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Summary. Association of the egg-white genotypes of dams with the mortali ty of their embryos was studied in t966 
in the pure and crossbred embryos of dams of two relatively noninbred Light Sussex substrains, 6D and 6F. These had 
been derived two generations earlier, in 1964, by equal division of strain 6, which we previously studied in 1962; while 
the sires of the crosses came from two Rhode Island Red/New Hampshire substrains, 5D and 5F, similarly derived. The 
effects were estimated parametrically for the three loci Tf, I I  and 11I  singly and in two- and three-way interaction. 

In  the first week of incubation, T f  had an additive effect in all matings, while I I  (and perhaps l I I )  had a near- 
additive effect in the pure matings only. There was an additive • additive interaction effect of I I  • 111 in the last 
six days of incubation, which was consistent over all matings except 5F • 6F. The only effect to influence the total  
mortal i ty over the whole of incubation was the three-way additive • additive • additive interaction, and there was 
substantial  agreement in this over the matings. Some triple homozygotes were superior and others inferior to the geno- 
types with one or more loci heterozygous. 

This evidence of multiple interaction between loci affecting fitness is discussed in relation to hypotheses for the main- 
tenance of genetic variability in populations. 

Introduction 

In  a previous paper  (Gilmour and  Morton, 1970) 
we gave our resul ts  on the association of genotypes  
at  the polyallelic B blood-group locus with embryon ic  
mor t a l i t y  in pure and  cross progeny  of two re la t ive ly  
n o n i n b r e d  subs t ra ins  of Light  Sussex chickens, and 
compared  them with  our  original  f indings in the an-  
cestor s t ra in  (Morton, Gilmour,  McDermid,  and  Og- 
den, 1965). Taken  together,  the resul ts  led us to the 
conclusion t ha t  va ry ing  selection pressures, be tween 
genera t ions  and  env i ronmen t s ,  m a y  be of great  im- 
por tance  in the m a i n t e n a n c e  of s table  po lymorph i sm 
of mul t ip le  alleles or l inked combina t ions .  

In  this paper  we present  the corresponding results  
and  comparison for three diallelic egg-white loci. As 
we an t i c ipa ted  in the I n t r o d u c t i o n s  to the two 
previous papers in the series, cited above, the epi- 
s ta t ic  in te rac t ions  be tween the loci are more readi ly  
demons t rab le  t han  effects of the ind iv idua l  diallelic 
loci. 

Materials and Methods 
The data consist of the mortalities of embryos from 

both pure and crossbred matings of dams of two related 
substrains of Ligh~c Sussex chickens. Details of the history 
and maintenance of the chickens and of the organization 
of data were given by Gilmour and Morton (t970). As be- 
fore, the pure matings of the two Light Sussex substrains 
are referred to as 6D and 6F; and the cross matings of the 
same dams to males of two Rhode Island Red/New 
Hampshire substrains as 5D • 6D and 5F • 6F. As 
before, each embryonic death was assigned to a particu- 

lar day of the 21-day incubation period by visual inspec- 
tion of the broken-open egg. In  addition to the Total 
Embryonic Mortality (TEN, days 4--21), calculated as 
a fraction of the number of fertile eggs, the three distinct 
periods of high mortali ty were also analysed. These were 
First Week Deaths (FWD, days 1--7), Dead Germs 
Two (DG2, days t 6--201/2) and Dead in Shell (DIS, days 
201/2-- 21 ). The middle low-mortality period (days 8 -- 15) 
could not be analysed because many dams had zero em- 
bryonic mortali ty;  instead, the whole period of days t -- t 5 
was also analysed as Early Dead Germs (EDG). In  the 
partial periods the mortalities were expressed as fractions 
of the number of embryos at risk at the beginning of each 
period. For statistical analysis, the fractional mortali ty 
valueswere converted to angular values (in degrees) by the 
arc-sine transformation. 

Egg-white loci : The three co-dominant diallelic loci stu- 
died were Tf, I I  and I I I .  All three loci were segregating 
in 6D and 6F in polymorphic frequencies, in that  the lo- 
west frequency of any single genotype among the dams 
was >0.05 (0.054 for Tfa/Tfa in 6F). T f  determines 
variation in conalbumin of the egg white, and parallel 
variation in serum transferrin (Ogden, Morton, Gilmour 
and McDermid, 1962), since conalbumin and transferrin 
are both glycoproteins with identical amino-acid sequen- 
ces but  differing carbohydrate prosthetic groups (Wil- 
liams, 1962). I I  and I I I  determine variation in two 
other egg-white proteins (Lush, 1961, 1964a) which are 
loosely called 'globulins' although they have not yet been 
precisely characterized. At each of the three loci the 
alleles a or b determine patterns 'a '  or 'b', which run re- 
spectively fast or slow in starch-gel electrophoresis in 
alkaline conditions, with both appearing in the heterozy- 
gore. Phenotypes and hence genotypes for the 6D and 
6F dams were thus directly determined by subjecting 
their egg white to the starch-gel electrophoretic technique 
described previously (Morton el al., t965), as used then in 
the Stock laboratory. This work was carried out for us 
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i n  t he  r e sea rch  l a b o r a t o r y  of T h o r n b e r  B r o t h e r s  Ltd . ,  
M y t h o l m r o y d ,  Hal i fax ,  Yorksh i re ,  u n d e r  t h e  d i rec t ion  of 
Mr. E.  M. M c D e r m i d  w i t h  t he  ass i s t ance  of Mr. A. L. Og- 
den, to  b o t h  of w h o m  we are g r ea t l y  i ndeb t ed .  

Choice of analytical method : F o r  reasons  g iven  prev ious-  
ly  (Gi lmour  and  Mor ton ,  1970), we ignored  a n y  in t e r ac -  
t i on  b e t w e e n  B b lood  groups  a n d  egg whi tes ,  a n d  ana ly-  
sed b y  d a m s '  egg-whi te  g e n o t y p e s  only.  A l t h o u g h  sire 
geno types  for  T f  could h a v e  been  d e t e r m i n e d  b y  e lect ro-  
phores i s  of s e r u m  samples ,  we d id  n o t  m a k e  a n y  o t h e r  
analyses .  Loci  I I  a n d  I I I  p r e s u m a b l y  h a v e  t h e i r  m a j o r  
ac t ion  on  t h e  com pos i t i on  of egg whi te ,  a n d  hence  pos-  
s ib ly  on  e m b r y o n i c  m o r t a l i t y ;  a n d  are un l ike ly  to  h a v e  
i m p o r t a n t  express ion  in t h e  embryo .  I n  cons ider ing  t he  
t h r e e  loci  toge the r ,  a n d  look ing  for  in t e rac t ions ,  we were  
the re fo re  more  i n t e r e s t e d  in t h e  express ion  of T f  in  t h e  
dam,  on  cona lbun f in  in  egg whi te ,  t h a n  i ts  express ion  in 
t h e  zygote,  on  s e rum t r ans fe r r i n .  

