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Partitioning of Variance and Estimation of Genetic Parameters for 
Various Bristle Number Characters of Drosophila melanogaster 
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Summary. Phenotypic variance for each of several bristle number characters (abdominal, sternopleural, second 
and third coxal) was partitioned using both hierarchal and diallel designs. Heritabilities and genetic correlations were 
estimated from parent-offspring regressions and correlations and half-sib correlations. 

A high proportion of the genetic variance for abdominal bristle number was due to epistatic and sex-linked gene 
action, but most of the genetic variance for the other characters was additive autosomal. 

The genetic correlations among sternopleural, and second and third coxal bristte numbers were all high, but that 
between abdominals and sternopleurals was low, while those between abdominals and either second or third coxals 
were virtually zero. An appreciable proportion of the covariance between abdominal and sternopleural bristle 
numbers was non-additive genetic. 

The diallel method gave more reliable estimates of genetic parameters when non-additive or sex-linked genetic 
variation was present. 

I. Introduction 
In terms of present quant i ta t ive  genetic theory, 

prediction of short- term selection responses and 
interpretat ion of responses actually observed depend 
on estimates of the components of phenotypic vari-  
ance and genetic parameters  in the base population. 
Although several methods are available for est imat-  
ing genetic parameters  (Lus*t, t949; FALCONER, 1960), 
and although m a n y  estimates have been reported for 
various characters in a number  of species (e. g. 
St'ECTOR, 1956; FALCONER, 1960), few detailed com- 
parisons of estimates from several methods have 
been carried out. 

DAWSON (I965) compared six experimental  designs 
for part i t ioning phenotypic variance and est imating 
heri tabil i ty for developmental  rate  in Tribolium. His 
comparisons were part icular ly relevant  to the que- 
stion of est imating genetic parameters  in the pre- 
sence of materna l  effects, bu t  ignored sexqinkage and 
took little account of epistasis. KEARSEV (t965) com- 
pared five experimental  designs for estimating com- 
ponents of variance and heri tabil i ty for flowering 
t ime in Papaver, using approximate ly  the same num- 
ber of families for each design. His results provide 
useful comparisons between methods on the basis of 
information yielded for the same amount  of work, 
but  the designs and comparisons used were of more 
relevance to plant  breeding than  animal breeding. 
SCHAFFER and KOJIMA (t963) compared three me- 
thods of est imating sex-linked effects for wing length 
in Drosophila. Unfortunately,  a completely satis- 
factory comparison was not obtained as they did not 
measure progeny of both  sexes for the diallel cross. 

As a prel iminary to various studies of artificial 
selection for bristle number  characters in Drosophila 
~zelanogaster, phenotypic  variances for several bristle 
characters were part i t ioned and relevant genetic 
parameters  est imated using a number  of different 
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methods on the data  of two experiments, one 
an hierarchal design and the second a diallel design. 
Both parent-offspring regression and half-sib corre- 
lation estimates of heritabilities and genetic corre- 
lations were obtained from each experiment.  The 
parti t ioning of bo th  phenotypic  var iance  and gene- 
tic covariance has been carried out, and the designs 
and methods compared for their abili ty to either 
est imate epistatic and sex-linked effects, or provide 
unbiased heri tabil i ty estimates when epistatic and 
sex-linked effects are present .  

II. Materials and Methods 
The Canberra strain of Dros@hila n~elanogastef 

(LATTER, t964) was used. This stock originated from 
more than t00 inseminated females captured at Can- 
berra  in the summer of 1959. Subsequently it  was 
maintained as a large laboratory stock (approxima- 
tely 500 pairs per generation) b y  Dr. B. D. H. LAT- 
TER. Since March, t964, a sample of this stock has 
been mainta ined in our labora tory  as a cage popula- 
tion with an average size of 4,000 adults.  

The characters scored were the number  of bristles 
on the fourth, fifth and sixth abdominal sternites, 
the right sternopleural plate, and the right second 
and third coxa. The means and s tandard deviations 

Table t. Means and standard deviations of the characters 
in Experinient 2 

Standard 
Character Mean deviation 

Male 
Fourth abdominal 18.16 t. 76 
Fifth abdominal 18.54 t.76 
Total abdominal (4th + 5th) 36.70 2.86 
Sternopleurat 9.59 t .08 
Second coxal t 1.37 0.85 
Third coxM 7,72 0.78 

Female 
Fourth abdominal 22.45 2104 
Fifth abdominal 22.70 2. t 2 
Total abdominal (4th q- 5th) 45.15 3.46 
Sternopleural 9.74 t .04 
Second coxal t 1.39 0.83 
Third coxal 7.92 0.8t 
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of these characters (except for sixth abdominal) from 
the Exper iment  2 data  are shown in Table t. Parents 
and offspring were cultured under uncrowded condi- 
tions on a dead yeast fortified medium (medium F of 
CLARINGBOLD and BARKER, t96t)  in 3 • I inch glass 
vials at 25 4- 0.5 ~ and 65--70% relative humidity. 

(i) Experiment I - -  hierarchal design 

This design consisted of 62 sires, three dams per 
sire and t0 male and 10 female offspring per dam. 
Each of the 62 sires was mated to several females. 
The parents were scored and the females allowed to 
lay eggs in separate vials for three days. Random 
samples of progeny were scored from each of three 
dam families per sire. Males were scored for sterno- 
pleural and fourth and fifth abdominal bristle num- 
ber, while females were scored for sternopleural and 
fifth and sixth abdominal bristle number. 

(if) Experiment  2 - -  diallel design 

This experiment consisted of 127 two sire • two 
dam diallel units as described by  LEm~ER (t950). 
Males I and 2were  mated to females I and 2 re- 
spectively. After two days, the parents were trans- 
ferred to fresh vials for a further two days. Parents 
were then removed and male t stored with female 2 
and male 2 with female 1 for seven days. SItEImO~ 
(t963) indicated this time was sufficient to ensure 
that  the female would be fertile to the second male. 
Each female was then allowed to lay eggs in fresh 
vials during two consecutive two-day periods. From 
each of the two vials per sire • dam combination, 
four pairs of flies were scored for fourth and fifth ab- 
dominal, sternopleural, and second and third coxal 
bristle numbers. 

