i o n of the CT l i n e t o UBC s t o c k , a 
genome w i t h a l a r g e number o f CT d e t e r m i n i n g l o c i was combined 
w i t h one h a v i n g few CT d e t e r m i n i n g l o c i . I n the F^ g e n e r a t i o n , 
t h e h e t e r o z y g o s i t y r e s u l t i n g from s t r a i n and breed c r o s s e s 
produces a h i g h t h r e s h o l d f o r CT e x p r e s s i o n and m i n i m i z e s the 
number of phenotypes showing the t r a i t . The t h r e s h o l d f o r CT 
e x p r e s s i o n i s lowered i n the g e n e r a t i o n by i n b r e e d i n g and by 
s e g r e g a t i o n and r e c o m b i n a t i o n o f homozygous genotypes which 
p e r m i t s a g r e a t e r i n c i d e n c e of CT phenotypes a l t h o u g h t h e gene 
f r e q u e n c i e s p r o b a b l y remain the same as i n t h e F-̂  g e n e r a t i o n . 

The d a t a were combined i n t o a weighted average of t h e 
e x p r e s s i v i t y ( F i g s . 4 and 5) t h a t p e r m i t t e d comparisons u s i n g 
o n l y a s i n g l e v a l u e t o r e p r e s e n t a l l t h e g r a d e s . T h i s average 
was o b t a i n e d u s i n g the f o r m u l a : 

No. grade 1 c h i c k s X 1 + No. grade 2 c h i c k s X 2 + 
+ No. grade 4 c h i c k s X 4 

T o t a l No. o f c h i c k s 

Thus the weighted average v a l u e c o u l d range from 1.00 i f a l l the 
c h i c k s were s t r a i g h t t o e d , t o 4.00 i f a l l the c h i c k s were I n t h e 
severe CT c l a s s . 

The c l a s s i f i c a t i o n o f the e x p r e s s i v i t y d a t a i n F i g s . 4 
and 5 i s t h e same as t h a t o f t h e CT i n c i d e n c e i n F i g s . 2 and 3. 
I t was not p o s s i b l e t o c l a s s i f y t h e degree t o w h i c h dead embryos 
had developed CT because the e x p r e s s i v i t y o f t h e CT c h a r a c t e r 
would v a r y from one d e v e l o p m e n t a l stage t o a n o t h e r . Omission o f 
t h e dead embryo component from th e e x p r e s s i v i t y d a t a would 
g e n e r a l l y depress t h e v a l u e s , p a r t i c u l a r l y i n t h o s e c a t e g o r i e s 
where e x p r e s s i v i t y i s low, when t h e y a r e compared w i t h F i g s . 2 
and 3 ( r e c a l l t h a t embryonic dead and a t h a t c h i n c i d e n c e a r e 
combined t o g i v e t h e s e v a l u e s ) . I t would not be expected t h a t 
t h e o m i s s i o n o f t h i s component would s e r i o u s l y a f f e c t t h e 
r e l a t i o n s h i p s between the m a t i n g c a t e g o r i e s w i t h i n F i g s . 4 and 5 
These r e l a t i o n s h i p s a r e t h e same a s those i n t h e i n c i d e n c e of CT 
I n g e n e r a l , t h e r e i s a v e r y c l o s e c o r r e l a t i o n o f e x p r e s s i v i t y 
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w i t h i n c i d e n c e . As the CT i n c i d e n c e i n c r e a s e s , t h e e x p r e s s i v i t y 
s h i f t s i n c r e a s i n g the p r o p o r t i o n o f b i r d s e x h i b i t i n g t h e h i g h e r 
grade phenotype. 

ASSOCIATION OF CT WITH FITNESS 

F i t n e s s i s a v e r y g e n e r a l term u s u a l l y a s s o c i a t e d w i t h 
f a c t o r s such as f e r t i l i t y , f a m i l y s i z e , v i g o r , and s u r v i v a l 
a b i l i t y . I n c h i c k e n s , h a t c h a b i l i t y o f f e r t i l e eggs i s one o f t h e 
most u s e f u l s i n g l e measures of f i t n e s s . 

C o - a d a p t a t i o n 

A l l the major m a t i n g c a t e g o r i e s were t e s t e d t o determine 
t h e r e l a t i o n between the CT c h a r a c t e r and f i t n e s s . T h i s was done 
by comparing the d i f f e r e n t i a l l i v e a b i l i t y o f CT and ST zygotes on 
the b a s i s of t h e p r o p o r t i o n h a t c h i n g a g a i n s t t h e p r o p o r t i o n d y i n g 
d u r i n g i n c u b a t i o n . I f ST zygotes a r e c o n s i d e r e d co-adapted w i t h 
f i t n e s s , and CT zyg o t e s a r e compared w i t h them, t h e n the CT zy g o t e s 
can be e v a l u a t e d r e g a r d i n g co-adaptedness. I f p r o p o r t i o n a t e l y 
more CT zygotes d i e t h a n ST z y g o t e s , t h e evidence would i n d i c a t e 
t h e y were not co-adapted. I f t h e p r o p o r t i o n s a r e the same, no 
r e l a t i o n s h i p i s e v i d e n t u n l e s s t h e y may be termed e q u a l l y c o -
adapted. I f p r o p o r t i o n a t e l y fewer CT zygotes d i e , t h e y would be 
c o n s i d e r e d co-adapted. 

I n the p a r e n t a l matings (Table V I I I ) t h e r e was ev i d e n c e 
of c o - a d a p t a t i o n o f CT i n c i d e n c e w i t h enbryonic l i v e a b i l i t y i n t h e 
CT X CT mating;-, T h i s c o n d i t i o n a r o s e i n the C a l i f o r n i a CT l i n e 
d u r i n g the s e l e c t i o n experiment ( H i c k s , 1953). On the o t h e r 
hand, i n the SCWL X SCWL mat i n g t h e CT i n c i d e n c e i n the embryonic 
dead i s s i g n i f i c a n t l y h i g h e r ( c h i square = 29.531, P = Z «01 w i t h 
1 d.f.) t h a n t h a t i n the hatched c h i c k s which i n d i c a t e s t h a t i n 
t h i s case i i e r e i s no c o - a d a p t a t i o n o f CT d e f e c t w i t h embryonic 
l i v e a b i l i t y . I n t h e NH X NH matings a l l the CT zyg o t e s d i e d 
d u r i n g i n c u b a t i o n but t h e number o f CT zygotes was t o o s m a l l t o 
o b t a i n s t a t i s t i c a l v e r i f i c a t i o n t h a t c o - a d a p t a t i o n was not 
pr e s e n t i n t h i s m a t i n g . 
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The r e c i p r o c a l p a r e n t a l s t r a i n and breed c r o s s e s t o t h e C a l i f ­
o r n i a CT l i n e ( T a b l e V I I I ) i n d i c a t e no c o - a d a p t a t i o n o c c u r r e d 
between embryonic l i v e a b i l i t y and t h e CT c h a r a c t e r . I n each 
c r o s s the i n c i d e n c e o f CT i n t h e embryonic dead was s i g n i f i c a n t l y 
h i g h e r t h a n i n the hatched c h i c k s . 