Adjustment for blood-group effects: T he  e m b r y o n i c  mor -  
t a l i t y  va lues  a sc r ibab le  to  d a m s  are also a f fec ted  b y  t h e / 3  
b lood-g roup  g e n o t y p e s  of t h e i r  p r o g e n y  in cases where  
b lood -g roup  effects  occur.  Since t h e  b lood  groups  are no t  
d i s t r i b u t e d  p r o p o r t i o n a t e l y  a m o n g  t h e  egg-whi te  types ,  
i t  is necessa ry  in such  cases to  a d j u s t  t he  d a t a  b y  t h e  esti-  
m a t e d  m o r t a l i t y  d i f fe ren t ia l s  b e t w e e n  t h e  b lood -g roup  
geno types  (Gi lmour  and  Mor ton ,  t970) before  p roceed ing  
to  t h e  egg-whi te  analysis .  E x p e r i e n c e  showed  t h a t  no  
e r ror  was  i n t r o d u c e d  b y  also m a k i n g  such a d j u s t m e n t  in  
cases whe re  no  s ign i f ican t  b l ood - g r oup  effects were  de- 
m o n s t r a t e d .  All  resu l t s  are t he r e fo re  f rom ana lyses  of 
a d j u s t e d  da ta .  

Egg white analysis: T he  t h r e e  egg-whi te  loci were  t r ea -  
t ed  as f ixed va r i ab l e s  in  a t h r e e - w a y  cross-c lass i f ica t ion 
ana lys i s  of va r iance ,  w i t h  t he  t h r ee  g e n o t y p e s  a t  each  
locus as t h e  p o t e n t i a l  ' l eve ls '  of each  va r i ab le .  Since we 
wished  to  t e s t  for  genet ic  i n t e r a c t i o n s  b e t w e e n  t h e  loci  as 
wel l  as m a i n  effects, i t  was  necessa ry  to  use t h e  mode l  

)'ii~,~ = ~ + (xi + fli + Tk + C* flii + c* ~i~ + fl Ti~ + 
+ afl  Yiik + eijkm 

where  Yiiem is t h e  m o r t a l i t y  of e m b r y o s  f rom the  ruth 
d a m  w i t h  t h e  ith, j th a n d  kth geno types  a t  t h e  t h r e e  loci, 
whi le  t he  s y m b o l s  on  t he  r i g h t  h a n d  side r e p r e s e n t  pa ra -  
meters ,  # for  t h e  genera l  m e a n ;  ai, fli a n d  Ye for  t h e  m a i n  
effects  of t he se  g e n o t y p e s ;  ~ flii, a Yik, fl 7i~ a n d  a [3 yiik 
for  t h e  s t a t i s t i ca l  i n t e r ac t i ons  b e t w e e n  t h e m ,  a n d  eiikm 
for  t he  r a n d o m  error .  

Since t he  d a t a  were m a r k e d l y  n o n o r t h o g o n a l ,  i t  was  
necessa ry  to  use a l eas t - squares  m e t h o d  of analysis .  In  

th i s  s t a n d a r d  me thod ,  each  p a r a m e t e r  in  t he  mode l  would  
requ i re  one l ea s t - squa res  equa t ion ,  in  each  of which  an  
obse rved  m e a n  subc lass  m o r t a l i t y  is e q u a t e d  to  t he  pa-  
r a m e t e r s  we igh t ed  b y  t he  a p p r o p r i a t e  f requencies .  I n  t he  
p r e sen t  case 6 4 s u c h  equa t i ons  would  be  r equ i red  to  fi t  t he  
model ,  m a d e  up  of I for  t h e  mean ,  3 • 3 for  t he  single 
loci, 3 • 32 for  pa i r s  of loci, and  I • 33 for  all  t h r e e  to-  
ge ther .  No u n i q u e  so lu t ion  to  t he se  equa t i ons  is possible,  
however ,  un t i l  t h e y  are r educed  in n u m b e r  to  t he  n u m b e r  
of subclasses  in  t he  da ta ,  t h a t  is, t h e  n u m b e r  of geno typ ic  
subclasses  of d a m s  ( - -  3 • 3 • 3 = 27). 

This  r e d u c t i o n  was  ach ieved  b y  t he  usua l  p rocedu re  of 
impos ing  t h e  c o n s t r a i n t s  t h a t  t he  e s t i m a t e s  of t he  pa ra -  
m e t e r s  for  t he  m a i n  effects  s u m  to  zero w i t h i n  each  set,  
and  those  for  t he  i n t e r a c t i o n s  sum to  zero s e p a r a t e l y  over  
each  row, c o l u m n  a n d  ' l aye r '  of t he  da ta ,  as app rop r i a t e .  
Effec t ive ly ,  th i s  invo lves  e s t i m a t i n g  2 of t he  3 p a r a m e t e r s  
in each  ma in -e f fec t  set  r e l a t ive  to  t h e  th i rd ,  wh ich  is elimi- 
na ted .  Similar ly ,  for  t he  i n t e r ac t i ons  2 n ou t  of 3 n pa ra -  
m e t e r s  are  e s t i m a t e d  re l a t ive  to  t he  r ema inde r ,  wh ich  are 
e l imina ted .  

I n  o rde r  to  s impl i fy  t he  genet ic  i n t e r p r e t a t i o n  of t he  
s t a t i s t i ca l  f indings ,  we chose  to  e l inf ina te  t h e  p a r a m e t e r s  
for  he te rozygotes .  The  two  p a r a m e t e r s  e s t i m a t e d  for  each 
single locus were  t h u s  for  t h e  m o r t a l i t y  of each  h o m o z y -  
gore r e l a t ive  to  t h a t  of t h e  he te rozygo te .  In  each  two-lo-  
cus se t  t h e r e  were  four  pa r ame te r s ,  for  t he  m o r t a l i t y  of 
each  of t he  four  doub le  h o m o z y g o t e s  r e l a t i ve  to  t h a t  of 
t he  doub le  he te rozygo te ,  a f t e r  a l lowing  for  t he  effects  of 
t he  a p p r o p r i a t e  single homozygo te s .  I n  genet ic  t e r m s  
these  l a t t e r  p a r a m e t e r s  t h u s  p r o v i d e d  e s t i m a t e s  of t h e  
ep i s ta t i c  i n t e r a c t i o n  b e t w e e n  pa i rs  of loci. S imi la r ly  t he re  
were e igh t  p a r a m e t e r s  for  t h e  mor t a l i t i e s  of t he  e igh t  
t r ip le  h o m o z y g o t e s  r e l a t ive  to  t he  t r ip l e  he t e rozygo te ,  
a f t e r  a l lowing  for  t he  effects  of t he  a p p r o p r i a t e  doub le  a n d  
single homozygo te s ,  a n d  these  p r o v i d e d  e s t i m a t e s  of t h e  
t h r e e - w a y  epistasis .  