The characters scored in the two experiments dif- 
fered slightly. In Experiment t ,  the fifth and sixth 
abdominal sternites were scored in females, while in 
Experiment 2 tile fourth and fifth were scored. This 
is unlikely to be of any consequence since the genetic 
correlation between abdominal sternites is not 
significantly different from unity (Table 6). Second 
and third coxals were scored only in Experiment  2. 

In both experiments heritabilities and genetic cor- 
relations were estimated from variance and covari- 
ance components and from parent-offspring regres- 
sions or correlations. Genetic parameters were cal- 
culated using the s tandard formulae of FALCONER 
(t960) and BECI~ER (t964). Sire-daughter and dam- 
son regression estimates of heritabili ty and genetic 
correlation were corrected for inequality of male and 
female variances as suggested by CLAYTOn, MORRIS 
and ROBERTSOlq (t957). Standard errors of genetic 
correlation from parent-offspring regression and half- 
sib correlation were estimated by  the methods of 
REEVE (1955) and TALLIS (1959). 

Genetic expectations of the components of variance 
and covariance for the various relationships are 
given in Table 2. These are taken from BOmDAR 
(1964), but  have been simplified by  ignoring genes 
with different effects in the two sexes as well as non- 
additive sex-linked and additive • sex-linked effects. 

In Experiment  l the dam component of variance 
includes the sire • dam interaction. The diallel 
design in Experiment  2 enabled this interaction to 
be estimated. Thus in Experiment 2 tile maternal  

Table 2. Genetic expectations for taeritability and variance 
components estimates 

Estimate 
Genetic component* 

Va VaA V~ Vo 

Heritability 
Sire-son 1 t/2 
Sire-daughter 1 1/2 I 
Dam-son t t/2 1 
Dam-daughter 1 1/2 1 
Paternal half brother 1 t/4 
Paternal half sister 1 1/4 2 
Maternal half brother t t/4 2 
Maternal half sister t t/4 I 
Dams within sires for 

male offspring 1 3/4 2 t 
Dams within sires for 
female offspring I 3/4 t 1 

Variance components 
Sire • Dam component 
for male offspring 1/8 ~/4 
Sire • Dam component 
for female offspring 1/8 t/4 
* VA is the additive autosomal variance, 

VAA 

V A.s 
VD 

the additive X additive autosomal variance 
(i.e. 2 locus interactions), 
the additive sex-linked variance, and 
the autosomaI 'dominance variance. 

as well as the paternal half-sib estimate was free of 
dominance effects, being biased only by sex-linked and 
additive • additive interaction terms. Common en- 
vironment effects were estimated in t h e  diallel ana- 
lysis as replicate vials were used for each mating. 

III. Results 

(i) Abdominal  bristle number 

Analyses of variance, variance components, and the 
sire and dam component estimates of heritabili ty for 
the sum of the number of bristles on two abdominal 
segments are presented in Tables 3 and 4 for Experi-  
ments t and 2 respectively. Both genetic and pheno- 
typic variances were higher in Experiment 1, but  there 
is no obvious explanation for this. Parent-offspring 
regression estimates of heritabili ty arelgiven in Tablei5. 

In Experiment t ,  heritabili ty estimates for males 
were much higher from the dam component than 
from the sire component. The former contains both 
more non-additive genetic and sex-linkage variance 
than the sire component (BoItlDAR, t964), as well as 
any common environmental effects. These effects 
were not  separable in the hierarchal analysis. Both  
sire and dam component estimates for females were 
much higher than the sire estimate for males. The 
dam component estimate is again biased by sex- 
linked and non-additive genetic and common environ- 
ment effects, while the sire component estimate for 
females (but not for males) contains sex-linkage, 

Parent-offspring regression estimates of heritabi- 
l i ty in Experiment  I also varied considerably, but  
had high sampling errors and did not differ signifi- 
cantly. The average estimate was of similar magni- 
tude to the half-sib estimate for males from the hier- 
archal analysis. These regression estimates did not 
vary  so widely in Experiment  2, but  the average 
estimate was twice that  of 'the paternal half-sib esti- 
mate for males from the diallel analysis. 

The between vials effect was significant for females 
in Experiment 2, but  variation due to common en- 
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vironment  contr ibuted 
only approximate ly  t .7% 
and 2.8% of the variance 
for males and females re- 
spectively.The dam compo- 
nent heri tabi l i ty est imate 
from the hierarchal design 
includes four times the 
common environmental  
variance (FALCONER, ~1960), 
and so could have been 
biasedupward appreciably. 
The sire x dam interaction 
was highly significant in 
the diallel analysis (Expe- 
r iment  2), the interaction 
component  being nearly 
half the dam component in 
each sex. This  interaction 
component  contains 1/~ of 
the dominance variance 
and 1/s of the addit ive • 
• addit ive epistasis as 
well as various portions of 
other interactions. Depend- 
ing on the content  of this 
component,  it m a y  be 
taken to indicate tha t  domi- 

Table 3. Analyses of variance, variance components and estimates of heritability 
for total abdominal bristle number in Experiment 1 

Males Females 
Source 
of variation d.f. Mean Variance Mean Variance 

square componen'c square componen• 

Between sires 61 58.14'* 0.824 99.28** 2.295 
Dams within sires 124 33.40** 2.523 30.43** 2.111 
Within dams 1674 8.17 9.32 
h} (from sires term) 0.29 + 0.13 0.67 -t- 0.18 
h~ (from dams term) 0.88 __+ 0.15 0.62 +__ 0. t l  

** P ~  0.01 

TabIe 4. Analyses of variance, variance components and estimates of heritability 
for total abdominal bristle number in Experiment 2 

Males Females 
Source 
of variation d. L Mean Variance Mean Variance 

square component square component 

Sires 127 14.70"* 0.319 30.06** 0.982 
Dams 127 21.87"* 0.767 32.07** 1.108 
Sires • Dams 127 9.60** 0.342 I4.34"* 0.538 
Between vials 508 6.86 0.t 36 10.04" 0.323 
With inv ia l s  3048 6.32 8.74 

h} 0.16 • 0.07 0.35 + 0.09 
h~ 0.40 __+ 0.t0 0.39 + 0.09 
Average h 2 0.32 

* P <  0.05 ** P < o . o l  

nance represents t 8% of the phenotypic variance, or 
that  additive • additive epistasis represents 36% 
of the phenotypic variance. The high dam compo- 
nent heri tabil i ty estimates from the hierarchal 
analysis (Experiment  t) were not unexpected in the 
light of this appreciable non-additive genetic com- 
ponent. The high sire component  estimate of herit-  
abili ty in females m a y  have been due either to im- 
por tant  sexqinked effects or to a higher heri tabil i ty 
in females than in males. 

