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Selection for Increased Abdominal Bristle Number in Drosophila 
melanogaster with Concurrent Irradiation 

I I .  Populations Derived from an Outbred Cage Population 

B. HOLLINGDALE 1 and  J. S. F.  BARKER 

D e p a r t m e n t  of A n i m a l  H u s b a n d r y ,  U n i v e r s i t y  of Sydney ,  S y d n e y  (Austra l ia)  

Summary. Replicate lines, each ini t ial ly with one hundred pairs of parents  selected at  50~o intensity, were derived 
from the Canberra strain. In  la ter  generations population size was reduced and selection intensi ty  increased. Three 
lines were selected without  i rradiat ion and five with 1000 r X-rays per generation for th i r ty  generations. Selection was 
continued until  generation 66. Long-term responses were similar in unirradiated and irradiated lines, and there was 
evidence tha t  genes with large effects influenced response pat terns  in both groups of lines. 

I n v e s t i g a t i o n  of the  effects of r a d i a t i o n  on select ion 
response  in o u t b r e d  species der ives  i ts  s t imu lus  f rom 
the  occur rence  of p l a t e a u x  in popu la t i ons  of domes t i c  
and  l a b o r a t o r y  an ima l  species se lec ted  for q u a n t i t a -  
t i ve  charac te rs .  Mutagen  t r e a t m e n t  to  induce  new 
v a r i a t i o n  is one poss ible  m e t h o d  of ra i s ing  these  
ba r r i e r s  to  se lect ion progress ,  b u t  e x p e r i m e n t a l  i r ra -  
d i a t i on  of p l a t e a u e d  popu la t i ons  has  g iven  conf l ic t ing  
resul ts .  Scossirol i  (t954) o b t a i n e d  a very large increa-  
se in s t e rnop l eu ra l  b r i s t l e  n u m b e r  in one i r r a d i a t e d  
l ine de r ived  f rom a p l a t e a u e d  p o p u l a t i o n  of Drosophila 
melanogaster, b u t  l i t t l e  or  no response  in o the r  i r ra -  
d i a t e d  lines. C lay ton  and  R o b e r t s o n  (1964) o b t a i n e d  
on ly  smal l  responses  in l ines p l a t e a u e d  for high and  
low s t e rnop l eu ra l  or  s t e rn i t a l  b r i s t l e  number .  Ab-  
p lana lp ,  Lowry ,  Le rne r  and  D e m p s t e r  (t964) i r ra -  
d i a t e d  chicken spe rm for seven genera t ions  in a f lock 
de r i ved  f rom a l ine p l a t e a u e d  for egg number .  Sub-  
sequent  se lect ion response  was v e r y  s imi la r  in the  
i r r a d i a t e d  and  con t ro l  flocks. R o b e r t s  (1967), us ing  
a l ine a p p a r e n t l y  p l a t e a u e d  for s ix -week  b o d y  weight  
in mice,  i r r a d i a t e d  males  wi th  a single dose of 600 r 
X - r a y s  and  c o n t i n u e d  select ion,  b u t  o b t a i n e d  no 
s u b s t a n t i a l  advance .  

I n  the  above  e x p e r i m e n t s  r a d i a t i o n  t r e a t m e n t s  
were app l i ed  to  popu la t i ons  which  were a t  a p p a r e n t  
p l a t e a u x .  A n  a l t e r n a t i v e  a p p r o a c h  is to  begin  i r r a -  
d i a t i on  t r e a t m e n t s  ea r ly  while response  is still 
occur r ing ;  th is  m a y  increase  b o t h  the  r a t e  of response  
and  the  p l a t e a u  level.  Jones  (1967) se lec ted  for 
t h i r t y  genera t ions  for inc reased  a b d o m i n a l  b r i s t l e  
n u m b e r  in a g roup  of l ines de r ived  from a n o n - i n b r e d  
cage p o p u l a t i o n  of D. melanogaster, wi th  concur ren t  
i r r a d i a t i o n  for zero, two,  t en  or t h i r t y  genera t ions .  
H e  a t t r i b u t e d  the  of ten  cons ide rab le  e x t r a  response  
in i r r a d i a t e d  l ines to  m u t a t i o n  occur r ing  at  a few 
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loci w i th  large  effects on br i s t l e  number .  The  exper i -  
m e n t  descr ibed  here  ex t ends  th is  work  b y  cons ider -  
ing, on a la rger  scale, the  long t e rm  effects  of con- 
cu r ren t  i r r a d i a t i o n  on select ion response in l ines 
wi th  r e l a t i v e l y  large popu l a t i on  size. 