App l i ca t i on  of t he  c o n s t r a i n t s  r equ i r ed  n u m e r o u s  sub-  
t r a c t i o n s  a n d  a d d i t i o n s  to  be  m a d e  a m o n g  t h e  64 equa-  
t ions  such  as to  reduce  t h e m  to  27. De ta i l ed  p rocedure s  
for  do ing  th i s  were  read i ly  de r ived  b y  ex tens ion  f rom the  
c lear  a c c o u n t  for  t he  t w o - f a c t o r  case g iven  b y  H a r v e y  
(1960). The  27 e q u a t i o n s  were  t h e n  so lved  b y  m a t r i x  
a r i t h m e t i c  a n d  t h e  va r i ance  due  to  f i t t i ng  t he  p a r a m e t e r s  
ca lcu la ted  b y  t h e  usua l  m e t h o d s .  The  di f ference b e t w e e n  
th i s  v a r i a n c e  and  t h a t  due  to  f i t t i ng  a n y  less comple t e  
se t  of p a r a m e t e r s  was  t he  va r i ance  a t t r i b u t a b l e  to  t he  
se t  of p a r a m e t e r s  omi t t ed .  T h u s  va r i ances  were  de r ived  
for  t h e  overa l l  effects  of each  locus (wi th  2 degrees  of free- 
dom),  of each  t w o - w a y  i n t e r a c t i o n  (4 df), and  of t h e  th ree -  
w a y  i n t e r a c t i o n  (8 df), a t o t a l  of 26 df. Since each  va r i an -  

T a b l e  1. Sample analysis of variance of dam egg-white genotypes with embryonic mortality for one population in one period, 
and fitted parameters for relative embryonic mortalities (in angles) 

P o p u l a t i o n :  5F • 6F Per iod :  F \VD (days 1- -7)  

Analysis of variance 

d.f .  M.S. V .R .  P 

T f  2 84.11 3.79 < . 0 5  
I I  2 25.04 1.13 -- 
I I I  2 15.09 < 1  -- 
T f  x I I  4 7.27 < 1  -- 
T f  • I I I  4 13.91 < t  --  
1I  •  4 13.07 < l  --  
T f  • I I  •  8 17.29 < t  --  
E r r o r  372 22.18 

P a r a m e t e r s  for dams homozygous for 

a b 

- - 1 . 2  + 1 . 3  
+ 0 . 7  - -o .8  
- -0 .8  + 0 . 3  

a ,  a a,b* b,a b,b 

+ 0 . 8  - -0 .6  - -0 .6  + 0 . 6  
- -0 .2  + 1 . 2  - -0 .3  - -0 .5  
- - t . 0  + 1 . 4  - -0 .0  --0.1 

The error is the mean square within egg-white genotypes within /3 blood-group genotypes. 
* Denotes homozygote for a at  the first-named locus and for b at  the second. 

** For values of fi t ted parameters,  see Table 4. 
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ce was estimated independently of all others, 
they could all be tested for significance 
against the residual variance (within egg- 
white genotypes within B blood-group geno- 
types). 

The matrix solution also provided esti- 
mates of the 26 relative mortali ty para- 
meters. Where there was evidence for an 
overall effect, study of the values of the para- 
meters allowed distinction to be made be- 
tween additive and various forms of non- 
additive genetic effects. Thus the one-locus 
parameters will sum to zero only if the rela- 
tive effect of the heterozygote is zero, that  
is, there is no dominance. Similarly the two- 
and three-locus parameters will sum to zero 
only if there is no interaction involving at 
least one heterozygote. Significance tests were 
not  applied to the parameters, since these 
would not  add useful information to that  
already available from the F tests of over- 
all effects. 

Combination of data: In  some analyses, 
data were combined from different popula- 
tions (that is, substrains and types of mating) 
with different mean mortalities. Because 
of the form of the analysis, the base datum 
in each population was the mortali ty ascrib- 
able to the triple heterozygote. Before com- 
bining data, a fixed value was added to the 
mortal i ty ascribable to eactl dam in one po- 
pulation, so as to make the mean mortali ty 
ascribable to the triple heterozygote the 
same in both. 

All computations were performed on the 
TITAN computer of the University of Cam- 
bridge Mathematical Laboratory�9 The com- 
puter programmes were again writ ten for 
us by Mr. Robert  Marrs of the Agricultural 
Research Council Statistics Group, Cam- 
bridge, whom we wish sincerely to thank�9 

R e s u l t s  

Since we were ana lys ing  by  dam geno- 
types  at  three loci whose p r imary  expres- 
sion was in composi t ion of the egg white,  
there were grounds  for supposing t ha t  
any  effects on embryon ic  mor t a l i t y  might  
be seen th roughou t  the whole dam popu- 
lat ion.  On the other  hand ,  the possibili- 
ties had  to be considered t h a t  the effects 
migh t  be different  in crossbred as com- 
pared  with purebred  mat ings ,  or in one 
subs t ra in  as compared  with another .  We 
therefore made  analyses of all the possible 
logical groupings  which might  allow in- 
ves t iga t ion  of the two types  of difference, 
as well as an analysis  of the whole po- 
pula t ion.  The d a t a  came from the 6D, 
6F, 5D x 6D and  5F x 6F mat ings ,  based 
on totals  of 42t3,  435t,  10428 and  11285 
fertile eggs laid b y  respect ively 254, 
266, 385 and  415 hens. Separate  ana-  
lyses of the da ta  from these popula t ions  
(Table 2, discussed below) allowed preli- 
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minary examination of the various possibilities. When 
assembling larger groupings from the above data, we 
first made adjustments (see Materials and Methods) 
for overall mortality differences between the smaller 
populations. These were necessary so as to remove 
confounding sources of variation within the larger 
groupings, due to general environmental and genetic 
influences as distinct from the specific genetic in- 
fluences under study. 

A sample analysis of variance of dam egg-white 
genotypes with mortality of their embryos is given 
in Table 1. This also shows the least-squares estima- 
tes of the parameters for the embryonic mortality 
associated with each dam homozygous class relative 
to that associated with the appropriate heterozygous 
class. In this example, only one of the seven overall 
effects shows conventional significance (P ~ 0.05) 
in the F test, namely, the main effect of locus T/. 
From the values of the parameters it can be decided 
that this effect is genetically additive, since the a ho- 
mozygote is superior in fitness to the heterozygote 
(that is, has less embryonic mortality) by almost 
exactly the same amount as the b homozygote is in- 
ferior to the heterozygote. 

Analyses like the example just described were made 
of the four populations 6D, 6F, 5D • 6D and 5F • 
6F in all five periods of incubation, and are summari- 
zed in Table 2. In addition to the parameter esti- 

mates, the probability levels for those overall effects 
approaching significance (P ~ 0.10) are listed, as well 
as trends ( P  ~ 0 . 2 0 ) .  The values for the period E D G  

(days 1 - - t5 )  are not given, however, since with one 
exception (* in Table 2), the significance level for 
EDG was always lower than for FWD (days 1 --7), in- 
dicating no separate effect in days 8--15.  