The importance of genes with different effects in 
the two sexes can be evaluated from a comparison 
of the heri tabil i ty est imates from maternal  half- 
brothers and paternal  half-sisters. These have the 
same expectations if genes have the same effects in 
the two sexes, assuming maternal  effects to be 
negligible. These estimates were quite similar, so the 
effects of genes in the two sexes were probably  the 
same. 

By solving the equations of the expectations for 
the different heri tabil i ty estimates (from Table 2) 
against the estimates obtained, the size of the gene- 
tic components has been estimated. For any esti- 
mate,  appreciable differences between Exper iments  t 
and 2 were present but  s tandard errors were larger 
in Exper iment  1. The sire component  est imate for 
males was the lowest of the half-sib estimates in both  
experiments. These are free of sex-linked effects. 
Similarly, the sire-son regression est imate was lower 
than  the other regression estimates in Exper iment  2, 
while in Exper iment  t i t  was lower than  all but  the 
daughter-dam regression. This sire-son est imate con- 
tains more of the additive • additive autosomal epi- 
stasis than half-sib estimates but  is free of sex-linkage 
effects. 

I t  is difficult to part i t ion the variat ion with much 
accuracy because of the large sampling errors. Sex~ 
linkage can be est imated from the difference be- 

Table 5. Parent-offspring regression estimates o f  herit- 
ability for total abdominal bristle number 

Estimate Experiment 1 Experiment 2 

Sire-son 0.22 ~ 0.10 0.30 + 0~04 
Dam-son 0.28 + 0.09 0.35 _ 0.06 
Sire-daughter 0.40 • 0.15 0.34 + 0.05 
Dam-daughter  0.21 ~ 0.08 0.42 + 0.06 

Average 0.28 0.35 

tween the sire-son heri tabil i ty and the other parent-  
offspring heritabil i ty estimates, and from the dif- 
ference between the sire component  heritabil i ty for 
males and other half-sib heri tabil i ty estimates. 
About 9% of the variance was sex-linked, as esti- 
mated  from these differences. 

Additive and additive • additive autosomal (epi- 
stasis) variance can also be est imated from the Various 
heri tabil i ty estimates, as well as from the sire • dam 
interaction component. By  substituting the estimate 
for sex-linked effects, and comparing all the estimates 
of parent-offspring and half-sib heritability, about 
14% of the variance was estimated as additive and 
25% epistatic. Most of the s i re•  dam interaction was 
apparent ly  due to epistasis, as indicated by  tile 
large est imate for this component  from the difference 
between the sire-son heri tabil i ty and tile sire compo- 
nent heri tabil i ty for males. Consequently dominance 
effects were probably  only minor. 

If  the genetic correlation between two segments is 
unity,  the ratio of the variance of t h e  difference in 
bristle numbers  (r to the variance of the sum (@) 
may  be taken as a measure of developmental  error 
(CLAYTON et al., t957). Est imates of genetic corre- 
lation between abdominal segments are presented in 
Table 6, and indicate tha t  the genetic Correlation can 
be taken as unity. The variance of tile differences 
between the segments, and the proportion this is of 
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Table 6. Genetic correlations between abdominal bristle segments 

Males Females 

Experiment I Experiment 2 Experiment 1 Experiment 2 

Analysis of variance 
and covariance 

Sire component  1.07 + 0.06 0.92 __+ 0.18 0.98 + 0.04 1.16 i 0.08 
Dam component 0.95 __+ 0.06 0.85 + 0.11 1.02 ~_ 0.05 1.20 ! 0.08 

Parent  offspring 
regression 0.68 + 0.20 0.95 _+ 0.10 1.43 __ 0.37 0.90 + 0.06 
Average t .O2 

Table 7. Variance of the difference between abdominal 
bristle segments(a2d) and the proportion this is of the variance 

of their sum (a~/a~) 

Males Females 

~ 2 2 2 

Exper iment  1 3.95 0.34 5.32 0.39 
Exper iment  2 4.23 0.54 5.14 0.44 

Table 8. Analyses of variance, variance components and estimafes of heritability for 
sternopleural bristle number in Experiment 1 

Males 

Theoret. Appl. Genetics 

Source d.f.  of variation Mean Variance 
square component 

Between sires 61 3.894** 0.0550 
Dams within sires 124 2.t98"* 0.t073 
Within dams t674 1.125 

h~y o.17 • 0.08 
h~) 0.33 i 0.09 

Average h z 

** P <  o.ol 

Table 9. Analyses of variance, variance components, and estimates of heritability 
for sternopleural bristle number in Experiment 2 

Males 
Source d.f.  of variation Mean Variance 

square component 

Sires 127 1.8674** 0.0537 
Dams 127 2.2266** 0.0762 
Sires • Dams 127 1.0081 --0.0030 
Between vials 508 1.0317 0.0028 
Within vials 3048 1 .O206 

h} o.19 _ 0.06 
h~o 0.27 ___ 0.07 
Average h ~ 

** P <  0.0t 

the  va r i ance  of the i r  sum are shown in Tab le  7. This  
p ropo r t i on  was qu i te  h igh  in b o t h  exper iments .  How- 
ever,  if the  cor re la t ion  be tween  deve lopmen ta l  errors  
of the  two segments  were negat ive ,  our  e s t ima te  for  
deve lopmen ta l  e r ror  would be too high, while t h a t  
for t rue  env i ronmen ta l  would  be too small .  