Materials and Methods 
Base population: The Canberra wild-type strain of 

D. melanogaster was used (Sheridan, Frankham, Jones, 
Rathie  and Barker  1968). Selection lines were derived 
from the bulked progeny of a large sample (twelve hundred 
pairs) taken from a cage populat ion in May, 1965. In work 
reported by  Frankham,  Jones and Barker  (1968a, b) and 
Jones, F rankham and Barker  (1968), selection lines were 
ini t ia ted by  sampling from the same populat ion cage 
approximate ly  one year earlier and the same quant i ta t ive  
character  was subjected to mass selection under a range 
of populat ion sizes and selection intensities. Their results 
are compared with the response obtained in the experi- 
ment  reported here. 

Selection programme : Mass selection for increased num- 
ber of bristles on one abdominal  sternite (fifth in females, 
fourth in males) was carried out  in eight selection (S) lines : 
three (SO.l, S0.2 and S0.3) received no radiat ion t rea t -  
ments and five (SR.I, SR.2, SR.3, SR.4 and SR.5) 
received t reatments  for the first th i r ty  generations. The 
selection regime was changed several t imes during the 
course of the  experiment (Table 1). Selection was on 
a within-culture basis (Hollingdale and Barker  1971). 

At  generations t0, 20, 30, 40, 53, 57, 61, and 65 relaxed 
selection sublines were taken from the selection lines. 
Randomly  chosen flies were cultured under crowded 
conditions, with populat ion size the same as in the selec- 
t ion lines at  the corresponding generation (Table t). 
No radiat ion t rea tments  were given. After  four genera- 
tions of relaxation, uncrowded cultures were set up iden- 
tical to those of the selection lines and for ty pairs of pro- 
geny were scored for abdominal  brist le number in each 
relaxed selection line to determine the effect of five gene- 
rat ions of re laxat ion on mean bristle number. In  sublines 
commenced at  generation 57, brist le number was also 
scored after two, ten and twenty  generations of relaxation. 

Unti l  generation t0, unselected control  lines were 
maintained under the same conditions, with the same 
populat ion size as the selection lines, al though mean bristle 
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n u m b e r s  for  t he se  l ines were  based  on  on ly  f i f ty  pairs .  
Of t h e  unse l ec t ed  (U) c o n t r o l  lines, th ree ,  t h e  UO lines, 
rece ived  no  r a d i a t i o n  a n d  six, t h e  UR l ines, were  i r r ad i a t -  
ed each  genera t ion .  

Culture conditions: Flies  were  cu l tu red  on  a dead  yeas t  
for t i f ied m e d i u m  ( m ed i um  F of C la r ingbo ld  a n d  B a r k e r  
t961) in  5 oz c r e a m  bo t t l es ,  w i t h  e i t h e r  t w e n t y  pa i r s  
(generations 0-23) or f ive pa i r s  (genera t ions  2 4 - 6 6 )  of 
p a r e n t s  pe r  bo t t l e .  F o r  t w e n t y  pa i r  cul tures ,  p a r e n t s  
r e m a i n e d  in t he  cu l tu re  b o t t l e s  for  one  a n d  a ha l f  to  two  
days,  a n d  for  f ive pa i r  cul tures ,  t h e y  r e m a i n e d  in t h e  b o t t -  
les for  t h r e e  days,  as t he se  t i m e s  h a d  g iven  s a t i s f ac to ry  
resu l t s  in  a p r e l i m i n a r y  e x p e r i m e n t  on  c rowd ing  effects.  
(There  was no  d e t e c t a b l e  effect  of c rowding  on  b r i s t l e  
n u m b e r ,  a l t h o u g h  t h e  e x p e r i m e n t  was  n o t  des igned  to  
r evea l  d i f ferences  of less t h a n  one b r i s t l e  b e t w e e n  crowd-  
ing t r e a t m e n t  means . )  Cul tu res  were  k e p t  a t  25 • 0.5 ~ 
a n d  65 4- 5% re l a t i ve  h u m i d i t y  in  a r o o m  l i t  t w e l v e  h o u r s  
pe r  d a y  (6 a. m. to  6 p.m.) .  