None of the seven genetic effects tested in these 
preliminary analyses shows an excess of significant 
variance ratios over the number to be expected by 
chance alone in such a number of tests. Some effects 
in some periods do however show a cluster of prob- 
abilities at ~ 0.20 or less, accompanied in some 
cases by agreement in the signs of the parameters. 
Thus, in all four populations the a h o m o z y g o t e  at the 
T/ locus is superior to the b h o m o z y g o t e  over days 
1--7,  and the double homozygote b, a at II ,  I I I  is 
superior over days 16--20. Some other agreements 
include the whole pattern of parameters at II ,  I I I  
over days 20--21 in 6D and 6F, and (in Table 4, dis- 
cussed later) a cluster of low probabilities for the 
three-way interaction late in incubation. There is 
also agreement in the signs of the parameters at both 
I I  and I I I  over days 1- -7  in three out of four po- 
pulations. 

Several of the effects just mentioned show signi- 
ficance in the results of the analyses of all matings 
combined (ALL, Table 3)- Also given in this table are 

T a b l e  3. Estimated relative embryonic mortality parameters 

H o m o z y g o t e  for 

T/ I I  

b 
a 

b b 
b a 
a b 
a a 

b 
b 
a 

a 

III  ALL 

+0.9  
- 0 . 8  

P < . o l  

- 0 . 4  
+0.8 

P ~ . o 5  

b +0.3 
a - 0 . 6  

p -- 

- 0 .0  
- 0 . 6  
I0.1 

-I 0.7 
P 

b - 0 . 2  
a +0 .2  
b +O.3 
a - 0 . 2  

P 

b - 0 . 3  
a +0.3 
b +0.7 
a - 0 . 6  

/o 

F W D  (days 1 -  7) 

5D • 6F 
6 D q - 6 F  @ 6Dq-  6Fq-  

5F • 6F 5D • 6D 5 F x  6F 

+0.8  +1 , t  +0 .9  +0 .8  - 0 . t  +0 ,2  
- 0 . 7  -1 .1  - 0 . 5  - 0 . 8  +0.7 +2 .2  
- <.Ol ~ .o5 - - <.05 
- 0 . 9  -0 .1  +0.4  -1 .1  +0.7 +0.7 
+1.8  +0 .2  +0.5 +0 .9  - 0 . t  +1.3 
< . O l  - - < . t o  - - 

-~ 1.5 - 0 . 4  +0.4  +0.7 +0 .6  +2 .4  
- 1 . 3  -0 .1  - 0 . 4  - 1 . 2  - 0 . 6  - / . 2  
< . 0 5  . . . .  < . 1 o  

-1 .1  +0,7 - 0 . 4  +0 .2  +0 .6  +0,3 
-0 .1  - 0 . 8  - 0 . 4  - 0 . 4  - 0 . 2  +0.3 
- 0 . 2  +o.1 +0.6  - 0 . 5  +0.0  - 0 . 6  
I-1.2 FO.3 +0.6  +0.6  - o . t  +1 .2  
< . 1 o  . . . . .  

+0.4 - 0 . 5  - 0 . 8  +0.1 +0 . t  -I 1.6 
--o.1 +0.1 +0 .6  +0.0  +0.3 - 1 , 4  
-0 .1  +0.6  + t  .0 +0.5 +0.3 - 0 . 4  
- 0 , 4  - 0 . 0  - 0 . 4  - 0 . 7  - 0 . 5  +1,1 

- 0 . 6  -0 .1  +0.1 - 0 . 2  +1 ,2  +1 .9  
+0 .2  +0.3 - 0 . 0  +0.1 - 1 . 5  - 1 . 2  
+1.7 +0.3 -I 0.8 +1.1 -1 .1  - o . 5  
-1 .1  - o . 3  - 0 . 8  - 0 . 9  +1.7 +1.8  
. . . .  <. 1 0  - -  

For three -way  interact ion parameters  and probabil i t ies ,  see Table  4. 

(in angles) of dam egg-white homozygotes in all matings, 
associated with each 

DG2 (days 16--20) 

ALL 6F q- 
5F • 6F 

5D • 6D 
6D § 

6D q - 6 F  § 
5 F x  6F 5 D •  

-0 .1  -0 .1  -1 .1  
- 0 . 7  +0.7  +1 .4  

+0.5 +0.5 -I 0.2 
-1 .1  - 0 . 2  - 1 . 5  
< . t o  - - 

- 0 . 8  +1.0  - 0 . 6  
- 0 . 2  - 0 . 8  - 0.7 

+1 .2  I 1.6 -IO.3 
- 0 . 3  - 0 . 7  ~1.4 
-0 .1  - 0 . 9  Io.4 
- 0 . 9  +o.1 -3 .1  
< . 0 5  - - 

- 0 . t  -t 0.3 +0 .2  
d 1.2 +0 .4  - 0 . 7  
- 0 . 3  +0.5 - 0 . 8  
- 1 . 2  - 1 , 0  +1.2  
<.1o - - 

+0 .1  +0.6 +2.1 
-1 .1  - 1 . 8  - 1 . 8  
- 0 . 5  - 1 . 6  - 0 . 4  
-' 1.0 -E 3.1 - 1 . o  
- <.o5 - 
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the results for the logical double combinations of po- 
pulations, namely, both  purebreds;  both crossbreds; 
all matings of 6D dams (pure + cross); and all ma- 
tings of 6F dams (pure + cross). In  this table the 
trends at P ~ 0.20 are not marked,  but  a few values 
just outside the cutoff points are marked as P ~-, 0.10 
(0.099 < P < 0.105) and P ~-, 0.05 (0.0499 < P < 
0.0525). Results for the period EDG are omitted, for 
the same reason as in Table 2. 

The most  marked effect in all matings combined 
is of the T / l o c u s  over days t --7,  at P < 0.01, with 
the a homozygote superior and the b homozygote in- 
ferior. Since the est imated relative parameters  are 
nearly equal (--0.83, 40.87),  we judge this effect to 
be genetically additive. The close agreement be- 
tween trends in the crossbred matings (Table 2) is 
reflected in the marked effect of T / i n  their combi- 
nation (Table 3) at P < 0.01. Again, the effect is 
additive (parameters --1.11, 41.05).  The direction 
of the effect is the same in the purebreds (6D + 6F) 
as in the crosses, and this close agreement clearly 
leads to the high significance level (P < 0.01) seen 
in all matings combined. There is thus no indication 
of pure versus cross differentiation, even though no 
significance occurs in 6D 4 6F. This additive effect 
probably  does not continue beyond the first week of 
incubation, since the significance levels for EDG 
(days t - - t 5 )  are considerably lower. Later  in incu- 

bation there are some indications of a reversal of this 
effect. Thus, the a homozygote is inferior over days  
t 6 - -20  in 6D + 6F (P ~ 0.05), and the a homozy- 
gote tends to be inferior and the b homozygote su- 
perior over days 20--21 in all matings (P ~ 0.t0, 
A L L ,  Table 3). 