The  pa r t i t i on ing  of va r i a t i on  for two segments  can 
be s u m m a r i s e d  thus :  

Addit ive autosomal 0.12 -- 0 , 1 6  
Addit ive sex-linked 0.08 -- 0. t 0 
Addit ive X addit ive autosomal 0.20--0.30 
True environmental  0.00-- 0.05 
Developmental  error 0.34-- 0.54 

If  the  two segments  are t a k e n  as r e p e a t e d  measure -  
men t s  of the  same charac te r ,  the  h e r i t a b i l i t y  of the  

sum is n t imes  
I + (n - t ) r p  

t h a t  for each segment .  In  
th i s  case n = 2 ,  a n d r p = 0 . 3  6 
(see sect ion (v)), so t h a t  
a p p r o x i m a t e l y  t 0 % ,  6% 
a n d  t 8 %  of the  p h e n o t y p i c  
va r i ance  for one a b d o m i n a l  
segment  was due to  add i -  
t ive  au tosomal ,  sex- l inkage  
and  ep i s t a t i c  effects respec-  
t ive ly .  

(ii) Stern@leural bristle number 

The  ana lyses  of var iance ,  va r i ance  components ,  
and  sire and  d a m  componen t  e s t ima tes  of h e r i t a b i l i t y  
for s t e rnop leura l  b r i s t l e  n u m b e r  are  p re sen ted  in 
Tables  8 and  9 for E x p e r i m e n t s  t a n d  2 respec t ive ly ,  
and  pa ren t -o f f sp r ing  regression e s t ima tes  in Tab le  10. 

In  E x p e r i m e n t  1, t he  sire componen t  e s t ima te  of 
h e r i t a b i l i t y  for males  was 
cons ide rab ly  iess t h a n  the  
o the r  es t imates .  This  in- 

Females d i c a t e d  t h a t  sex- l inkage,  
n o n - a d d i t i v e  genet ic  va r i -  

Mean Variance 
square component ance or common  envi ron-  

m e n t  could be present .  
4.461'* 0.0800 However ,  ne i the r  sire • 
2.o61"* o.t168 d a m  in t e r ac t ion  nor  be-  
0.893 tween  vials  mean  squares  

o.29 • O.lO were s ign i f i can t ly  g rea te r  
o.43 ! o.l o t h a n  the  wi th in  via ls  mean  

o.31 square  in E x p e r i m e n t  2. 
The  sire • d a m  in t e r ac t ion  
componen t  of va r i ance  was 
a b o u t  half  of each of the  
sire and  d a m  componen t s  
in females  and  was effect i-  Females 
r e l y  zero in males.  F u r t h e r ,  

Mean Variance the  half -s ib  e s t ima tes  in 
square component E x p e r i m e n t  2 offer l i t t l e  

i nd ica t ion  of sex  l inkage.  
1.7517"* 0.0378 
1.7763"* 0.0394 The  pa ren t -o f f sp r ing  est i -  
1. t 464 o.o25 o ma tes  in boLh expe r imen t s  
o.9461 -0 .0057  ga ~e l i t t l e  i nd ica t ion  of sex-  
0.9689 l inkage  and  no e s t ima tes  

o.t4 + o.o6 di f fered s ign i f i can t ly  f rom 
o.15 __+ o.o6 the  mean.  N o n - a d d i t i v e  

o. 19 genet ic  va r i ance  was a p p a -  
r e n t l y  less i m p o r t a n t  t h a n  
for abdomina l  b r i s t l e  n u m -  

ber  and  sex- l inkage  was no t  i nd ica t ed .  Most  of the  
gene t ic  va r i a t i on  was the re fore  a d d i t i v e  au tosomal .  

(iii) Second and third coxal bristle number 

Tile ana lyses  of var iance ,  va r i ance  components ,  and  
sire and  d a m  componen t  e s t ima tes  of h e r i t a b i l i t y  for 

Table 10. .Parent-offspring regression estimates of herit- 
ability for sternopleural bristle number 

Estimate Experiment t Experiment 2 

Sire-son 0.16 i 0.09 0.22 ___ 0.04 
Dam-son 0.18 i 0.08 0.t7 i 0.04 
Sire-daughter 0.18 + 0.t3 0.t2 + 0.04 
Dam-daughter  0.26 • 0.08 0.20 ! 0.04 
Average 0. t 9 0.18 
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the n u m b e r  of brist les on 
the second and  on the th i rd  
coxa are shown in Tables  ! 1 
and  t2  respect ively,  and 
parent -offspr ing  regression 
es t imates  in Table  t 3- 

For  second coxals, pa- 
rent -offspr ing he r i t ab i l i ty  
es t imates  (average 0,t6) 
were s l ight ly  lower t h a n  
the half-sib es t imates  (ave- 
rage 0.23), b u t  no clear 
evidence was present  for 
ei ther  sex-l inkage or non-  
addi t ive  effects, and  mos t  
of the genet ic  va r i a t ion  
was appa ren t l y  addi t ive.  

No s igni f icant  differen- 
ces were present  be tween  
he r i t ab i l i t y  es t imates  for 
th i rd  coxals. There  was no 
consis tent  evidence for 
sex-l inkage or non -add i t i ve  
effects and  again most  of 
the genet ic  va r i a t ion  was 
appa ren t l y  addi t ive .  

(iv) Genetic correlations 

Covarianee analyses  be- 
tween characters  were car- 

Table t l .  Analyses of variance, variance components, and estimates of heritability 
for second coxal bristle number 

Source d.f. of variation 

Males Females 

Mean Variance Mean Variance 
square component square component 

Sires 127 t .354** 0.0418 1.142"* 0.0388 
Dams t27 1.389"* 0.0440 1.t79"* 0.0411 
Sires X Dams 127 0.686 0.0050 0.522 --0.0116 
Between vials 508 0.646 0.0013 0.6t4 --0.0044 
Wiflfin vials 3048 0.641 0.632 

h} 0.23 4- 0.07 0.22 • 0.06 
h~ 0.24 i 0.07 0.23 4- 0.06 
Average h e 0.23 

** P ~  o.ol 

Table t2. Analyses of variance, variance components, and estimates of heritability 
for third coxal bristle number 

Source d.f. of variation 

Males Females 

Mean Variance 
square component 

Mean Variance 
square component 

Sires 127 0.715"* 0.0162 t.255"* 
Dams t27 0.999** 0.0302 0.951"* 
Sires • Dams 127 0.516 --0.0094 0.580 
Between vials 508 0.591 0.0084 0.609 
Within vials 3048 0.557 0.595 

0.0422 
0.0232 

--0.OO36 
0.0034 

h} 0. t t  4- 0.05 0,26 4- 0.07 
h~) 0.20 _+ 0.06 0.14 4- 0.05 
Average h 2 0.18 

** P ~  0.01 

t ied  out  in  a s imiiar  way  to the var iance  analyses.  
Genetic  correlat ions be tween  t ra i t s  were es t imated  
from the appropr ia te  components  of covar iance and  
var iance.  The half-sib es t imates  of genet ic  corre- 
la t ion  be tween  the t ra i ts  are g iven in  Table  14 and  
the  parent -of fspr ing  es t imates  in  Table  15. 