Irradiation : P r io r  to  m a t i ng ,  adu l t s  of b o t h  sexes in  t h e  
i r r a d i a t e d  c o n t r o l  a n d  se lec t ion  l ines  were  t r e a t e d  each  
g e n e r a t i o n  w i t h  1000 r X - r a y s  ( i r r ad ia t ion  p rocedure  as in  
Ho l l i ngda l e  a n d  B a r k e r  197 I). 

Lethal tests : T he  se lec t ion  l ines  were  t e s t e d  for  p resence  
of second a n d  t h i r d  c h r o m o s o m e  l e tha l s  a t  g e n e r a t i o n  32 
(genera t ion  29 in l ine  SR.3). T he  t e c h n i q u e  used was s imi-  
la r  to  t h a t  of B r o w n  a n d  Bel l  (1961). T h e i r  t e s t e r  s tock  
was  modi f ied  b y  s u b s t i t u t i n g  C a n b e r r a  wi ld  t y p e  chro-  
m os om es  for  c h r o m o s o m e s  I a n d  IV. T h e  s tock,  ba sed  on  
t he  Cy a n d  Ubx mul t ip l e  invers ions ,  was  

+;  In-SM 1, al 2 Cy sp2/dp b Pm ds~3K; 
Ubx t3~ eS/C Sb; + . 

I n  each  l ine s e v e n t y - t w o  (e ighty  in l ine  SR.3) in i t i a l  
m a t i n g s  were  se t  up, s a m p l i n g  equa l  n u m b e r s  of males  a n d  
females  f r o m  t h e  se lec t ion  line, iden t i f i ed  accord ing  to  
source  cu l tu re  a n d  scored  for  b r i s t l e  n u m b e r .  I n  t h e  
p r o g e n y  of t h e  t h i r d  g e n e r a t i o n  of t he  t e s t  crosses,  absence  
of n o r m a l - w i n g e d  flies i n d i c a t e d  t h a t  t h e  second  ch romo-  
some was  l e tha l  and  absence  of flies w i t h  n o r m a l  ha l t e r e s  
i n d i c a t e d  a l e t h a l  t h i r d  ch romosome .  Cul tures  g iv ing  
few p r o g e n y  in t h i s  g e n e r a t i o n  were r e t e s t ed  if necessary .  
No a t t e m p t  was  m a d e  to  c o u n t  t h e  t o t a l  n u m b e r  of pro-  
geny,  so t h a t  l e t h a l i t y  was def ined  b y  comple t e  absence  of 
one  p h e n o t y p i c  class in  a cu l tu re  w i t h  no  less t h a n  a b o u t  
t h i r t y  progeny .  L e t h a l  c h r o m o s o m e s  were  m a i n t a i n e d  as 
b a l a n c e d  s tocks  for  l a t e r  a l le l i sm tes t ing .  Some semi-  
l e tha l  c h r o m o s o m e s  w i t h  v e r y  low v i a b i l i t y  were  classed as 
abso lu t e  l e tha l s  on  t h e  bas is  of t h e  in i t i a l  l e t h a l  t es t ing ,  
b u t  t h e i r  semi - l e tha l  n a t u r e  b e c a m e  a p p a r e n t  d u r i n g  
a l le l i sm tes t ing ,  a n d  e x a m i n a t i o n  of large  n u m b e r s  of 
p r o g e n y  f rom t h e  b a l a n c e d  s tocks  usua l ly  con f i rmed  t he  
s emi - l e tha l i t y  of t h e  c h r o m o s o m a l  homozygo te s .  

Allelism testing of lethal genes: B a l a n c e d  l e t h a l  s tocks  
de r ived  f rom one se lec t ion  l ine were  c r o s s - m a ted  to  de te r -  
m i n e  if t h e y  car r ied  allelic l e tha l  genes. As t h e  a im was  to  
i d e n t i f y  h i g h - f r e q u e n c y  l e tha l s  r a t h e r  t h a n  to  give a com- 
p le te  desc r ip t ion  of al l  le thals ,  n o t  all  c o m b i n a t i o n s  were  
tes ted .  Gene ra l l y  a subse t  of t h e  l e t h a l  s tocks  was  ful ly 
t es ted ,  a n d  t h e  allelic g roups  ident i f ied.  Su i t ab le  crosses 
were  t h e n  m a d e  to  r e l a t e  t he se  g roups  to  co r r e spond ing  
groups  f o u n d  in o t h e r  subse t s  de r ived  f rom t h e  same  selec- 
t i o n  line.  Fu l l  de ta i l s  of t h e  c o m b i n a t i o n s  t e s t e d  for  
c h r o m o s o m e s  I I  a n d  I I I  of t h e  e igh t  se lec t ion  l ines a n d  
t h e  resu l t s  of these  crosses were  r epo r t ed  b y  Ho l l ingda le  
(1969). All  c h r o m o s o m e  I I  l e tha l s  a t  app rec i ab le  f requen-  
cies in  d i f fe ren t  l ines were also cross t es ted .  