I n o ver h a l f Of the s i r e f a m i l i e s from F-̂  matings n i n e 
out of 16) a s i g n i f i c a n t l y h i g h e r CT i n c i d e n c e among embryonic 
dead o c c u r r e d . Three .of the r e m a i n i n g m a t i n g s , (F-^ ST cf X F-̂  ST 
and F 1 ST cf X F, CT ? ? from CT cf X SCWL %%, and J?± S I cf X F^ CT 
from CT cf X NH ¥?), had an e q u a l o r low@r i n c i d e n c e o f CT i n t h e 
embryonic dead. These matings suggest t h a t c o - a d a p t a t i o n o f CT 
i n c i d e n c e w i t h embryonic l i v e a b i l i t y has o c c u r r e d . I f , however, 
t h e F^ matings a r e combined so t h a t a l l f o u r c l a s s e s of matings 
from each p a r e n t a l m a t i n g have a s i n g l e v a l u e , t h e n t h e F^ X F^ 
matings of CT cf X SCWL p a r e n t a l m a t i n g have a s i g n i f i c a n t l y 
h i g h e r CT i n c i d e n c e i n the embryonic dead ( c h i square = 17.250, 
P = / .01 w i t h 1 d.f.) t h a n i n the hatched c h i c k s . 

The b a c k c r o s s matings to t h e SCWL and NH l i n e s (Table IX) 
g i v e no i n d i c a t i o n o f c o - a d a p t a t i o n o c c u r r i n g . The embryonic dead 
have a c o n s i s t e n t l y h i g h e r i n c i d e n c e t h a t i s s t a t i s t i c a l l y s i g n i f ­
i c a n t . T h i s i s c o n t r a s t e d i n t h e b a c k c r o s s matings t o t h e CT l i n e 
where t h e embryonic dead e i t h e r do not have s i g n i f i c a n t l y h i g h e r 
i n c i d e n c e o f CT o r have a l o w e r i n c i d e n c e . 

I t seems l i k e l y t h a t the CT t r a i t i s a s s o c i a t e d w i t h a 
number o f m o d i f i e r s a f f e c t i n g f i t n e s s . I n normal p o u l t r y f l o c k s 
t h e s e m o d i f i e r s a r e p o s i t i v e l y a s s o c i a t e d w i t h ST phenotypes and 
n e g a t i v e l y a s s o c i a t e d w i t h CT phenotypes. A h i g h embryonic 
m o r t a l i t y o f CT zyg o t e s i n th e s e f l o c k s i s i n d i c a t e d i n t h e 
p a r e n t a l matings of t h e pure UBC l i n e s ( T a ble V I I I ) . I n the 
C a l i f o r n i a CT l i n e , f i x a t i o n o f the t r a i t has r e s u l t e d i n a 
r e o r g a n i s a t i o n o f f i t n e s s m o d i f i e r s so t h a t t h e y became p o s i t i v e l y 
a s s o c i a t e d w i t h f i t n e s s . P o s i t i v e a s s o c i a t i o n became p o s s i b l e 
w i t h s e g r e g a t i o n and r e c o m b i n a t i o n r e c u r r i n g o ver a number o f 
g e n e r a t i o n s . 

When the CT l i n e was combined w i t h t h e SCWL and NH l i n e s , 
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T a b l e V I I I 

Comparison o f CT i n c i d e n c e i n embryonic dead (13 - 21 days) w i t h 
hatched c h i c k s f o r evidence o f c o - a d a p t a t i o n o f t h e CT c h a r a c t e r 
w i t h f i t n e s s . ' and P2 g e n e r a t i o n s . 

P, m a t i n g 
c a t e g o r y 

S i r e Dams 

F., m a t i n g 
c a t e g o r y 

S i r e Dams 

Embryonic dead 

No. CT/ 
t o t a l io 

Hatched c h i c k s 

No. CT/ 
t o t a l 

CT X CT 16/18 88.9 26/28 92.8 
SCWL X SCWL 17/73 23.3 1/121 0.8** 
NH X NH 2/10 20.0 0/70 0.0 
CT X SCWL 21/35 60.0 12/143 8.4** 

SCWL X CT 14/17 82.3 16/35 45.7* 
CT X NH 3/13 23.1 2/163 1.2** 
NH X CT 5/6 83.3 2/34 5.9** 

CT X SCWL ST X ST 2/15 13.3 32/78 41.0 
ST X CT 1/3 33.3 19/51 37.2 
CT X ST 30/37 81.8 20/65 30.8** 
CT X CT 15/16 93.8 28/55 50.9** 

SCWL X CT ST X ST 15/35 42.9 18/79 22.8* 
ST X CT 7/15 46.7 12/69 17.4* 
CT X ST 18/22 81.8 37/76 48.7* 
CT X CT 13/18 72.2 32/79 40.5* 
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Table V I I I - c o n t i n u e d 

P, m a t i n g 
category-

S i r e Dams 

ma t i n g 
category-

S i r e Dams 

Embryonic dead 

No. CT/ 
t o t a l % 

Hatched c h i c k s 

No. CT/ 
t o t a l 

CT X NH ST X ST 
ST X CT 
CT X ST 
CT X CT 

4/10 
2/8 

31/45 
6/17 

40.0 
25.0 
68.9 
35.3 

18/111 
19/78 
9/114 
5/72 

16.2 
24.4 
7.9** 
6.9** 

NH X CT ST X ST 
ST X CT 
CT X ST 
CT X CT 

13/23 
1/2 
6/8 
1/1 

56.5 
50.0 
75.0 

100 

40/138 
3/35 

51/139 
6/26 

29.0** 
8.6 

36.7 
23.1 

* S i g n i f i c a n t a t t h e 5$ l e v e l . 
** S i g n i f i c a n t a t t h e 1% l e v e l . 
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Table I X 

Comparison o f CT i n c i d e n c e i n embryonic dead (13 - 21 days) 
w i t h hatched c h i c k s f o r evidence o f c o - a d a p t a t i o n o f t h e CT 
c h a r a c t e r w i t h f i t n e s s . B a c k c r o s s m a t i n g s . 

P, m a t i n g B a c k c r o s s m a t i n g Dead embryos Hatched c h i c k s 
c a t e g o r y c a t e g o r y 

No. CT/ $ No. CT/ % 
S i r e Dams S i r e s Dams t o t a l t o t a l 

CT X SCWL F l X P 1 SCWL 14/20 70.0 4/173 2.3** 

P l CT X F l 21 / 2 3 91.3 108/130 83.1 
SCWL X CT P l SCWL X ¥ ± 33/48 68.8 6/134 4.5** 

CT X NH F l X P x NH 10/20 50.0 10/203 4.9** 

P l CT X F l 23/25 92.0 70/78 89.7 
NH X CT P l NH X F l 9/16 56.2 4/139 2.9** 

F l X P l C T 9/10 90.0 21/21 100.0 

** S i g n i f i c a n t a t the 1$ l e v e l . 
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the zygotes from, each o f thes e c r o s s e s showed a n e g a t i v e a s s o c ­
i a t i o n w i t h f i t n e s s . A p p a r e n t l y , i n t h e P^ g e n e r a t i o n , a 
h a p l o i d s e t o f chromosomes from the CT l i n e does not c o n t a i n 
s u f f i c i e n t m o d i f i e r s t o m a i n t a i n a p o s i t i v e a s s o c i a t i o n o f CT 
w i t h f i t n e s s . However, s e g r e g a t i o n and r e c o m b i n a t i o n i n the P^ 
matings s h o u l d enable the system o f m o d i f i e r s from t h e CT l i n e 
t o be l a r g e l y r e c o v e r e d i n some of t h e f a m i l i e s . T h i s i s p o s s i b l y 
i n d i c a t e d i n the progeny o f t h r e e P^ s i r e f a m i l i e s . 