In  E x p e r i m e n t  1, tile average genet ic  correlat ion 
be tween  abdomina l s  (this refers to to ta l  abdomina ls  

Table t3. Parent-offspring regression estimates of herit- 
ability for second and third coxal bristle number 

Estimate Second coxal Third coxal 

Sire-son 0.13 4- 0.04 0.19 4- 0.04 
Dam-son 0.t4 • 0.04 0.t7 4- 0.04 
Sire-daughter 0.12 4- 0.04 0.20 ~ 0.05 
Dam-daughter 0.25 4- 0.04 0.1t ~ 0.04 
Average 0.t 6 0.17 

Table 14. Half-sib correlation estimates of genetic correlation between the characters 

Experiment I Experiment 2 

Sternopleural Sternopleural Second coxal Third coxal 

Sire component -- 
males 

Abdominal 0.20 4- 0.20 0.27 4- 0.20 0.04 4- 0.20 --0.46 4- 0.25 
Sternopleural 0.62 4- 0.16 0.57 ~ 0.23 
Second coxal 0.59 4- 0.21 

Dam component -- 
males 

Abdominal 0.28 4- 0.t3 --0.12 4- 0.t5 0.03 4- 0.16 0.00 + 0.16 
Sternopleural 0.58 4- 0.17 0.67 4- 0.16 
Second coxal 0.41 4- 0.17 

Sire component -- 
females 

Abdominal 0.39 4- 0.14 0.07 4- 0.t9 0.t6 i O.16 0.09 + 0.16 
Sternopleural 0.62 4- 0.18 0.27 __+ 0.20 
Second coxal 0.81 • 0.14 

Dam component -- 
females 

Abdominal 0.26 4- 0.14 0.36 • 0.17 --0. t9 4- 0.16 0.31 ~ 0.t8 
Sternopleural 0.68 4- 0.t7 0.72 4- 0.2t 
Second coxal 0.40 4- 0.20 

Average estimates 
Abdominal 0.28 0.15 0.01 -- 0.02 
Sternopleural 0.63 0.56 
Second coxal 0.55 
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Table 15. Parent-offspring estimates of genetic correlations between the characters 

Experiment t Experiment 2 

Sternopleural Sternopleural Second coxal Third coxal 

Sire-son 
Abdominal 0,16 47 0.28 0.28 47 0.13 0.05 47 0.16 0.36 47 0.13 
Sternopleural 0.62 + 0.17 0.41 47 0.t5 
Second coxal 0.75 47 0.18 

Dam-son 
Abdominal 0.58 47 0.21 0A4 47 0A3 0A4 47 0.t5 0.02 47 0A4 
Sternopleural 0.53 47 0.17 0.61 47 0.17 
Second.'eoxal 0.62 i 0A 8 

Sire-daughter 
Abdominal 0.43 -}- 0.2t 0.16 4- 0.15 0,29 47 0.16 0.15 47 0.i3 
Sternopleural 1.08 + 0.23 0.2t 47 0.18 
Second coxal 0.57 470A8 

Dam-daughter 
Abdominal 0.47 @ 0.20 0.40 47 0.1l 0.02 ___ 0.11 0.21 -~- 0.t5 
Sternopleural  0.42 _+ 0.t3 0.36 :J:: 0.19 
Second coxal 0.77 _ 0.18 

Average estimates 
Abdominal .... 0.41 0.24 -- 0.09 0.18 
Sternopleural 0.66 0.40 
Second coxat 0.68 

unless otherwise stated) and sternopleurais was 0.24 
in males and 0.33 in females from the half-sib esti- 
mates  and 0.37 and 0.45 from the parent-offspring 
estimates. Es t imates  in Exper iment  2 ranged from 
- -0 . t2  to 0.36 from the half-sib correlation, and from 
0.t4 to 0.40 from the parent-offspring correlation. 
Standard errors for these estimates were large, and as 
RE~VE (t955) pointed out, it is doubtful if they can 
be-used to test the significance of differences between 
estimates as the sampling distribution of the genetic 
correlation is skewed. Further,  VAN VLEC~ and HEN- 
n~RSON (t96t) indicated tha t  caution must  be used in 
interpreting estimates of genetic correlation when heri- 
tabilities are low, or the coefficient of variat ion of the 
heriiabilities exceeds 20%. Heritabilities here were 
of the order of 0.20 with s tandard errors of 0,05 or 
slightly larger, in view of the wide variat ion be- 
tween heritabil i ty estimates for abdominal bristle 
number,  the wide fluctuations between estimates o f  
genetic correlation of this t rai t  with others are not 
surprising, The average of all the estimates of gene- 
tic correlation between abdominals and sternopleu- 
rals was 0.3 5 in Exper iment  I and 0. t 9 in Exper iment  
2, so the t rue value probably  lies in this range. 

Genetic correlations between abdominal and either 
second or third coxals were low and varied widely. 
The average estimate for abdominals - -  second 
coxals was 0.01 from the half-sib, and --0.09 from 
the parent-offspring correlation, while the corre- 
sponding estimates for abdominals -- third coxals 
were --0.02 and 0.18 respectively. 

Sternopleurals, second and third coxals were highly 
correlated genetically with each other. The averages 
of all estimates were 0.48, 0.65 and 0.62 for sterno- 

pleurals -- third coxals, 
sternopleurals --  second 
coxals, and second-third 
coxals respectively. 