Results  

Analysis of base population: Abdominal bristle 
number scores for generation 0, prior to any radiation 
treatments, were used to estimate the base popula- 

tion phenotypic parameters. Means and standard 
deviations were very similar to those reported by 
Sheridan et al. (1968), although the mean bristle 
number for females, 22.57 • 0.05, was a little lower 
than their estimate. The distribution of bristle sco- 
res in both sexes was normal. For one segment 
abdominal bristle number Sheridan et al. (1968) 
estimated that  t0~ 6% and t8% of the phenotypic 
variance was due to additive autosomal, additive 
sex-linked and epistatic effects respectively. 
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Fig. 1. Mean bristle number  for each sex in the unselected con- 
trol lines. I r radiated control lines (1000 r X-rays per genera- 

tion) were scored every second generation 

Changes occurring in control lines: Mean bristle 
numbers for females and males of the unselected 
lines are shown in Figure 1. The early decrease in 
bristle number, probably environmental in origin, 
must be considered as a source of bias in the mean 
bristle number of the selection lines over the first 
few generations. A similar but opposite trend in 
unselected control line means was reported by Frank- 
ham et al. (1968a) ; they also concluded that  variation 
in environment was probably the cause. In contrast 
to results obtained with control lines derived from 
an inbred line (Hollingdale and Barker 197f), there 
was no indication that  the radiation treatment was 
itself affecting bristle score. This is in agreement with 
results of the preliminary experiment on the effects 
of larval crowding on bristle score in the Canberra 
strain. 

Phenotypic standard deviations for bristle number 
in individual control lines and average standard devia- 
tions (calculated from mean variances) for replicate 
lines within each radiation treatment were calculated. 
There was no apparent difference between the mean 
standard deviations of the unirradiated and irradiated 
groups. Over the ten generation period the average 
standard deviation in the irradiated group was 2.04 
for females and t.78 for males as compared with 
values of 2.00 and t.73 in the unirradiated group. 
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However,  comparing the last three generations only, 
the average s tandard deviation in the irradiated lines 
was about  0.2 bristles higher than in the unirradiated 
lines. Clayton and Robertson (t964) also found 
a low rate of increase of phenotypic  variance in 
irradiated unselected strains derived from three inbred 
lines. 

Patterns of response in selection lines: Mean bristle 
number  for females and males in the unirradiated 
and irradiated selection lines are shown in Figure 2 
plot ted as a function of cumulat ive selection dif- 
ferential, to compensate for changes in selection in- 
tensity.  To simplify the graphs, the points were 
plot ted at five generation intervals to generation 65, 
then the last generation (generation 66). Large 
generation-to-generation fluctuations in bristle num- 
ber would make between line comparison difficult if 
more detail were included. 

There was variat ion between lines in the total  
selection differential, level of response at generation 
66, and the shape of the response curve. Response 
pat terns  were similar in females and males. In 
unirradiated lines, the total  selection differential 
(average for females and males) was a little more 
than 200 bristles in line S0. t ,  and about  175 bristles 
in lines S0.2 and S0.3. Mean bristle numbers  for 
females over the last  six generations were 47.5, 42.4 
and 4t.8 bristles in lines S0. t ,  S0.2 and SO. 3 respec- 
tively. 

Response in line SOA occurred in two stages (Fi- 
gure 2): the initial rate  of response was maintained 
until about  generation 30, then there was a ten gene- 
rat ion period of slow response followed by  a second 
period with a high rate of response. Response was 
slow again over the last five generations of selection. 
There were no mutat ions  with visible effects on the 
phenotype in this line. 

In line S0.2, the rate of response became slower 
after  about  generation 35 but  some response may  still 
have been occurring at the conclusion of the experi- 
ment.  A second chromosome recessive mutat ion,  
scabrous-like (Barker and Hollingdale 1970), became 
frequent in this line. This mu tan t  is not allelic with 
scabrous, sca (Lindsley and Grell 1968). 