The b a c k c r o s s matings p r o v i d e f u r t h e r i n f o r m a t i o n about 
t h e s e m o d i f i e r systems. Whereas i n t h e P^ m a t i n g s , on t h e average, 
h a l f o f the chromosomes i n each o f f s p r i n g came from one of the 
p a r e n t a l l i n e s , i n t h e b a c k c r o s s m a t i n g s , on the ave r a g e , t h r e e 
f o u r t h s o f t h e chromsomes i n the progeny w i l l come from t h e 
p a r e n t a l l i n e . C l e a r l y , i n th e s e matings a l a r g e p a r t o f t h e 
m o d i f i e r system i n t h e p a r e n t a l l i n e , w i l l be r e c o v e r e d i n t h e 
b a c k c r o s s progeny. T h e r e f o r e i t would be expected t h a t t h e progeny 
from t h e s e matings would e x h i b i t t h e same a s s o c i a t i o n o f CT w i t h 
f i t n e s s as t h a t i n t h e p a r e n t a l l i n e used i n t h e b a c k c r o s s ; The 
a s s o c i a t i o n s o f CT w i t h f i t n e s s p r e s e n t e d i n Tab l e IX support 
t h i s h y p o t h e s i s . 

C o r r e l a t i o n o f CT I n c i d e n c e w i t h H a t c h a b i l i t y 

A comparison o f the h a t c h a b i l i t y o f t h e f e r t i l e eggs 
from t h e p a r e n t a l matings w i t h t h a t i n t h e UBC p r o d u c t i o n f l o c k s 
shows t h a t i t was much l o w e r i n t h e e x p e r i m e n t a l m a t e r i a l . 

H a t c h a b i l i t y i n : UBC p r o d u c t i o n CT experiment, 
($) f l o c k , 1 9 5 4 . P-L m a t i n g s , 1 9 5 5 . 

SCWL X SCWL 7 6 . 2 5 8 . 7 

NH X NH 8 6 . 8 7 6 . 3 

These v a l u e s suggest t h a t s t r e s s c o n d i t i o n s were p r e s e n t i n t h e 
e x p e r i m e n t a l m a t e r i a l . The h a t c h a b i l i t i e s i n t h e h i g h l y i n b r e d 
(P = . 5 5 ) CT X CT ma t i n g ( 5 0 . 9 $ ) and the r e c i p r o c a l UBC breed 
c r o s s e s NH X SCWL ( 8 5 . 8 $ ) , i n d i c a t e t h a t t h e s t r e s s f a c t o r s c o u l d 
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be a c t i n g e q u a l l y on a l l the e x p e r i m e n t a l m a t e r i a l . Hence i t 

shou ld be sa fe to assume tha t u n i f o r m e x t e r n a l c o n d i t i o n s were 

a c t i n g on a l l the e x p e r i m e n t a l m a t e r i a l d u r i n g development. 

The h a t c h a b i l i t y o f F-^ zygotes (Table X) i n d i c a t e an 

i n v e r s e r e l a t i o n s h i p between h a t c h a b i l i t y and i n c i d e n c e o f C T . 

The r e l a t i o n s h i p s between matings are c o m p l i c a t e d by the m a t e r n a l 

e f f e c t which w i l l tend t o exaggerate d i f f e r e n c e s and by h y b r i d 

v i g o r i n s t r a i n and breed c r o s s e s which w i l l t end to reduce 

d i f f e r e n c e s due to CT i n c i d e n c e . 

Data from the P 2 g e n e r a t i o n were s u b j e c t e d t o a 

r e g r e s s i o n a n a l y s i s o f dam f a m i l y h a t c h a b i l i t y on CT i n c i d e n c e . 

T h i s was made on a l l F 2 zygotes combined, and on the combined 

t o t a l from each o f the r e c i p r o c a l P^ l i n e s (see b e l o w ) . 

R e g r e s s i o n "t" d . f . 
c o e f f i c i e n t 

Combined t o t a l 
P 2 zygotes -0.6238 4.53** 62 

CT cf X SCWL ?? -0.5449 1.90 16 

SCWL cf X CT ?? -0.9080 3.93** 16 

CT cf X NH -0.5050 1.26 14 

NH cf X CT ?? -0.5749 1.73 10 

* * S i g n i f i c a n t a t 1$ l e v e l . 

A s i g n i f i c a n t n e g a t i v e r e g r e s s i o n was present i n the 

combined d a t a . However, on ly one l i n e showed a s t a t i s t i c a l l y 

s i g n i f i c a n t r e g r e s s i o n . There was, however, a c o n s i s t e n t l y n e g ­

a t i v e r e l a t i o n s h i p between the two v a r i a b l e s which means t h a t as 

the CT i n c i d e n c e i n c r e a s e s , there i s a decrease i n h a t c h a b i l i t y . 

The backcross matings t o both p a r e n t a l s t r a i n s i n the 

CT X NH l i n e s (Table X I ) p r o v i d e ev idence s u p p o r t i n g the 

r e g r e s s i o n a n a l y s i s o f the F 9 z y g o t e s . U s i n g c h i square a n a l y s i s , 



Table X 

H a t c h a b i l i t y and l i v e a b i l i t y (10 weeks) t o show a s s o c i a t i o n o f CT gene complex 
w i t h f i t n e s s . and ¥ 0 g e n e r a t i o n s . 

P, m a t i n g 
c a t e g o r y 

P, m a t i n g 
c a t e g o r y 

CT i n c i d e n c e ^ H a t c h a b i l i t y L i v e a b i l i t y 

S i r e Dams S i r e Dams No. CT/ 
t o t a l * 

No. c h i c k s / 
t o t a l embryos 

. * 
No. b i r d s / 

t o t a l c h i c k s $ 

CT X CT 42/46 91.3 28/55 50.9 17/23 73.9 
SCWL X NH 3/295 1.0 266/310 85.8 218/231 94.4 

NH X SCWL' 

CT X SCWL. 33/170 19.4 143/188 76.1 119/128 93.0 

SCWL X CT 30/52 57.7 35/65 53.8 22/28 78.6 

CT X NH 5/178 2.8 183/199 92.0 136/139 97.8 

NH X CT 7/40 17.5 19/31 61.3 24/27 88.9 

CT X SCWL ST X ST 
ST X CT 
CT X ST 
CT X CT 

34/93 
20/54 
50/102 
43/71 

36.6 
37.0 
49.0 
60.6 

78/98 
53/56 
65/104 
57/82 

79.6 
94.6 
62.5 
69.5 

73/78 
49/51 
64/65 
50/55 

93.6 
96.1 
98.5 
90.9 

ro 



T a b l e X - c o n t i n u e d 

p.. m a t i n g 
c a t e g o r y 

P-, ma t i n g 
c a t e g o r y 

CT i n c i d e n c e -1 H a t c h a b i l i t y L i v e a b i l i t y 

S i r e Dams S i r e Dams No. CT/ 
t o t a l * 

No. c h i c k s / 
t o t a l embryos 7° 

No. b i r d s / 
t o t a l c h i c k s 

SCWI X CT ST X ST 33/114 29.0 79/128 61.7 65/79 82.3 
ST X CT 19/84 22.6 69/88 78.4 64/69 92.8 
CT X ST 55/98 56.1 79/103 76.7 62/76 81.6 
CT X CT 45/97 . 46.4 81/103 78.6 74/79 93.7 