MonE and ROBINSON 
(t959) showed that  genetic 
covariance can be parti t i-  
oned in a manner  analogous 
to genetic variance, and 
the genetic expectations of 
variance and covariance 
components were similar. 
The use of the diallel ana- 
lysis in Exper iment  2 en- 
abled us to part i t ion gene- 
tic covariance by  equating 
expected and observed 
estimates. Male and female 
components were frequent- 
ly of a different scale and 
these were corrected by  
equating estimates of simi- 
lar expectation in the two 
sexes (dam component for 

males and sire component for females). The parti- 
tioning of genetic covarianee for the various charac- 
ter combinations is shown in Table "16. Est imates  are 
not  presented for abdominals with either second or 
third coxals as these correlations were small and in- 
consistent. Standard errors of the covariance com- 
ponents were est imated in a similar way to those for 
variance components (TALLIS, t959), and were all of 
large magnitude (approximately one quarter  of the 
value of the component). The estimates for part i-  
tioning of genetic covariance therefore must  be 
t reated as approximate  only. 

The sire • dam interaction component may  be 
taken as estimating 1/4 of the dominance, or 1/8 of the 
epistasis. As epistasis was the major  component of 
this interaction for abdominals, it has been taken as 
estimating 1/s of the epistasis here. These estimates 
then represent a max imum statistical estimate of the 
importance of epistasis in the genetic covariance. 

Impor tan t  epistatic effects were evident for fourth- 
fifth abdominals and abdominals - -  sternopleurals, 
and to a lesser extent  for second eoxal --  third coxal. 
In addition, the first two combinations showed sex- 
linked effects. The negative sex-linked component  
for abdominals - -  sternopleurals could correspond 
with the resource distributing genes of REXnEL (1963). 
The genetic correlation between abdominal segments 
was unity, so the parti t ioning of genetic variance for 
one abdominal segment should be similar to the part i-  
tion of genetic covariance between segments. For a 
single abdominal segment approximate ly  29%, t8% 
and 53% of the genetic variance was additive auto- 
somal, additive sex-linked, and epistatic, respectively, 
while the corresponding proportions of genetic co- 

Table t 6. Partitioning of genetic covariance for the character combinations (%) 

Fourth-fifth Abdominal- Sternopleural Sternopleural Second coxM 
Component abdominal sternopleural -second coxal -third coxal -third eoxal 

Va 1 8 7 83 i o0 68 
Vas 9 - -  2 0  0 0 0 
VAA 73 73 -- 17  0 32 
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variance were t8%, 9%, and 
73 %. Except for the higher epi- 
static component from the gene- 
tic covariance, these estimates 
are similar, suggesting that  the Males 
partitioning of genetic covariance Abdominal 
gives at least some idea of the Sternopleural 
importance of the various gene- Second coxal 
tic components. Females 

Abdominal 
(v) Phenotypic correlations Sternopleural 

The phenotypic correlations Second coxal 
between the characters are 
shown in Table t7. These all had standard errors 
of approximately 0.02. There was a low positive corre- 
lation between all systems. Between abdominal seg- 
ments the phenotypic correlation was 0.47 in Ex- 
periment t and 0.36 in Experiment 2. From the 
formula, ri~ = h~ �9 h v �9 rG + e~ - ey- r~ (FALCONER, 
t960, where re, re, and rE are the phenotypic, genetic 
and environmental correlations respectively, h 2 the 
heritability, e 2 =  t - - h  =, and the subscripts x and 
y refer to two different characters) it is possible to 
estimate the environmental correlation between the 
systems. These were all quite smalt but have not 
been included since they were subject to large errors, 

(vi) Distributions of  the characters 
The distributions of the characters were studied to 

determine whether they were likely to be reponsible 
for the discrepancies between estimates of genetic pa- 
rameters. The frequency distributions for female 
abdominal, sternopleural, second and third coxal 
bristle numbers are shown in Table 18. An indication 
of any asymmetry in the distributions can be obtained 
by measuring the probit width for each bristle class 
(REI~I)EL, 1963), and these values also are given in 
Table 18. 

There was no evidence of asymmetry for abdomi- 
nals, the mean class width being 0.3 standard devi- 
ations. RENDEL (t963) also found no evidence of 

Table 17. Pheuotypic correlations between the characters 

Sternopleurat Second 

Experiment I Experiment 2 coxal 
Third 
coxal 

0.13 0.07 0.03 0.04 
0.tl 0.O7 

0.t0 

0,14 0.t3 0.03 0.03 
0,15 0.09 

0.11 

asymmetry for abdominals, above t2 bristles per 
segment. 

Asymmetrical distributions were evident for the 
other bristle systems, with longer tails present in the 
upward direction. For instance, the width of bristle 
classes for sternopleurals declines from t.130 pro- 
bits for the 9 bristle class to 0.616 for the t3 class. 
I t  should also be noted that  the number of classes 
for sternopleural and coxal bristle numbers are quite 
small. Analyses of variance which assume a conti- 
nuous normal distribution must be applied with 
caution to discontinuous variables with so few classes 
(YULE and KENDALL, 1950). 

Few classes and asymmetry would be expected to 
tower the accuracy of estimates of genetic parame- 
ters, so that the actual sampling variances of the 
heritabilities were probably larger than those we have 
estimated (methods as given by BECKE~, t964). 

(vii) Correlation between the same character 
in the two sexes 

Genetic correlations between the same character 
in the two sexes were estimated for each character 
from half-sib correlations and are shown in Table 19. 
The genetic correlations were quite high for second 
and third coxals. Estimates for sternopleurals were 
also high with the exception of the sire component 
estimate from Experiment 2 which was relatively low. 

Table 18. Frequency distributzons, and probit widths of the bristle classes for total abdominal, sternopleural, 
second and third coxal bristle numbers in females 

Total abdominal Sternopleural Second coxal Third coxal 

Probit Probit Probit Class Frequency width width Class Frequency width Class Frequency width Class Frequency Probit 

33 1 
34 3 
35 11 0.400 
36 10 0.18I 
37 24 0.255 
38 43 0.262 
39 64 0.241 
4o 1t6 0.234 
41 2o7 O.33O 
42 261 O.3O3 
43 325 0.300 
44 342 0.276 
45 363 O.28O 
46 359 0.285 
47 312 O.277 
48 279 0.299 
49 '197 0.279 
50 13o 0.256 
5~ 95 0.280 
52 52 0.242 
53 38 0.3t0 
54 22 O.4O7 
55 6 0.289 
56 4 

7 13 9 tl 5 t 1.190 
8 302 t.352 t0 4t9 1.t59 6 43 
9 1094 t.t30 11 1379 1.254 7 993 1.767 