In  S0.3 there was very little response in the last 10 
to 15 generations. There was some variat ion in the 
rate of response earlier in the selection programme, 
associated with the increase in frequency of a third 
chromosome recessive mutat ion,  dark hairy margin 
(Barker and Hollingdale 1970). This mutan t  became 
fixed in the line at generation 39. 

Response pat terns  of four of the irradiated lines 
were similar to those of the unirradiated lines. The 
selection response in the remaining irradiated line, 
SR.2, was much greater  than in any other line. This 
line became homozygous for the second chromosome 
gene scabrous, which has a very large effect on abdo- 
minal bristle number.  The total  applied selection 
differentials were t95, 215, 185 and 2t0 bristles for 
lines SR.t ,  SR.3, SR.4 and SR.5 respectively and 
260 bristles for line SR.2. Mean bristle numbers for 
females over the last six generations were 41.6, 48.5, 
47.7 and 44.6 bristles for SR.t ,  SR.3, SR.4 and SR.5 
respectively and 63.9 bristles for SR.2. 

In line SR.I,  response was rapid until generation 30 
and then continued at a very slow rate. Line SR.3 
showed a gradual  slowing in rate of response with no 
abrupt  discontinuities in the response pattern.  There 
was also a gradual  slowing of the response rate in 
line SR.4 after about generation 30, and in line SR.5 
after  generation 35. 

The general pa t te rn  of response conformed to the 
expectat ion tha t  response rate would decline with 
continued selection, i.e. there was an asymptot ic  
approach to the selection limit�9 An exponential  
response curve of this type was predicted by  Robert-  
son (1960) for limits caused by  loss of additive genetic 
variance and by  James  (t962) for limits caused by  
decline in fitness. Some exceptions to this pa t tern  
of declining realized heritabil i ty have been mentioned. 
There was another  exception: response rates in the 
irradiated lines (except SR.2) were higher in the 
period of selection at 20% intensi ty (Table l) than  
in the immediate ly  preceding period, wheieas in the 
unirradiated lines the rates were similar in the two 
periods or lower in the later period. These high res- 
ponse rates in the irradiated lines could be due to 
selection of newly induced mutat ions  which had not 
been effectively utilized by  the previous period of 
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Table 1. History of each replicate selection line 

Num- Population 
Gene- ber of Percen- size (number Num- Expected ber of standardized ration pairs rage of pairs of cul- selection number sco-  selected selected tures differentials + red parents) 

0--10 200 50.0 t00 5 0.78 
11--23 160 50.0 80 4 0.78 
24--31 100 20.0 20 4 1.35 
32--45 60 33.3 20 4 1.03 
46--66 100 20.0 2O 4 1.35 

+ From 13ecker (1964). 

B. Hollingdale and J. S. F. Barker: Theoret. Appl. Genetics 

The initial rates of response for all lines were 
underestimated since unselected control line means 
declined over the first few generations. Estimates of 
realized heritability free from this source of bias 
were calculated using the response to selection mea- 
sured as the deviation from the average of control 
lines in each generation. These estimates, using the 
average response in females and males, are presented 
in Table 2 and are comparable to estimates given by 
Frankham et al. (1968a) for other selection lines from 
the same base population. 

Table 2. Realized heritability (%)  for generations 
o to lO in each line (averaged over sexes) 

selection at 50% intensity. The rate of increase in 
frequency of a selected allele depends on its frequen- 
cy, and is low when the gene frequency is close to 
zero (or unity, Falconer t954, t960). Irradiated lines 
at generation 24 (when tile selection pressure was 
increased and the population size simultaneously 
reduced) probably contained a reservoir of induced 
mutations still at low frequencies. These mutations, 
plus others affecting bristle number induced by the 
continuing radiation treatments, would be increased 
in frequency more rapidly under the higher selection 
pressure. By generation 24 in unirradiated lines only 
those genes with small effects on bristle number 
would be still at low frequencies, as most initially 
rare genes present in original samples from the base 
population would have reached moderate frequencies 
earlier in the selection programme, and recent re- 
combinants or spontaneous mutations would not be 
sufficiently numerous to have much effect. 