The other significant effect in ALL is of the three- 
way interaction. Before considering this, we shall 
present some findings which are near-significant in 
ALL and significant in some smaller groupings 
(Table 3). Of these, the most marked in all matings 
combined is of the I I  locus in the first week of in- 
cubation at P ~-, 0.05. This is a lower significance 
level than tha t  seen in the pures (P ~ 0.01, 6D + 6F, 
Table 3). From the significance tests in the other 
combined populations (Table 3), as well as the indi- 
cations in Table 2, it is clear tha t  the cross 5F • 6F 
shows the same effect as the pures, while 5D • 6D 
does not. The effect, at  its highest significance level, 
in 6D 4 6F, is a superiority of the b over the a ho- 
mozygote in the first week, with perhaps partial  do- 
minance of b (parameters --0.94, 4 t . 77 ) .  Possible 
reversal of this effect late in incubation is suggested 
by  some of the results (combined crosses in DG2, 
/ ~  pure 4 cross matings of 6D in DIS, 
P < o.ot) 

Although the separate matings show general agree- 
ment  in the existence of an effect of the I I  • I I I  

in purebreds, in crossbreds, and in pure + crossbred matings of substrains 6D and 6F, and the probability of the variance 
set of parameters 

DIS (days 20--21) 

5D • 6D -.~ 6D + 6F + 
ALL 6 D + 6 F  5 F •  5 D x 6 D  5 F x 6 F  

TEM (days 1--21) 

-0.6 -0.7 -0.4 -0.7 -0.6 
+0.6 +0.8 +o.1 +1.1 +O.6 
%1o . . . .  

-0.2 -0.6 -0.1 +1.5 -0.2 
+0.3 +0.6 +0.2 +0.3 +0.8 
- - - < . o l  - 

+0.5 +1.o +o.o +1.1 +0.6 
-0.5 -0.9 -0.2 -o.7 -0.3 

- 0 . 0  - 0 . 0  +0.2 - 1 . 8  +0.2  
-0 .1  +0.1 - 0 . 3  -0 .1  - t . 1  
-o.o +o.I -o.5 +3.3 -o.3 
-0 .1  - 0 . 6  +0.4 - 1 . 0  +1.4 
- - - < . o l  - 

- 0 . 0  +0.4 +0.0 -0 .1  - 0 . 8  
+0.2 - 0 . 4  +0.5 - 0 . 2  +0.9 
-0.0 -0.6 -0.2 +1.3 +0.6 
-0.4 +0.1 -0.5 -0.8 -0.8 

-0.1 +1.1 -o.9 +3.6 -1.8 
- 0 . 7  -2 .1  +0.2 - 2 . 4  +0.5 
-o.7 -1.5 +o.1 -1.5 +0.5 
+0.8 +t.7 +o.1 +1.o +0.2 
<.1o <.1o - <.Ol <.1o 

ALL 6D k 6F 5D • 6D 6D + 6 F +  5F X 6F 
+ 5 F •  5D X 6D 

+o.0 +0.1 +0.4 +0.2 -0.7 
+0.4 + t . 9  - 1 . 2  +1 . t  +0.6 

+o.1 -0.7 +0.4 +1.5 -0.8 
+0.6 +2.2 - 0 . 6  +0.3 - 0 . 0  

+0.8 +2.6 - 0 . 7  +1.6  +0.3 
-1.2 -2.0 -0.5 -1.5 -0.6 

+0.6  - 0 . 2  +1.4 +0.6  +0.0 
-0.6 +0.4 -0.9 - I . 0  +0.5 
-0 .1  -1 .1  -0 .1  +0.9  +0.3 
+0.1 +0.7 - 0 . 3  +0.1 - 1 . 6  

- 0 . t  +2.1 - 0 . 6  - 0 . 3  - 0 . 5  
- 0 . 0  -2 .1  +1.1 +0.0 - 0 . 2  
+0.7 -1 .1  +0.8 +1.9 +0.7 
-0.7 -1-1.2 -1.6 -1.1 -0.6 

+1.1 +2.5 - 0 . 5  +2.8 +0.5 
- 1 . 8  - 2 . 3  - 1 . 2  - 3 . 2  - 0 . 9  
- 1 . 0  - 0 . 2  - 0 . 5  - 1 . 8  +1.o  
+1.6 + t .1  +1.4 +2.5 - 1 . 3  
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T a b l e  4. Estimated relative embryonic mortality parameters (in angles) of dam egg-white triple hc~,o2ygotes, 

DG2 (days  '16--20) DIS  (clays 20--21)  TEM (days  l --21) 

T/ I I  I I I  6D 6F 5D • 6D 5F • 6F 6D 6F 5D • 6D 5F • 6F  6D 6F 51) )< 6D 5F • 6F 

b b b + 0 . 8  +1.1 +0 .4  +2 .5  
b b a + 1 . 8  - 1 . 6  - 0 . 8  +0 .6  
b a b + t . 7  - I . 4  - 0 . 4  - 2 . 4  
b a a - 5 . 5  +1.1 +1.1 +0 .9  
a b b + 0 . 2  + 1 . 2  --  - 0 . 5  
a b a - 0 . 9  --  +0 .5  - 2 . 7  
a a b - 1 . 9  --  - -  +0 .6  
a a a +4 .7  --  - 0 . 6  +0 .4  

P .28 .78 .91 .08 

- 5 . 6  + 0 . 6  - 0 . o  + 1 . 8  - 3 , 6  + 0 . 4  + 0 . 6  + 2 . 8  
+5 .3  + 1 . t  - o . o  - 1 . 3  +5.1 + 1 . 0  + 1 . t  +0 .5  
+ 3 . 2  +0 .8  - o . 3  - 1 . 3  +3 .8  - 0 . 6  - 1 . 2  - 2 . 7  
- 3 . 8  - i . I  +o.1 + 0 . 6  - 7 . 2  - 1 . 4  + t . 4  +0 .6  
+7.6 -2.3 -- -2.0 +7.3 +0.5 -- -1.5 
-6.8 -- +0.3 +1.3 -5.9 -- +0.6 -1.7 
- 4 . 2  --  --  + l . 0  - 5 . 0  --  --  +2.1 
+ 4 . t  --  - 0 . 2  - 0 . 2  + 5 . 9  --  - 0 . 5  - 2 . 3  

.02 .18 .83 .90 .21 .84 .89 .48 

interaction late in incubation (Table 2), the probabi- 
l i ty level in all matings combined (Table 3) is only 
P ~ 0.t0 in both DG2 and DIS. The effect is most 
marked in the 6D dams (pure + cross, Table 3), 
where the effect (P < 0.01) in the latest period (DIS) 
receives confirmation at P ~ 0.05 in the preceding 
DG2 period. The b, a and a, b homozygotes are 
superior, while b, b and a, a are inferior. In both pe- 
riods the four parameters sum almost to zero, indi- 
cating that  the genetic interaction is additive • ad- 
ditive. Consideration of the results in Tables 2 and 3 
suggests that  there is reasonable agreement between 
matings in this effect, with only 5F • 6F differing 
enough to lead to the non-significance in all matings 
combined. 

None of the other three components of the facto- 
rial analyses (locus I I I ,  interactions T/ • I I ,  
T/  •  reaches even near-significance in all ms- 
tings combined, and for this reason we doubt the va- 
lidity of the majority of the significances for them 
recorded in the smaller groupings (Tables 2, 3). Most 
of the apparent effects appear to be chance fluctua- 
tions which show no consistency. One effect, of I I I  
in days 1 --7 and t6- -20  and in the Total Embryonic 
Mortality (days 1--2t) ,  is consistent over the pure 
matings, however, since it occurs in their combina- 
tion (6D + 6F, Table 3). I t  may  therefore possibly 
be real, although it certainly does not occur in the 
crosses. As with T/, the significant effect in the first 
week is apparently additive (parameters --1.30, 
+1.49). 