10 1160 0.968 12 f224 1.334 8 t526 1.264 
tt 544 0.866 t3 2t6 1.t34 9 60t t.081 
12 120 0.664 14 12 0.511 t0 92 0.943 
t3 26 0.616 15 3 tl 8 
14 4 0.462 
t5 o 
t6 1 
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Estimates of genetic cor- 
relation between the sexes 
for abdominals were consi- 
derably less than  uni ty  in  Sire component 
both Experiments .  EISEN Experiment 1 
and LEGATES ( t966)  used Experiment2 
the heri tabil i ty of the diffe- Dam component 
fence between males and Experiment 1 
females as a convenient Experiment 2 
measure of an incomplete 
genetic correlation between the sexes. In Experi- 
ment  2, both  sire and dam mean squares were signi- 
ficant in the analysis of the difference between males 
and females. The heritabilities of the difference be- 
tween sexes from the sire and dam components were 
0.11 and 0.t6 respectively. This suggests tha t  the 
effects of the genes may  be different in the two sexes. 
However, the presence of sex-linkage also lowers the 
genetic correlation between sexes, The sire compo- 
nent of covariance between males and females is free 
of sex-linkage (BomnAR, t964), while the sire com- 
ponent of variance for females includes sex-linkage. 
The expectation for the sire component estimate, when 
genes have the same effect in the two sexes is as follows : 

VA+ i /4  VAa 

re = VIVA + 1/4 Vaa) (\FA -]- 1/4 VAA-~- 2 Va~) 

SimilarlY for the dam component estimate, the deno- 
minator  contains more sex-linkage than the numera- 
tor for either the hierarchal or diallel analysis, the 
expectations being as follows (again assuming gene 
effects the same in both sexes) : 

(i) hierarchal analysis --  

VA + 3/4 VA_4 + VD + VA8 

V (V a + 3/4 V AA + VD +.V A,) (V A+ 3/4 VA_a+ Vo+2  VAs) 
(ii) diallel analysis - -  

Va + 1/4 Vaa + VA~ 
re --  V{va + t/4 VAa + VA.~) (VA + 1/4 VaA 4- 2 Vas) 

For our estimates of V A, VAn, V aA, VD 
(t4, 9, 25, 0%), the genetic correlations expected were 
approximately  0.73 from the sire component  in each 
experiment,  0.91 from the dam component in Ex- 
perilnent t and 0.87 from the dam component in Ex- 
periment 2. The bias due to sex-linkage can be re- 
moved by  multiplying the values of the correlations 
in Table 19 by  the reciprocals of the correlations ex- 
pected from the above equations. After correcting 
for these biases the average estimate for abdominal 
bristle number  becomes 0.78. 

Thus the bias due to sex-linkage accounts for much 
of the reduction in genetic correlation but the estimate 
is still considerably less than unity. Selection for diffe- 
rence in bristle number between the two sexes then 
should be effective, as was found by  FRANItHA~ (1967). 

IV. D i scuss ion  
A feature of our results was the poor agreement be- 

tween heritabili ty estimates, part icularly for ab- 
dominal bristle number. This contrasts with CLAY- 
TON et al. (t957) who:found excellent agreement be- 
tween parent-offspring regression, full-sib and half- 
sib correlation estimates for abdominals. The large 
variat ion between our estimates appears to have 
been caused by  a combination of sex-linkage and 
sampling. For the other characters sampling seems 

Table 19. Genetic correlations between the same character in the two sexes 

Abdominal Sternopleural Second coxal Third coxal 

o.4t _+ 0.15 0.80 + 0.14 
0.75 _+ 0.t5 0.49 + 0.21 0.76 + 0.t5 0.9t __+ 0.20 

0.73 ! 0.09 0.86 _ 0.14 
0.65 + 0.t0 0.97 ! 0.16 0.92 • 0.13 0.89 ! o.t9 

to have been the major cause of the variation be- 
tween estimates. It is possible that the restricted 
number of classes and asymmetrical distributions 
also contributed to the variation between estimates 
for these characters. However, skewness and a seve- 
rely restricted number of classes were not present for 
abdominals, but this character showed most varia- 
tion between estimates. 

The average heritability estimate for single seg- 
ment abdominals was of a similar magnitude to those 
for the other bristle characters. LATTER (1964) 
suggested that the heritabilities for one segment ab- 
dominals, sternopleurals, and scutellars were the 
same. His values were higher than ours although he 
used the same population, but maintained on a differ- 
ent medium. 

Phenotypie variation for total abdominal bristle 
number on two segments has been partitioned in a 
similar manner by REEVE and ROBEXTSON (1954) and 
CLAYTON et al. (1957), and they also found tha t  ap- 
proximately 50% of the total  variat ion was genetic, 
while there was a high developmental  error compo- 
nent, and very little common environmental  varia-  
tion. However, SHELDON (t963) obtained a higher 
common environmental  component,  smaller devel- 
opmental  error and a smaller proportion of genetic 
variation. Our population differed from those of all 
these workers in that  it showed a large epistatic vari- 
ance component,  a moderate  sex-linked component 
and only a moderate additive genetic component. 
SHELDON (1963) did find some evidence for sex link- 
age in his population but  CLAYTON et al. (t957) did 
not report  any  such evidence. For sternopleurals and 
second and third coxals most  of the genetic varia-  
tion appeared to be additive. 

Prediction of response from sex-linked genes is 
more complex than tha t  from autosomal genes. GRIF- 
FING (t965) showed that ,  if the effects of the genes 
are the same in both sexes, the response in females 
will equal tha t  expected from autosomal genes, while 
that  in the males will be only one half this amount.  
The average response of the two sexes will be a/4 of 
tha t  expected if the variance were autosomal. There- 
fore, expected responses could be est imated using the 
proportion of additive autosomal variance plus a/4 of 
the sex-linked additive variance as heritability. This 
expected heritabil i ty for total  abdominal bristle 
number  then would be 0.21 and tha t  for one abdo- 
minal segment 0.t5. 

GRIFFING (1960) showed tha t  additive • additive 
genetic variance would also be expected to contri- 
bute to the response, but  the magnitude of its con- 
tr ibution declines rapidly with each additional 
generation of selection. 