CT X NH ST X ST 22/121 18.2 117/129 90.7 106/111 95.5 
ST X CT 21/86 24.4 ' 81/95 J 85.3 76/78 97.4 
CT X ST 40/159 25.2 115/175 65.7 100/114 87.7 
CT X CT 11/89 12.4 74/101 73.3 67/72 93.1 

NH X CT ST.'X-ST 53/161 32.9 140/167 83.8 133/138 96.4 
ST X CT 4/37 10.8 36/38 94.7 33/35 94.3 
CT X ST 57/147 38.8 145/157 92.4 137/139 98.6 
CT X CT 7/27 25.9 29/31 93.6 - 26/26 100.0 

Combined F^ -

CT X SCWL p i x V 299/713 41.9 561/762 73.6 501/552 90.8 
CT X NH ¥ ± X P x 215/827 26.0 737/893 82.5 678/713 95.1 

1. I n c l u d e s embryonic dead and hatched c h i c k s . 



T a b l e X I 

H a t c h a b i l i t y and l i v e a b i l i t y (10 weeks) t o show the a s s o c i a t i o n o f CT gene 
complex w i t h f i t n e s s . B a c k c r o s s matings. Combined d a t a . 

P.. m a t i n g 
c a t e g o r y 

B a c k c r o s s m a t i n g 
c a t e g o r y 

CT i n c i d e n c e H a t c h a b i l i t y L i v e a b i l i t y 

S i r e Dams S i r e s Dams No. CT/ 
t o t a l 

No. < 
t o t a l i 

c h i c k s / No. b i r d s / 
embryos fo t o t a l c h i c k s 

CT X SCWL ' P l X P l SCWL 18/193 9.3 177/232 76.3 159/173 91 
SCWL X CT P l X P l CT ma t i n g not made 

SCWL X CT P l SCWL X P l 39/182 21.4** 146/215 67.9** 109/134 81 

CT X SCWL P l CT X P l 129/153 84.3** 135/163 82.8** 117/134 87 

CT X NH 
P l 

X P l NH 20/223 9.0** 207/254 81.5** 190/203 93 

NH X CT P l X P l CT 30/31 96.8** 21/39 53.8** 20/21 95 

NH X CT P l NH X P l 13/155 8.4** 140/173 80.9* 132/139 95 

CT X NH P l CT X P l 93/103 90.3** 78/112 69.6* — 

* D i f f e r e n c e between v a l u e s t o CT and ST p a r e n t s s i g n i f i c a n t a t 5$ l e v e l . 
** D i f f e r e n c e between v a l u e s t o CT and ST p a r e n t s s i g n i f i c a n t a t 1$ l e v e l . 
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s t a t i s t i c a l l y s i g n i f i c a n t i n c r e a s e s i n CT i n c i d e n c e were accomp­
a n i e d by s i g n i f i c a n t d e c r e a s e s i n h a t c h a b i l i t y . 

A v e r y d i f f e r e n t r e l a t i o n s h i p i s p r e s e n t i n t h e back-
c r o s s matings t o b o t h p a r e n t a l s t r a i n s i n t h e CT X SCWL l i n e s . 
The b a c k c r o s s t o t h e CT s i r e r e s u l t e d i n progeny w i t h a 
s i g n i f i c a n t l y h i g h e r i n c i d e n c e o f CT tha n t h a t i n t h e r e c i p r o c a l 
b a c k c r o s s t o t h e SCWL l i n e , and a l s o a s i g n i f i c a n t l y h i g h e r h a t c h -
a b i l i t y i n the b a c k c r o s s of the P-̂  CT s i r e t o P-̂  dams than i n t h e 
b a c k c r o s s of the SCWL s i r e t o s i m i l a r dams. I t s h o u l d be no t e d 
t h a t the P-̂  CT s i r e t h a t c o n t r i b u t e d to t h e h i g h h a t c h a b i l i t y i n 
the b a c k c r o s s t o F-̂  dams from t h e CT X SCWL l i n e s i s the same s i r e 
which c o n t r i b u t e d t o the o p p o s i t e r e l a t i o n s h i p when mated t o 
dams from t h e CT X NH l i n e s . 

I n t he r e c i p r o c a l b a c k c r o s s e s t o the SCWL l i n e t he 
mat i n g w i t h t h e higher, i n c i d e n c e o f CT a l s o has t h e l o w e s t h a t c h -
a b i l i t y . T h i s would i n d i c a t e t h a t t h e r e i s n o t h i n g w i t h i n t h e 
SCWL l i n e t h a t i s c o n t r i b u t i n g t o t h e h i g h e r h a t c h a b i l i t y w i t h 
h i g h CT i n c i d e n c e i n the b a c k c r o s s t o t h e P-̂  CT l i n e . 

L i v e a b i l i t y 

The r e l a t i o n s h i p between h a t c h a b i l i t y t o 10 weeks o f age 
and CT i n c i d e n c e a r e p r o b a b l y s i m i l a r t o t h a t between h a t c h a b i l i t y 
and i n c i d e n c e (Table X ) . They a r e p a r t i c u l a r l y e v i d e n t i n t h e P^ 
g e n e r a t i o n . I n s p e c t i o n o f the d a t a from t h e Fg g e n e r a t i o n does 
not show the same d e f i n i t e r e l a t i o n between l i v e a b i l i t y and CT 
i n c i d e n c e . T h i s may be due i n p a r t t o l e s s u n i f o r m e n v i r o n m e n t a l 
c o n d i t i o n s p r e v a i l i n g a f t e r h a t c h i n g and i n p a r t t o l e s s v a r i a t i o n 
o c c u r r i n g i n the l i v e a b i l i t y d a t a compared w i t h the h a t c h a b i l i t y 
d a t a . 

A r e g r e s s i o n a n a l y s i s a t the dam f a m i l y l e v e l o f l i v e -
a b i l i t y t o 10 weeks on CT i n c i d e n c e showed a s i g n i f i c a n t n e g a t i v e 
r e g r e s s i o n was p r e s e n t i n the combined t o t a l o f a l l Fg d a t a 
( r e g r e s s i o n c o e f f i c i e n t = -0.336, "t*,* = 2.18, P = 0.01-0.05 w i t h 
62 d . f . ) . The most s i g n i f i c a n t a s p e c t o f the a n a l y s i s i s the f a c t 
t h a t the r e g r e s s i o n i n d i c a t e s an i n v e r s e r e l a t i o n s h i p between 
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l i v e a b i l i t y and CT i n c i d e n c e . The l i v e a b i l i t y o f b i r d s w i t h 
p = .194 was t h e same as those w i t h j? = . 3 8 8 . T h e r e f o r e , t h e 
above v a l u e s f o r t h e n e g a t i v e r e g r e s s i o n a r e not b i a s e d by i n ­
b r e e d i n g e f f e c t s . 