The results for the three-way interaction parts of 
the analyses are given in Table 4. The estimates of 
the relative embryonic mortal i ty parameters for the 
dam triple homozygotes are shown for all the single 
and combined populations, but  in only the periods 
DG2, DIS and TEM (days 16--20, 20--21 and 1 --21). 
The earlier periods FWD and EDG are omitted since 
no population or combination shows a three-way in- 
teraction even approaching significance in these pe- 
riods. Exact  values of probabilities, calculated to the 
nearest 1% by interpolation, are given as a guide to 
the confidence which may be placed in each set of 
parameters. 

In each analysis, the part[ nvolving the three-way 
interaction is particularly dependent on the other 
parts. This follows from the fact tha t  embryonic re- 
lative mortal i ty parameters for dam triple homo- 
zygotes are fit ted by estimating them relative to 
single heterozygote double homozygotes, relative to 
double heterozygote single homozygotes, relative to 
the triple heterozygote. The significance of the vari- 
ance associated with a set of three-way interaction 
parameters will thus depend not only on their size 
and the frequencies of the triple homozygotes, but  
also on how good the estimates are of the mortalities 
of all those other triple genotypes relative to which 
they are estimated. This interdependence has two 
important  consequences, both of which give especial 
value to the analyses of combined populations. First, 
significance for the three-way interaction in a combi- 
ned population will be likely to occur only if there is 
reasonable agreement between the constituent popula- 
tions in both these sets of estimates. The second conse- 
quence concerns absence of some genotypes, which hap- 
pened in two of the four single populations (Table 4). 
Three parameters in6F and one in 5D • 6D could not be 
estimated because the corresponding dam triple homo- 
zygotes were absent. In addition, another parameter 
(a, a, b) in 5D • 6D could not be estimated, although 
this homozygote was present, because of the absence 
of one of the three single heterozygote double homo- 
zygotes with which it was compared (a, ab, b). Such 
absences not only directly reduce the effectiveness of 
estimation of the three-way interaction variance, but  
also lead to distortion of the estimates of some two- 
way interaction parameters, since these are then ba- 
sed on a markedly incomplete range of double homo- 
zygotes. This distortion in turn produces distortion 
of the three-way estimates. Thus the increase in 
accuracy of estimation when populations are combi- 
ned is greater for the three-way interaction than for 
the simpler effects, since there is not only more data 
to estimate all mortalities, but  also a complete set of 
genotypes in every case. The latter fact allows a bet- 
ter fitting of the two-way parameters, with a conse- 
quent improvement in estimation of tile three-way 
parameters. 
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and the probability of the three-way interaction variance associated with each set of parameters 

63 

DG 2 (days 16--20) DIS (days 20--21) TEM (days 1--21) 

5D • 6D ALL 6 D +  6 D +  6F-~- 6 D +  5D •  6 D ~  6 F +  6 D +  
6F + ALL -b ALL 5 F •  5D •  5 F •  6F 5 D •  6D 5 F •  6F 5F • 6F 

+0.9 +0.2 +2.3 +0.8 q o.9 -0.5 - t .9  +0.5 -4.5 +1.7 -0.1 -2.o 
+0.4 + 0 . 8 - 0 . 5  +o.6 +o.5 +1.0 +2.9 -0.2 +3.4 -0.8 +t.8 +3.7 
+0.2 +1.0 -0.8 +1.3 -1.7 +t.o +2.7 -0.2 +1.9 -0.3 +0.5 +2.5 
-1.3 -3.o +0.2 -2.4 +1.7 -1.3 -3.1 +o.0 -1.8 -0.6 -2.3 -5.2 
+0.9 + 2 . 3 - 1 . 8  -o.3 +2.2 +0.7 +t.8 -o.3 +7.2 -2.5 +2.1 +4.4 
-1.7 -2.3 -o.0 -o.5 -2.9 -1.3 -3.0 -0.1 -5.t  +1.4 -2.7 -4.2 
-2.1 -3.0 -0.2 -2.2 -o.6 -1.9 -3.3 -o.6 -3.5 -0.1 -2.5 -3.8 
+2.9 +4.7 +0.6 +2.8 -o.6 +1.8 +3.4 +0.5 +2.5 +1.0 +3.0 +4.7 

.o6 .26 .16 .39 .19 .04 .05 .77 ~.oot  .29 .03 .11 

With these considerations in mind, we can now 
examine the three-way results in detail. The only 
significant effect in the single populations is in 6D, 
over days 20--21 (P 0.02). Four triple homozygotes 
are markedly superior to the group of single, double 
and triple heterozygotes, and four are markedly in- 
ferior. A similar pat tern of parameters is seen in 6D 
over the preceding DG2 period (P 0.28), with the ex- 
ception of one triple homozygote (b, b, b); and the 
overall mortal i ty  (TEM) shows the same pat tern as 
in DIS, at P 0.2t. Two other trends or near-signifi- 
cances can be seen. In 6F in DIS, at P 0.t8, there is 
agreement with 6D in the signs of 3 out of the 5 para- 
meters. In 5F X 6F, at P 0.08, there isl less agree- 
ment with 6D in the same period; the signs of only 
4 out of 8 parameters agree, and even among these 
the larger values in 5F • 6F are the smaller in 6D, 
and vice versa. 

Despite these disagreements between the single 
populations in the partial periods DG2 and DIS, all 
matings combined (ALL) shows a significant effect 
(P 0.04) in DIS and a near-significant effect (P 0.06) 
in DG2. In each case the pat tern of parameters is the 
same as in 6D alone, and as in that  population the two 
periods differ only in the sign of the estimate for the 
b, b, b homozygote. In DIS the combined pures 
(6D + 6F) show the same pat tern as ALL, although 
at slightly less significance (P 0.05), suggesting that  
the partial agreement between the parameters for 
6D and 6F underestimated the real agreement be- 
tween these populations, because of the absence of 
some genotypes from 6F. The increased significance 
in ALL over 6D + 6F indicates further agreement 
elsewhere in the data, and indeed the same pat tern of 
parameters is seen in 6D + (SD • 6D) at P ~ 0.001. 
This high significance seems surprising in view of the 
fact that  5D • 6D alone showed no evidence of a 
three-way interaction. However, it should be re- 
called that  two genotypes were missing from 5D • 
6D; and since one of these was a single heterozygote 
double homozygote, the data for a non-missing triple 
homozygote could not be used. I t  is clear that  these 
shortcomings in the 5D • 6D analysis led to consi- 
derable distortion of the three-way parameter  esti- 

5 D •  6 D +  6 F +  
+ 5D • 6D 5 F •  5F • 6F 

+1.9 -2.7 +I.4 
-0 .1  +2.7 +1.0 
- 1 . 0  +1.8 - 1 . 8  
- 0 . 2  - 2 . 9  +0 . t  
- t . 0  +6.2 +0.1 
- 0 . 6  - 4 . 4  - 1 . 6  
-0.3 -4.6 +0.9 
+1.0 +3.8 -0.6 

�9 63 .22 .52 

mates, a distortion the more extreme because there 
clearly is three-way interaction in 5D • 6D, as evi- 
denced by the way in which the data combine in 
6D + (5D x 6D). The high significance in this com- 
bination of pure + cross matings of 6D dams indi- 
cates a much closer agreement between them than 
was apparent in the separate analyses. As explained 
above, this agreement must extend to other genotypes 
besides the triple homozygotes, a conclusion which 
receives confirmation from the cluster of significan- 
ces for 6D + (SD X 6D) over days 20--2t  in Table 3. 