The response pattern in line SR.2  showed a marked 
acceleration in the rate of response from generation 
t 5 to generation 25, when scabrous was increasing in 
frequency. This gene was first definitely detected 
as the homozygote at generation 15 and reached fixa- 
tion in the population at generation 24. After gene- 
ration 25, response continued to be rapid for some 
time but then became slower. Mean bristle number 
at this time was over 60 bristles in females and close 
to 50 bristles in males. Difficulty in scoring such high 
numbers may have affected the accuracy of selection 
to some extent, but experimental error in individual 
bristle counts would have been only a small propor- 
tion of the phenotypic standard deviation. 

Realized 
L ine  heritability 

Unirradiated lines : 

Irradiated lines : 

SO.I 22.7 • t.9 
SO.2 24.0 4- t.4 
SO.3 20.7 :k t.4 
Average 22.5 
SR.I 22.6 _+_ 2.0 
SR.2 23.2 -[- 1.2 
SR.3 24.7 4- t.2 
SR.4 17.5 4- 1.4 
SR.5 22.9 + t.9 
Average 22.2 

Selection differentials: Average selection differen- 
tials applied to the lines for each period in the selec- 
tion programme and the expected selection differen- 
tials are presented in Table 3. Expected selection 
differentials were calculated from the average pheno- 
typic standard deviation in the base population 
(s = t.955) and the standardized selection differen- 
tials (Table t). Selection differentials were slightly 
less than expected in the initial period (generations 0 
to 10), and slightly greater in most lines in the second 
period of 50% selection, but  lines SR.2  (segregating 
for scabrous) and SR .  3 had considerably larger selec- 
tion differentials during this second period. In later 
periods, selection differentials were larger than ex- 
pected in all lines, owing to increased phenotypic 
variances. 

Changes in variance: Phenotypic variance in- 
creased in all lines. With the exception of line SO.t  
after generation 50, variances were higher in irradiat- 
ed lines than in the unirradiated. The phenotypic 
standard deviation and the coefficient of variation 

Table 3. Average selection differentials in the unirradiated (SO) and irradiated (SR)  selection lines, 
for uniform selection regime periods (Table 1) 

0-- 10 
11 --23 
24-- 3t 
32--45 
46--66 

Average selection differentials 
Generations . . . . . . .  

Expected SO.t S0.2 S0.3 SR.I SR.2 SR.3 SR.4 SR.5 

t.52 1.48 1.51 1.44 1.45 1.53 t.51 t.42 1.49 
1.52 1.62 1.58 t.52 1.62 2.47 2.07 t.60 1.53 
2.64 3.49 3.21 3.41 3.45 4.45 4.O3 3.44 3.10 j 
2.02 2.85 2.78 2.69 3.22 3.95 3.24 3.04 3.54 : 
2.64 4.86 3.6O 3.52 4.30 6.06 4.66 3.94 5.10 
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(equivalent to the s tandard deviation on a logarith- 
mic scale, Wright 1952, Lewontin t966) in females of 
each line are shown in Figure 3 for every generation. 
The phenotypic  s tandard  deviation in males was 
generally lower and the coefficient of variat ion higher, 
but  pat terns  of change were similar to those for fema- 
les. Comparing standard deviations and coefficients 
of variation, a par t  of the variance increase could be 
a t t r ibuted  to scale effects, since coefficients of varia-  
tion did not generally increase as the mean increased 
in later generations. However,  a log t ransformation 
of the data  would not have resulted in a constant  
variance. The coefficients of variat ion showed differ- 
ent pat terns  of change in each line and these could be 
related to changes in rate of response to selection 
and, in some cases, to effects of individual genes, e.g. 
the abrupt  decrease in coefficient of variat ion in line 
SO. 3 occurred when dark hairy margin was fixed at 
generation 39, and the peak about  generation 20 in li- 
ne SR.2 was caused by  segregation of scabrous homo- 
zygotes at intermediate frequencies. 

Changes in fitness: No fitness components  were 
measured, but  general product iv i ty  of the selection 
lines was observed. Decline in product ivi ty  did not 
prevent  selection being made at  full intensity, except 
in line SR.4. In this line insufficient progeny were 
obtained from some cultures in some genera t ions  
after  generation 5t. Product iv i ty  was improved on 
relaxation of selection or after  periods of less intense 
selection, e.g. at  generation 45 (at the end of the period 
of 33-3% selection intensity) it would have been 
possible to select at 10~o intensi ty in all lines. 