L i v e a b i l i t y t o 10 weeks among the b a c k c r o s s p r o g e n i e s 
(Table X I ) i n t h e CT X NH l i n e s was not a s s o c i a t e d w i t h CT 
i n c i d e n c e and remained h i g h ( 9 3 . 6 - 95 .2$) i n the t h r e e c l a s s e s 
from which d a t a a r e a v a i l a b l e . I n the CT X SCWL l i n e s , a compar­
i s o n between t h e b a c k c r o s s p r o g e n i e s o f the P-̂  CT s i r e and 
P-̂  SCWL s i r e mated to-P-^ dams i n d i c a t e s t h a t t h e L i v e a b i l i t y , 
l i k e CT i n c i d e n c e and h a t c h a b i l i t y , was a l s o h i g h e r i n t h e 
progeny o f the P^ CT s i r e . 

D i s c u s s i o n 

A h y p o t h e s i s has been p r e s e n t e d w h i c h p o s t u l a t e s a 
system o f m o d i f i e r s f o r f i t n e s s t h a t i s a s s o c i a t e d w i t h t h e CT 
gene complex. I n normal p o u l t r y f l o c k s t h e m o d i f i e r system i s 
n e g a t i v e l y a s s o c i a t e d w i t h f i t n e s s and evidence has been p r e s e n t e d 
t o s u b s t a n t i a t e t h i s v i e w . The f i x a t i o n o f the CT t r a i t i n t h e 
C a l i f o r n i a CT l i n e has been accompanied by a r e o r g a n i s a t i o n o f 
the m o d i f i e r system f o r f i t n e s s so t h a t i t has become p o s i t i v e l y 
a s s o c i a t e d w i t h CT e x p r e s s i o n . 

The t h r e e components of f i t n e s s t h a t have been e v a l u a t e d 
r e g a r d i n g t h e i r a s s o c i a t i o n w i t h f i t n e s s have demonstrated t h a t i n 
most o f the d a t a t h e r e i s a n e g a t i v e a s s o c i a t i o n between them and 
the CT t r a i t . T h i s i s t r u e i n t h e two UBC p a r e n t a l l i n e s and 
throughout the P^ g e n e r a t i o n . The F 2 g e n e r a t i o n i n d i c a t e s t h a t 
g e n e r a l l y a t t h e s i r e f a m i l y l e v e l t h e r e i s a n e g a t i v e a s s o c i a t i o n 
o f CT w i t h f i t n e s s . Of t h e s i x t e e n F 2 s i r e f a m i l i e s , ihree 
i n d i c a t e d t h a t the CT t r a i t had become co-adapted w i t h f i t n e s s . 
The h a t c h a b i l i t y and l i v e a b i l i t y d a t a g e n e r a l l y i n d i c a t e a 
p o s i t i v e a s s o c i a t i o n between CT and f i t n e s s i n t h e s e f a m i l i e s . 
Chance m a t i n g o f P^ b i r d s c a r r y i n g many d i f f e r e n t homologous 
chromosomes between them from t h e CT l i n e p a r e n t s c o u l d l e a d t o 
f a v o r a b l e c o m b i n a t i o n s o f t h e d e s i r e d m o d i f i e r s f o r f i t n e s s i n 
the P 9 g e n e r a t i o n . 
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The evidence from t h e b a c k c r o s s matings demonstrate t h a t 
t h e CT t r a i t e x h i b i t s t h e same c o - a d a p t i v e p r o p e r t i e s w i t h f i t n e s s 
t h a t i s p r e s e n t i n t h e p a r e n t a l l i n e e n t e r i n g t h e b a c k c r o s s . The 
evidence from the h a t c h a b i l i t y d a t a i s not d e f i n i t i v e . I n the 
CT X SCWL l i n e s , t h e b a c k c r o s s matings t o t h e SCWL l i n e i n d i c a t e 
a n e g a t i v e a s s o c i a t i o n between h a t c h a b i l i t y and f i t n e s s . The 
l i v e a b i l i t y d a t a t e n d t o s u p p o r t t h i s i n t e r p r e t a t i o n . On t h e 
o t h e r hand, the b a c k c r o s s m a t i n g t o t h e CT l i n e i n d i c a t e s a 
p o s i t i v e a s s o c i a t i o n o f h a t c h a b i l i t y and l i v e a b i l i t y w i t h f i t n e s s . 
The h y p o t h e s i s tends t o support t h e s e r e l a t i o n s h i p s a t l e a s t i n 
p a r t . The b e t t e r h a t c h a b i l i t y and l i v e a b i l i t y i n t h e b a c k c r o s s 
t o the CT l i n e may be a case o f h e t e r o s i s caused by t h e p a r e n t a l 
c r o s s e s . Why i t s h o u l d o c c u r i n t h e b a c k c r o s s t o t h e CT l i n e and 
not t o t h e SCWL l i n e may be t h e r e s u l t o f chance combining a b i l i t y 
between t h e b i r d s used i n t h e ma t i n g s . Whether t h i s e x p l a n a t i o n . 
i s s u f f i c i e n t t o ac c o u n t f o r the magnitude o f t h e s e d i f f e r e n c e s i s 
q u e s t i o n a b l e . 

The b a c k c r o s s matings w i t h i n t he CT X NH l i n e s show 
some v e r y d i f f e r e n t r e l a t i o n s h i p s . The c o - a d a p t i v e evidence 
agrees w i t h the assumption t h a t f i t n e s s i s a s s o c i a t e d w i t h the CT 
complex by means o f a number o f m o d i f i e r s . The r e s u l t r e g a r d i n g 
c o - a d a p t a t i o n i n thes e l i n e s i s s i m i l a r t o t h a t i n t h e s t r a i n 
c r o s s e s . L i v e a b i l i t y i s good i n a l l b a c k c r o s s matings which 
s h o u l d be expe c t e d . However, the h a t c h a b i l i t y d a t a show t h e 
exact o p p o s i t e r e l a t i o n s h i p s . I t i s i m p o r t a n t t o note t h a t t h e 
same CT s i r e was used i n b o t h t h e s t r a i n and breed b a e k c r o s s e s . 
The reasons f o r t h i s r e v e r s a l a r e obsc u r e . Good h a t c h a b i l i t y i n 
a l l b a e k c r o s s e s would be expe c t e d , b u t f o r some i n e x p l i c a b l e 
r e a s o n t h e h a t c h a b i l i t y i s poor i n t h e b a e k c r o s s e s t o t h e CT l i n e . 