Returning to DIS in Table 4, the decreased signi- 
ficance in ALL as compared with 6D + (5D X 6D), 
and the agreement between 6D and 6F, indicate that  
5F • 6F disagrees markedly with the other three 
single populations. This conclusion is confirmed in 
the double combinations including 5F X 6F, both of 
which show low significance and a quite different pat- 
tern of parameters from 6D or the other combina- 
tions. Indeed, the pat tern in 5F X 6F alone, which 
although quite non-significant is a complete set, is the 
exact converse of that  in 6D. The same agreements 
and disagreements are seen in DG2, although less 
strikingly than in DIS. All matings combined, 6D, 
and the double combinations excluding 5F • 6F all 
show closely similar patterns of parameters, while 
5F X 6F and the double combinations including it 
show patterns differing considerably from the fore- 
going. 

In view of the general agreement among 3 out of 
4 populations over the two late periods DG2 and DIS, 
and the absence of even near-significances in the 
earlier periods FWD and EDG, it is not surprising 
that  the same pat tern of parameters is seen over the 
whole incubation period (TEM), with just the same 
agreements and disagreements between populations 
and combinations. The significant (P 0.03) three- 
way interaction effect in ALL in TEM is thus clearly 
also derived from agreement between 3 out of 4 po- 
pulations; and it represents our main finding on the 
final selective effect of the three egg-white loci through 
differential embryonic mortality.  The estimated pa- 
rameters sum to --0.2 in all matings combined, and 
to +0.1 in the pures alone (6D + 6F, P 0. t l ) ,  so that  
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the selective effect demonstrated is of a genetically 
additive • additive • additive interaction. 

Discussion 

Associations of dams '  egg-white genotypes with 
embryonic mor ta l i ty  have been found in various parts  
or the whole of the 21-day incubation period. They 
include main effects of the individual loci as well as 
some genetic interactions between them. In their 
purebred matings the two substrains agree markedly 
in the nature and direction of all the effects found. 
However, this agreement extends to both sets of 
crossbred matings in only one instance, namely, the 
additive effect of T / o v e r  days 1- -7 ;  and here they 
show the effect to a greater degree than the purebred 
matings. Otherwise, the tendency is for the agree- 
ment  between the purebreds to extend to one or other 
set of crossbred matings, but  not both. Thus the 
main effect of I I  over days 1 --7 occurs in both pures 
and in 5F • 6F, b u t n o t i n  5D • 6D. On the other 
hand, both the I I  • I I I  and the T/ • 1 I  • I I I  
interactions show remarkable agreement in the signs 
of the parameters  over days 16--2t  (DG2 + DIS) 
in both pures and in 5D • 6D, but  not in 5F • 6F. 
In the case of tile three-way interaction the same 
agreement occurs in the Total  Embryonic  Mortality. 
The only effect to occur in both pures but  neither 
cross is the least certain of those considered, namely, 
the possible additive effect of I I I  over days 1--7.  
There is thus little evidence for consistent differentia- 
tion between purebred and crossbred matings. 

The present results m a y  be compared with the fir~- 
dings in our s tudy of the pure matings of the ancestor 
strain 6 four generations previously (Morton et al., 
t965). Unfortunately,  the main effects at tha t  t ime 
were demonstra ted over days 6--15, a period which 
could not be separately analysed in the present data  
because morta l i ty  was now so low. Nevertheless, 
some useful comparisons can be made. In strain 6, 
the b homozygote for T / w a s  significantly superior to 
the a homozygote over days 6--15. This is not in- 
consistent with our present finding tha t  the a homo- 
zygote is superior to the b early in incubation, since 
this effect occurs significantly in only the very ear- 
liest period (days 1--7), while in later periods there 
is now some indication of reversal in the purebreds, 
thus agreeing with the result in 6. No significant main 
effects of I1  and I I I  were seen in 6, but  the signs of 
the parameters  were in general agreement with those 
now found in the pures. This s ta tement  also applies 
to the I I  • I l l  interaction effect. On the other 
hand, the highly significant (P ~ 0.01) T/ • I I I  
interaction effect seen in strain 6 over days 6 - - t  5 has 
no parallel in the present results. The only other sig- 
nificant effect in 6 was the three-way interaction over 
days  6 - - t  5, the period for which there is no present 
counterpart ,  and the signs of the parameters  found then 
show little agreement with the main pat tern  seen in 

the present data  over days 16--21 and t --21. A close 
agreement is seen, however, when the data for the 
corresponding periods in strain 6, especially 16--20 
and 1 --21, are compared with the present results. 

The effects now reported are therefore consistent 
not only over the pure matings of the two substrains, 
but  also over the pure matings of the ancestor 
strain 6. The absence of significance for these effects 
in 6 may  have resulted from the small size of the data  
(175 dams, 3632 fertile eggs), and is paralleled in the 
present work when the substrains are considered se- 
parately.  As pointed out above, most  of the effects 
are also consistent over one or other or both sets of 
crossbred matings. This general consistency of egg- 
white effects contrasts with the changes in the blood- 
group effects between the two generations and the two 
substrains (Gilmour and Morton, t970). As discussed 
in the paper cited, the polyallelic B locus seems to be 
readily responsive to quite small changes in the en- 
vironmental  conditions and the rest of the genome; 
while it now appears that  the egg-white loci are more 
stable in their selective effects, perhaps because they 
appear  to form an integrated interacting system. 

In examining possible mechanisms for the mainte- 
nance of stable polymorphism of the three loci, the 
important  selective effects to consider are those ope- 
rating on the total  embryonic morta l i ty  (TEM). The 
significant effects of the single loci T] and I I  were 
restricted to the first high morta l i ty  period (the first 
week), while in the lat ter  part  of incubation when 
morta l i ty  was again high there were indications of re- 
versal of these effects. Consequently no effects were 
demonstrable on TEM. Multiplicative combination 
of opposite effects must  lead to some degree of do- 
minance, which might in some circumstances go as far 
as overdominance. If this is so for T / o r  I I ,  any such 
overdominance is too small for detection in our data.  
In contrast,  the significant additive effect of I I I  in 
the first week was not reversed later in incubation, so 
tha t  a near-significant (P ~ 0.t0) additive effect in 
the same direction (a homozygote superior, b inferior) 
was seen in TEM (days t --21). If this effect is a real 
one, maintenance of polymorphic equilibrium at this 
locus must  depend on other balancing effects, inclu- 
ding, presumably,  the interactions. 