The large differences between estimates of gene- 
tic correlation were not surprising as the theoretical 
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sampl ing  va r iances  of the  e s t ima te s  were  high. Con- 
sequen t ly ,  on ly  a rough  idea  of the  m a g n i t u d e  of the  
genet ic  cor re la t ions  was ob ta ined .  ROBE~TSON (t957, 
1962) has  sugges ted  t h a t  an app rec i ab l e  po r t i on  of the  
genet ic  covar iances  be tween  b o d y  size and  fecund i ty ,  
a n d  be tween  t h o r a x  and  wing l eng th  in Dros@hila, 
was non -add i t i ve .  The  use of the  d ia l le l  des ign in 
E x p e r i m e n t  2 enab led  us to  p a r t i t i o n  gene t ic  covar i -  
ance.  A p p r e c i a b l e  n o n - a d d i t i v e  componen t s  were pre-  
sent  for  fou r th - f i f t h  abdomina l s  and  abdomina l s  - -  
s t e rnop leura l s ,  b u t  no t  for the  o the r  c h a r a c t e r  combi-  
na t ions .  W i d e r  use of th is  t echn ique  in s imi la r  s tudies  
on the  n a t u r e  of gene t ic  cor re la t ion  m a y  be jus t i f ied .  

BEILItARZ (1963) d i scussed  some of the  p rob lems  
of d e t e c t i n g  sex - l inked  effects,  while  SCHAFFER a n d  
KOJINA (1963) found  t h a t  none  of the i r  m e t h o d s  were 
comple t e ly  s a t i s f a c t o r y  for e s t i m a t i n g  them.  How-  
ever,  t h e y  d id  no t  o b t a i n  d a t a  on b o t h  sexes in the i r  
d ia l le l  cross. W e  o b t a i n e d  d a t a  on b o t h  sexes in the  
d ia l le l  ana lys i s  and  this  p r o v i d e d  a fa i r ly  s a t i s f ac to ry  
m e t h o d  for e s t i m a t i n g  sex- l inked  effects.  A sa t is -  
f a c t o r y  e s t ima te  of sex - l inked  effects was also ob-  
t a i n e d  f rom compar i sons  be tween  the  he r i t ab i l i t i e s  
e s t i m a t e d  f rom the  regress ions  of b o t h  male  and  fe- 
male  of fspr ing  on b o t h  sire and  dam.  The  h i e r a r cha l  
ana lys i s  was no t  s a t i s f a c t o r y  for e s t i m a t i n g  sex-  
l inkage  as ep is tas is  was present ,  b u t  t he  p a r e n t -  
of fspr ing regress ion e s t i m a t e  of sex- l inkage  was 
una f fec t ed  b y  this .  

The  dia l le l  p r o v e d  to  be  the  on ly  s a t i s f ac t o ry  me-  
t h o d  for e s t i m a t i n g  epis tas is .  The  h i e ra rcha l  ana lys i s  
gave  ind ica t ions  t h a t  i t  was p resen t  b u t  these  were 
s o m e w h a t  unc lea r  because  of sex- l inkage.  W h e r e  
possible,  the  use of the  d ia l le l  ana lys i s  is adv i sab le  for 
e s t i m a t i n g  gene t ic  p a r a m e t e r s  and  p a r t i t i o n i n g  va r i -  
a t ion,  espec ia l ly  when epis tas is ,  sex- l inkage ,  or ma-  
t e rna l  effects are present .  This  m e t h o d  can be 
eas i ly  c o m b i n e d  wi th  pa ren t -o f f sp r ing  regress ions  b y  
measu r ing  the  p a r e n t s  in the  dia l leh 

Z u s a m m e n f a s s u n g  

Fi i r  eine A n z a h l  ve r sch iedene r  Bors t enzah l -Cha-  
r a k t e r e  (abdominales ,  s te rnopleura les ,  2. u n d  3. co- 
xales  Segment)  wurde  die  ph / ino typ i sche  Var i anz  
u n t e r  Ve rwendung  h ie ra rch i scher  u n d  dia l le ler  Ver- 
suchsan lagen  un te r t e i l t .  A n h a n d  yon  E l t e r - N a e h -  
k o m m e n - R e g r e s s i o n e n  u n d  - K o r r e l a t i o n e n  und  von 
H a l b g e s c h w i s t e r - K o r r e l a t i o n e n  wurden  H e r i t a b i l i -  
t~iten u n d  genet i sche  K o r r e l a t i o n  gesch~itzt. 

E in  hoher  An te i l  de r  gene t i schen  Var ianz  ftir die 
Zah l  a b d o m i n a l e r  Bors t en  wurde  durch  ep i s ta t i sche  
Ef fek te  und  die W i r k u n g  gesch lech t sgekoppe l t e r  
Gene bed ing t .  Bet  den  anderen  C h a r a k t e r e n  war  der  
gr613te A n t e i l  de r  gene t i schen  Var ianz  a d d i t i v  au to -  
somal .  

Die  gene t i sche  K o r r e l a t i o n  zwischen der  Zah l  de r  
]3orsten s t e rnop l eu ra l  und  2. u n d  3 - S e g m e n t  coxal  
war  du rchweg  hoch,  zwischen a b d o m i n a l  u n d  s terno-  
p leura l  n i ed r ig  und  zwischen a b d o m i n a l  und  sowohl  
2. u n d  3. coxa l  p r a k t i s c h  gleich null.  

E in  b e m e r k e n s w e r t e r  A n t e i l  der  Covar ianz  zwi- 
schen der  Zah l  a b d o m i n a l e r  u n d  s t e rnop l eu ra l e r  Bor-  
s ten  war  n i c h t - a d d i t i v  genet isch .  

Die  Dia l l e l -Methode  e rgab  zuverl~tssigere Sch~it- 
zungen  der  gene t i schen  P a r a m e t e r ,  wenn n i c h t - a d d i -  
r ive  oder  gesch lech t sgebundene  gene t i sche  V a r i a t i o n  
vorlag.  

This work was done while A.K.S. was on s tudy leave 
from the N.S.~V. Depar tment  of Agriculture, and while 
R.F.  held an Austral ian Catt le and Beef Research 
Committee Senior Post  Graduate  Studentship and L.P.J .  
a C.S.I.R.O. Senior Post  Graduate  Studentship.  All ana- 
lyses were done on the C.S.I.R.O. CDC-3600 computer,  
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