The importance o f m o d i f i e r s o f t h i s t y p e t o t h e e v o l u t i o n 
o f a n i m a l p o p u l a t i o n s i s c o n s i d e r a b l e . The p r e s e n t h y p o t h e s i s 
shows how t h e r a p i d changes i n a m o r p h o l o g i c a l t r a i t may o c c u r 
w h i l e a t the same t i m e , u n d e r l y i n g p h y s i o l o g i c a l p r o p e r t i e s 
a s s o c i a t e d w i t h the t r a i t may be r e o r g a n i s e d t o m a i n t a i n a s t a t e 
o f o p t i m a l a d a p t a t i o n w i t h t h e environment. 
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DISCUSSION 

One o f t h e main o b j e c t i v e s o f the p r e s e n t e x p e r i m e n t a l 
program was t o c a r r y out a p r e l i m i n a r y i n v e s t i g a t i o n o f p o s s i b l e 
l i n k a g e r e l a t i o n s between components of t h e CT c h a r a c t e r and known 
major genes. The p r i m a r y t a r g e t o f t h i s phase o f the i n v e s t i ­
g a t i o n was the sex chromosome because i t c o n t a i n e d genes which 
were a v a i l a b l e f o r s t u d y w i t h i n t h e UBC p r o d u c t i o n f l o c k s and 
a l s o because evidence of s e x - l i n k a g e was found i n 1948 back-
c r o s s e s d u r i n g t h e development o f t h e CT l i n e i n C a l i f o r n i a . 
U n f o r t u n a t e l y , due t o t h e i n t e r a c t i o n o f genes d e t e r m i n i n g plumage 
c o l o r p a t t e r n s i n t h e c r o s s e s , t h e i d e n t i f i c a t i o n of phenotypes 
and genotypes was i m p o s s i b l e and i t was n e c e s s a r y t o abandon t h i s 
p a r t o f t h e experiment. 

The b e h a v i o u r of t h e CT complex from the e vidence 
o b t a i n e d i n t h i s experiment and elsewhere ( H i c k s , 1953; H i c k s and 
L e r n e r , 1949) i s summarized below: 

1. The CT gene complex i s p r e s e n t a t a v e r y low i n c i d e n c e 
i n the m a j o r i t y o f p o u l t r y f l o c k s . 

2. I t i s v a r i a b l e i n i t s p e n e t r a n c e , so much so t h a t t h e 
l e v e l o f CT i n c i d e n c e i n the o f f s p r i n g from s i n g l e matings between 
p a r e n t s o f v a r y i n g degrees o f CT e x p r e s s i o n i s u n p r e d i c t a b l e . 

3. The e x p r e s s i o n o f CT i s a f f e c t e d by a p h y s i o l o g i c a l 
t h r e s h o l d based upon o b l i g a t e l e v e l s o f h e t e r o z y g o s i t y . 

4. I n b r e e d i n g i n the absence of s e l e c t i o n w i l l i n c r e a s e CT 
i n c i d e n c e ; w i t h s e l e c t i o n i t can l e a d t o f i x a t i o n o f t h e t r a i t . 

5. Adverse e n v i r o n m e n t a l c o n d i t i o n w i l l i n c r e a s e the 
i n c i d e n c e o f CT. 

6. C o r r e l a t e d w i t h an i n c r e a s e i n CT i n c i d e n c e i s an i n c r e a s e 
i n t h e s e v e r i t y o f t h e e x p r e s s i o n o f t h e t r a i t . 

7. I n b i r d s u n s e l e c t e d f o r CT t h e r e i s a n e g a t i v e a s s o c i a t i o n 
between the CT complex and f i t n e s s . T h i s can be overcome w i t h 
s e l e c t i o n . 
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8. The CT t r a i t has a p o l y g e n i c s t r u c t u r e p r o b a b l y 
composed of a number of genes each w i t h a minor e f f e c t . 

91 I n c r o s s i n g e x p e r i m e n t s , t h e gene complex e x h i b i t s 
semi-dominance and a p a r t i a l q u a n t i t a t i v e d e t e r m i n a t i o n i n the 
e x p r e s s i o n o f the t r a i t . 

These c h a r a c t e r i s t i c s o f t h e b e h a v i o r o f t h e CT complex 
a r e s i m i l a r t o those found i n D r o s o p h i l a w i t h r e g a r d t o t h e 
d e t a i l e d experiments on podoptera by G-oldschmidt, e t a l (1951), 
and e x t r a wing v e n a t i o n by D u b i n i n (1948). A number o f t h e o t h e r 
experiments r e p o r t e d i n l e s s d e t a i l , c i t e d e a r l i e r , a l s o seem t o 
suggest t h a t t h i s type o f a d a p t i v e polymorphism i s t o be found i n 
most c r o s s - f e r t i l i z i n g organisms where the optimum a d a p t i v e 
p o t e n t i a l i s dependent on an o b l i g a t e l e v e l o f h e t e r o z y g o s i t y . 
D u b i n i n c o n c l u d e d t h a t t h e maintenance and b e h a v i o r o f a b e r r a n t 
p o l y m o r p h i c t r a i t s c o u l d be e x p l a i n e d o n l y by assuming t h a t t h e y 
a r e r e l a t e d t o t h e a d a p t i v e g e n o t y p i c p r o p e r t i e s o f a n i m a l p o p u l ­
a t i o n s . With t h i s i n t e r p r e t a t i o n , t h e t r a i t s may be c l a s s e d as 
a d a p t i v e polymorphism. The a d a p t i v e p o t e n t i a l i s not t h e p o l y ­
morphism per se but i s a p r o p e r t y of t h e u n d e r l y i n g and 
c o r r e l a t e d p h y s i o l o g i c a l p r o c e s s e s a s s o c i a t e d w i t h the t r a i t . 
I t might be expected, t h e n , t h a t s e l e c t i o n t o i n c r e a s e t h e pheno­
t y p i c i n c i d e n c e would r e s u l t i n a l o s s o f f i t n e s s by changing 
the most d e s i r a b l e gene c o m b i n a t i o n s d e t e r m i n i n g t h e u n d e r l y i n g 
p h y s i o l o g i c a l p r o c e s s e s . The e x p e r i m e n t a l d a t a support t h i s 
assumption. The l i v e a b i l i t y t o 10 weeks of age i n t h e F 2 gener­
a t i o n o f i n d i v i d u a l CT b i r d s was l o w e r (466/527 = 88.4$) th a n 
t h a t o f ST b i r d s (1484/1592 = 93-2$). T h i s d i f f e r e n c e i s 
s t a t i s t i c a l l y s i g n i f i c a n t ( e h i square =12.383, P = / .01 w i t h 
1 d . f . ) . A l s o , t h e r e i s t h e n e g a t i v e r e g r e s s i o n s o f h a t c h a b i l i t y 
and l i v e a b i l i t y on CT i n c i d e n c e which s u p p o r t t h i s assumption. 
I t would be an e r r o r t o assume t h a t t h e m o r p h o l o g i c a l e x p r e s s i o n 
o f t h e t r a i t , a t l e a s t i n i t s s l i g h t p h e n o t y p i c e x p r e s s i o n , 
would have a s i g n i f i c a n t e f f e c t on t h e f i t n e s s of t h e b i r d s . 
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The p r e s e n t experiment p r o v i d e s c o n f i r m a t i o n t h a t t h e 
CT complex e x h i b i t s s i m i l a r b e h a v i o r when i n t r o d u c e d t o a d i f f e r ­
ent s t r a i n of SCWL i n a d i f f e r e n t environment. A l s o , when t h e 
complex i s i n t r o d u c e d t o a h e a v i e r , d u a l purpose breed which i s 
v e r y d i f f e r e n t from t h e l i g h t , egg p r o d u c t i o n breed of t h e CT 
l i n e , t h e r e i s a g a i n a v e r y s i m i l a r b e h a v i o r o f the CT complex. 