The two proven interaction effects ( I I  • I i I  and 
the three-way) occurred late in incubation and prob- 
ably acted over most of the last six days when there 
was high mortal i ty,  but only the la t ter  was demon- 
strable in TEM. Thus the values of the parameters  
for the three-way interaction for TEM in all matings 
combined (Table 4) are our only estimates of the se- 
lective effects of the egg-white loci. They represent 
the est imated morta l i ty  differences of the eight triple 
homozygotes after allowance has been made for ef- 
fects of the loci singly and in two-way interactions. 
Since none of the lat ter  effects is significant in TEM, 
there is no evidence for any overall morta l i ty  diffe- 
rences between any of the genotypes with at least one 
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locus heterozygous, i. e., the triple heterozygote and 
the single and double homozygotes; and the parame- 
ters for the three-way additive interaction represent 
comparisons of the eight triple homozygotes with the 
average mortal i ty  ascribable to any of the other t9 
genotypes. 

Polymorphism could be maintained by some over- 
dominance at each locus, which might be too small to 
be detected individually or when the loci are consi- 
dered two at a time, but  possiblydetectablewhen three 
are considered multiplicatively. In the latter case 
there should be superiority of the triple heterozygote 
and general inferiority of triple homozygotes. Neither 
of these is seen in our data, as shown above and be- 
cause the three-way parameters sum to --0.2, essen- 
tially zero. If simple multiplicative overdominance 
is a factor in the maintenance of the polymorphisms, 
we have not succeeded in demonstrating it. Lack of 
overall superiority of the triple heterozygote might 
result from the situation envisaged by Sved, Reed 
and Bodmer (t967) and King (t967). In separately 
proposed models for balanced polymorphism of nu- 
merous loci they assumed that  the overdominance 
per locus was small (selection differential ~ t  %), and 
that  epistasis operated such as to restrict but  not 
extinguish the superiority of the multiple heterozy- 
gote. The corollary of this situation, stressed parti- 
cularly by King, is that  the overdominance per locus 
necessary to maintain polymorphism is only expres- 
sed in genotypes with many loci homozygous, while 
the other genotypes occur in a very short range of the 
fitness distribution. This view is similar to our pro- 
posals (Morton et al., t965), for po]ymorphism of nu- 
merous diallelic loci, namely, that  overdominance per 
locus is small, and that  consequent random fixation 
"may  be avoided by interaction between loci, for 
example such that  only the multiple homozygotes 
are appreciably deleterious". One of our results fits 
these expectations, i .e . ,  that  there are no overall 
embryonic mortal i ty  differences between any of the 
genotypes with at least one locus heterozygous. On 
the other hand, only 4/8 triple homozygotes show in- 
feriority, and no single locus shows overdominance 
when both the other loci are homozygous (TEM in 
all matings~ Table 4). As one explanation of the oc- 
currence of some superior triple homozygotes, we 
could assume that  there was another interacting locus 
involved. Then for the pairs of quadruple homozy- 
gotes including any of the three present superior tri- 
plets to be inferior as required by theory, it would be 
necessary for the corresponding triple homozygote/ 
single heterozygotes to be more superior than the 
original triplets. Although there is nothing against 
some genotypes having superiority of this order, it is 
clear that  the general restriction on heterozygote 
superiority in the hypothesis sets a limit to the num- 
ber of further loci which could be involved, since each 
additional locus would require approximate doubling 
of the multiple homozygote inferiority. An alterna- 

tive explanation is suggested by  the occurrence of 
both positive and negative deviations (Table 4), na- 
mely that  the triple homozygotes may  be subject, in 
some generations, to change in their selective value. 
If extreme values (+  or --) occur in the triple homo- 
zygotes only, then multiplicative combination of fit- 
nesses over generations will tend in the long term to 
raise the geometric mean relative fitnesses of the 
other genotypes, leading first to some dominance and 
eventually to inferiority of all multiple homozygotes. 
This explanation is an extension of the proposal of 
Haldane and Jayakar  (1963) discussed in the prece- 
ding paper. 

Our results provide evidence that  extreme selective 
values are associated with multiple homozygosity for 
several polymorphic diallelic loci concerned with si- 
milar functions, and hence that  such loci interact in 
their effects on fitness. In some circumstances, if the 
similarity of their functions is close enough and if 
multiple alternatives confer particular advantage, 
such loci might evolve into closely linked complexes 
(Sheppard, t953, Gilmour, 1960, Bodmer and Parsons, 
t962). This evolution may be occurring among the 
egg-white loci, thus Buvanendran (1967) has shown 
that  I I  (Lush, t96t)  and Ov (Lush, t964b) are rather 
closely linked (recombination frequency ~ 1%). Ov 
is not segregating in our populations, so that  our data 
on I I  concern only two out of the four or more pos- 
sible linkage combinations or pseudoalleles. Tighte- 
ning of linkage is one rather  specialised consequence 
of interaction between loci and may be related to spe- 
cial needs of the population for rapid adaptabil i ty 
and lead to polymorphisms of multiple alleles. On the 
other hand, we believe that  many loci interact and 
do not become linked. These include the three types 
of numerous segregating loci that  are recognised, the 
one directly identifiable, controlling variants of anti- 
gens, proteins and enzymes; the other two inferred, 
and consisting of the polygenic loci responsible for 
quanti ta t ive variation, and the systems of modifying 
genes invoked whenever the activity of a major gene 
can be altered by selection. There seems no reason 
to make any functional distinction between any of 
these: the polymorphisms appear different merely 
because they can be specifically identified. We are 
not alone in this approach, which has been used by 
several other authors recently. We do however wish 
to emphasize the important  role played by epistasis 
in the maintenance of segregation and hence of ge- 
netic variability. 

In the preceding paper (Gilmour and Morton, 1970) 
we concluded that  associations of genotypes rather 
than genes or serological factors should have been 
studied in the work on polyallelic polymorphisms in 
animals and man which we cited (Neimann-Serensen 
and Robertson, t96t  ; Stansfield, Bradford, Stormont 
and Blackwell, t964; Morton, Krieger and Mi, t966). 
We have now made the case that  the failure of these 
authors to obtain evidence of selective effects at 
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single diallelic loci is to be expected. Analy t ica l  de- 
signs which examined  in te rac t ions  be tween loci might  
have yielded results,  par t icu la r ly  in domestic  animals  
where there is always some degree of inbreeding  in 
breeds or strains.  The increased general  homozy-  
gosi ty  of the dams in our closed popula t ions  p robab ly  
con t r ibu ted  to our  success in demons t r a t i ng  in terac-  
t ion effects on fitness. I t  is less l ikely tha t  these will 
easily be found  in man,  unless perhaps in small  pa r t ly  
inbred  groups;  in this respect the t r i racial  popula t ion  
s tudied by  N. E. Morton et al. (1966) was par t icu la r ly  
unsui tab le .  
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