The r a p i d l y growing body o f evidence from c r o s s -
f e r t i l i z i n g organisms d e m o n s t r a t i n g t h e more a d a p t i v e c h a r a c t e r ­
i s t i c s o f h e t e r o z y g o t e s , p a r t i c u l a r l y the work o f Dobzhansky 
(1947a, 1947b, and 1948) and Dobzhansky and Levene (1951), which 
l e a v e s l i t t l e doubt of the fundamental importance of the geno-
t y p i c s t a t e t o a n i m a l p o p u l a t i o n s . C o n v e r s e l y , a n i m a l b r e e d e r s 
a r e o n l y too aware of t h e dangers o f i n b r e e d i n g w i t h r e g a r d t o 
the f i t n e s s o r adaptedness o f t h e i r s t o c k . I t i s a p p a r e n t l y the 
g r e a t e r m e t a b o l i c p l a s t i c i t y a s s o c i a t e d w i t h h e t e r o z y g o s i t y which 
i s t h e most e v i d e n t o f t h e p h y s i o l o g i c a l p r o p e r t i e s connected w i t h 
the CT complex. 

L e r n e r (1954) d e s c r i b e s p h e n o d e v i a n t s , t h a t i s a b e r r a n t 
p o l y m o r p h i c t r a i t s , a n d t h e i r e x p r e s s i o n as b e i n g i d e n t i f i e d 
w i t h i n b r e e d i n g d e g e n e r a t i o n . I t has been shown t h a t CT i n d i c e n c e 
was h i g h e r i n t h e more h i g h l y i n b r e d z y g o t e s w i t h o u t t h e r e 
b e i n g any evidence of i n b r e e d i n g d e g e n e r a t i o n ( u s i n g h a t c h a b i l i t y 
as t h e c r i t e r i o n ) . I t would seem t h a t t h e CT complex i s a f f e c t e d 
p r i m a r i l y by h e t e r o z y g o s i s of t h e genes g o v e r n i n g t h e complex 
and p r o b a b l y s e c o n d a r i l y by the t o t a l i t y o f r e l a t i o n s h i p s between 
genes i n t h e genotypes as e v i n c e d by the d i f f e r e n t r e s u l t s from 
s t r a i n v e r s u s breed c r o s s e s w i t h t h e CT l i n e . T h i s c o u l d p e r m i t 
a measurable d i f f e r e n c e t o be observed i n CT i n c i d e n c e between 
b i r d s d i f f e r i n g i n c o e f f i c i e n t s of i n b r e e d i n g under t h e f o l l o w i n g 
c o n d i t i o n s : i f a r e l a t i v e l y l a r g e degree o f homogyzosity was 
p r e s e n t i n t h e CT d e t e r m i n i n g l o c i ; and i f , i n the r e s i d u a l 
genotype, a c o m p a r a t i v e l y h i g h degree of h e t e r o z y g o s i t y p r e v a i l e d 
so t h a t o t h e r components of f i t n e s s remained u n a f f e c t e d . A 
genome w i t h a heavy c o n c e n t r a t i o n o f CT d e t e r m i n i n g genes has 
been combined w i t h t h a t o f a d i f f e r e n t b r e e d , t h a t i s , t h e NH 
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b r e e d , which e x h i b i t s the elements o f f i t n e s s v e r y w e l l . The 
progeny coming from t h i s c r o s s would be expected t o have v e r y 
h e t e r o z y g o u s genotypes. The F^ g e n e r a t i o n c o n s e q u e n t l y e x h i b i t e d 
a v e r y low i n c i d e n c e o f CT due t o a v e r y h i g h t h r e s h o l d f o r t h e 
e x p r e s s i o n of CT. I n the F 2 g e n e r a t i o n the CT genes were p r e s e n t 
at e s s e n t i a l l y the same f r e q u e n c y as i n t h e F^ progeny. However, 
a comparison of the CT i n c i d e n c e between f u l l s i b matings and 
h a l f s i b matings showed t h a t i t was h i g h e r i n t h e f o r m e r matings. 
The g r e a t e r homozygosity i n the more i n b r e d matings depressed 
the t h r e s h o l d f o r CT e x p r e s s i o n more so i n t h e f u l l s i b matings 
w i t h a c o n s e q u e n t l y g r e a t e r p r o p o r t i o n o f CT phenotypes. But 
the r e s i d u a l h e t e r o g e n e i t y o f t h e b i r d s was s u f f i c i e n t l y l a r g e 
t o overcome any g e n e r a l l y d e l e t e r i o u s e f f e c t s from c l o s e l y 
r e l a t e d matings and c o n s e q u e n t l y , h a t c h a b i l i t y remained h i g h . 

The h y p o t h e s i s s e t f o r t h here i s t h a t CT i s a 
m o r p h o l o g i c a l e x p r e s s i o n o f i n b r e e d i n g d e g e n e r a t i o n . Most o f 
the e x p e r i m e n t a l evidence ( f o r example, the n e g a t i v e r e g r e s s i o n s 
o f h a t c h a b i l i t y and l i v e a b i l i t y on CT i n c i d e n c e i n the F 2 gener­
a t i o n ) i n d i c a t e s t h a t CT i n c i d e n c e r i s e s w i t h l o s s o f f i t n e s s . 
T h i s i s p a r t i c u l a r l y e v i d e n t i n c o n t i n u e d consanguineous matings 
( H i c k s , 1953). 

The n a t u r e o f the evidence so f a r accumulated i n d i c a t e s 
o n l y a g e n e r a l i z e d p h y s i o l o g i c a l r e l a t i o n s h i p between h e t e r o z y g ­
o s i t y and t h e CT complex. To f u r t h e r emphasize t h i s p o i n t , a 
h i s t o l o g i c a l study of the t i s s u e s of the l o w e r l e g d u r i n g 
development ( H i c k s , 1953) f a i l e d t o r e v e a l any c e l l u l a r o r t i s s u e 
d i f f e r e n c e s between CT and normal embryos. N e v e r t h e l e s s , i t 
seems p r o b a b l e t h a t t h e CT complex can o n l y be m a i n t a i n e d 
e x t e n s i v e l y i n p o u l t r y f l o c k s i f i t i s c o r r e l a t e d w i t h p h y s i o l ­
o g i c a l e f f e c t s t h a t a r e advantageous under c o n d i t i o n s o f n a t u r a l 
s e l e c t i o n . 

The a d a p t i v e a b i l i t y o f the CT complex under a r t i f i c i a l 
s e l e c t i o n as p r a c t i s e d i n C a l i f o r n i a by H i c k s show t h a t w i t h 
f i x a t i o n o f the t r a i t , t h e e a r l y h i g h m o r t a l i t y of CT embryos i s 
l o s t and the embryonic l i v e a b i l i t y o f CT zygotes i s as good as 
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t h a t i n ST z y g o t e s . The h i g h average c o e f f i c i e n t o f i n b r e e d i n g 
reached i n t h e CT l i n e has u n d o u b t e d l y produced a g e n e r a l b r e a k ­
down o f the a d a p t i v e p r o p e r t i e s o f t h a t l i n e ( f o r example, i n 
t h e CT X CT m a t i n g th e h a t c h a b i l i t y was 50.9$). I n t h e back-
c r o s s matings t o t h e CT p a r e n t w i t h i n the CT X SCWL l i n e s , the 
i n c i d e n c e of CT was v e r y h i g h (84;.3$) and t h e h a t c h a b i l i t y (82.8$) 
was good and almost 10$ above t h e progeny from the F-̂  i n t e r s e . 
matings from t h e same l i n e s . I t would seem, t h e r e f o r e , t h a t the 
m a n i f e s t a t i o n o f the CT t r a i t can be accompanied by a r e a d j u s t m e n t 
of t h e r e l a t i o n s h i p s w i t h i n the t o t a l genotype. 

T h i s c o u l d happen i f t h e p h y s i o l o g i c a l changes o c c u r r i n g 
i n c o n j u c t i o n w i t h the i n c r e a s e d e x p r e s s i o n o f CT were b a l a n c e d 
w i t h o t h e r p h y s i o l o g i c a l changes a s s o c i a t e d w i t h r e a d j u s t m e n t s 
w i t h i n t h e r e s i d u a l genotype. ( R e s i d u a l r e f e r s i> a l l t h o s e l o c i 
w i t h p r i m a r y e f f e c t s not d i r e c t l y r e l a t e d t o growth p r o c e s s e s o f 
t h e d i s t a l p o r t i o n o f t h e p o s t e r i o r l i m b s ) . An a l t e r n a t e method 
would be the replacement of CT d e t e r m i n i n g l o c i w i t h i s o a l l e l e s 
e q u a l l y a f f e c t i n g CT e x p r e s s i o n but d i f f e r i n g s l i g h t l y i n t h e i r 
p h y s i o l o g i c a l e f f e c t s . P r o b a b l y a c o m b i n a t i o n o f b o t h methods 
o c c u r s i n n a t u r e . T h i s a s p e c t o f t h e d i s c u s s i o n has c o n s i d e r a b l e 
importance t o e v o l u t i o n a r y t h e o r y . I t d e s c r i b e s a g e n e t i c 
p r o p e r t y t h a t c o u l d , under n a t u r a l s e l e c t i o n i n c r o s s - f e r t i l i z i n g 
a n i m a l s , p e r m i t p o p u l a t i o n s t o a d j u s t gene c o m b i n a t i o n s t o chang­
in g , e n v i r o n m e n t a l c o n d i t i o n s so t h a t t h e a n i m a l remains o p t i m a l l y 
adapted t o the environment. The e v o l u t i o n o f s e l f r e g u l a t i n g 
p r o p e r t i e s would o c c u r through th e g r a d u a l a c c u m u l a t i o n o f 
m u t a t i o n s which a r e s t o r e d i n t h e genotype. Animals r e q u i r i n g a 
h i g h l y heterogeneous c o n d i t i o n f o r o p t i m a l a d a p t a t i o n w i t h i n a 
g i v e n environment c o u l d e a s i l y accumulate a l a r g e number o f such 
genes which i f s t o r e d w i t h i n p o l y g e n i c b l o c k s c o u l d be more 
e a s i l y r e t a i n e d . 

A r t i f i c i a l s e l e c t i o n f o r t h e m o r p h o l o g i c a l d e v i a n t w i l l 
i n c r e a s e the f r e q u e n c y o f i t s p h e n o t y p i c e x p r e s s i o n and cause 
n a t u r a l s e l e c t i o n t o r e a d j u s t t h e d i r e c t l y u n d e r l y i n g as w e l l as 
t h e a s s o c i a t e d p h y s i o l o g i c a l p r o c e s s e s . I f , under n a t u r a l 
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s e l e c t i o n t h e m o r p h o l o g i c a l t r a i t , r a t h e r t h a n t h e u n d e r l y i n g 
p h y s i o l o g i c a l mechanisms, become s e l e c t i v e l y advantageous, t h e n 
n a t u r a l s e l e c t i o n w i l l a c t as b e f o r e t o a d j u s t t h e p h y s i o l o g i c a l 
p r o c e s s e s to t h e new m o r p h o l o g i c a l c o n d i t i o n so t h a t the a n i m a l 
m a i n t a i n s an a d a p t i v e r e l a t i o n s h i p t o i t s environment. I n g e n e r a l , 
i t would appear t h a t the a d a p t i v e change i n a s i n g l e m o r p h o l o g i c a l 
t r a i t causes o n l y a minor a l t e r a t i o n i n t h e p h y s i o l o g i c a l 
p r o c e s s e s , even under c o n d i t i o n s o f r a p i d change. To t h e e x t e n t 
t h a t t h i s c o u l d o c c u r , i t d e s c r i b e s a mechanism by which r a p i d 
e v o l u t i o n a r y changes , even to t h e r e o r g a n i z a t i o n o f whole organs 
might be a c h i e v e d . 
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SUMMARY 

A s e r i e s o f s t r a i n and breed c r o s s e s i n c h i c k e n have 
been c a r r i e d out between the CT l i n e from t h e U n i v e r s i t y of 
C a l i f o r n i a SCWL f l o c k and t h e UBC SCWL and NH p r o d u c t i o n f l o c k s . 
Data have been o b t a i n e d from t h e P-̂ , F^, P 2 , and b a c k c r o s s 
g e n e r a t i o n s . 

The r e s u l t s from t h e c r o s s i n g e x periments have 
demonstrated t h e f o l l o w i n g c h a r a c t e r i s t i c s o f t h e CT genotype 
and phenotype: 

1. The gene complex i s composed o f a number of genes which 
e x h i b i t semi-dominance and v a r i a b l e p e n e t r a n c e . 

2. As CT i n c i d e n c e i s i n c r e a s e d , t h e e x p r e s s i v i t y o f the 
d e f e c t i s i n c r e a s e d . 

3. I n c i d e n c e o f CT i s n e g a t i v e l y c o r r e l a t e d w i t h f i t n e s s 
( c r i t e r i a used: evidence o f c o - a d a p t a t i o n , h a t c h a b i l i t y , and 
l i v e a b i l i t y ) i n u n s e l e c t e d f l o c k s . I t can, w i t h s e l e c t i o n , 
become p o s i t i v e l y c o r r e l a t e d w i t h f i t n e s s as i n d i c a t e d i n the 
ba c k c r o s s matings t o the CT l i n e . 

4. P h e n o t y p i c a l l y i t i s a f f e c t e d by a t h r e s h o l d mechanism 
f o r e x p r e s s i o n as i n d i c a t e d by t h e presence o f a m a t e r n a l 
i n f l u e n c e on t h e i n c i d e n c e i n the P^ g e n e r a t i o n . 

5. I n c i d e n c e o f C T " i s i n c r e a s e d by i n b r e e d i n g . 
6. The e x p r e s s i o n o f the d e f e c t i n c r o s s - f e r t i l i z i n g 

a n i m a l s i s connected w i t h g e n e t i c b a l a n c i n g mechanisms based on 
h e t e r o z y g o s i s . 

7. The s i g n i f i c a n c e t o e v o l u t i o n a r y p r o c e s s e s of t h e g e n e t i c 
mechanism c o n d i t i o n i n g CT e x p r e s s i o n a r e d i s c u s s e d . 
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