Relaxation of selection: The change in mean bristle 
number  from the level of the selection line at the 
commencement  of relaxation is shown in Figure 4 for 

females after five generations of relaxation. (The 
relaxed subline derived from line SR.i  at generation 
t0 was accidentally lost.) Bristle number  in males 
was proport ionately similar. Bristle number  in 
sublines from the unirradiated lines regressed little 
on relaxation, except in sublines derived from S0.t  
after generation 50, when there was a high level of 
phenotypic variance during the second period of 
response in this selection line. In general the decline 

w 
�9 ' SR.1 

+ SR.2 
-4 " �9 SR,3 

�9 5R.4 
i ~' SR.5 

0 10 20 

From irradiated tines ! 

30 40 50 53 57 61 65 70 
Generolion reloxolion begun 

Fig.  4. The  effect  of  f ive genera t ions  of r e l axa t ion  on female  
m e a n  br is t le  n u m b e r ,  m e a s u r e d  as t he  change  in br is t le  n u m b e r  
f rom the  level  of  t he  select ion line a t  t h e  c o m m e n c e m e n t  of  

r e l axa t ion  
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in mean bristle number  after five generations of 
relaxation was greater in later generations than early 
in the selection programme. This was true for both  
unirradiated and irradiated lines and differed from 
the results of F rankham et al. (1968b) who found 
tha t  most of their lines "fell only slightly on relaxa- 
tion and this decline became less in later generations".  
However, some of their lines carrying part icular  
lethals at high frequencies did show marked regression 
on relaxation of selection, similar to results in Figu- 
re 4. One exception here was line SR.4, where the 
effect of relaxation was less marked in later genera- 
tions. Bristle number  declined by  more than  five 
bristles in sublines relaxed at generations 40 and 53, 
but  only by  about  two bristles in later generations. 
However, as shown in Figure 5 for sublines relaxed at 
generation 57, the mean bristle number  continued to 
decline rapidly over a longer period in SR.4  than in 
the other lines. SR.4  had reduced product ivi ty  in 
later generations and the subline taken from it at 
generation 57 was not very fit even after five genera- 
tions of relaxation. 

There was no evidence of strong natural  selection 
continuing to force bristle number  back to the level 
of the base population. All sublines were well above 
the initial population level after twenty  generations 
of relaxation (Figure 5) and, except in SR.4, the mean 
regressed slowly over the last ten generations, al- 
though in SOA, SR . t  and SR.5 the initial decline had 
been rapid. 

-From unirraOiated!, I nes i k%"~+~-From irradiated 
i i 

o SO 1 [ �9 SR.1 
• SO.2 ! 

/ ~ so.3 : 
+ SR.2 
�9 SR.3 

. ~  �9 SR.4 

I 
5 10 15 ZO 0 5 10 15 20 

Generations of relaxation Generations of relexatian 

Fig. 5. The effect of relaxat ion of selection on mean bristle 
n u m b e r  of females in sublines taken f rom the selection lines at 

generat ion 57 

Lethal tests: Results of the lethal tests are summa-  
rized in Table 4. Visible mutat ions  present in lines 
S0.2,  S0.3 and SR.2 were located at the same time. 
The immediate  effects of radiation were not import-  
ant in these results --  the irradiated lines received 
X-ray  t rea tments  for only the first th i r ty  generations 
of the selection programme, so tha t  SR.  3 was the 
only line irradiated immediately  prior to lethal test- 
ing, i.e. the parents of the SR.3 flies used in the first 

Table 4. 

Line 

Results of lethal tests carried out at generation 29 
in line SR.3 and generation 32 in all other lines 

Mean bristle ~ 
n u m b e r  at  N u m b e r  Percent  
t ime of test  of lethal* 

Comments  genomes 
Fe- Males tested I I  I I I  
males 

SO.I 34.3 27.2 68 44.1 51.5 
S0.2 35.9 29.3 70 27.1 31.4 

S0.3 34.t 28.2 62 50.0 24.2 

SR.I 36A 29.3 63 41.3 96.8 
SR.2 48.5 39.3 65 38.5 78.5 
SR.3 35.o 28.2 65 84.6 81.5 
SR.4 36.3 28.5 6O 53.3 95.0 
SR.5 33.6 27.t 68 67.6 7O.6 

scabrous-like 
on I I  
dark hairy 
margin on I I I  

scabrous on II  

+ Classified as absolute lethals at  initial lethal testing. 

cross of the lethal test  had been t reated with X-rays.  
The frequency of lethals was high in lines with no 
history of irradiation, confirming tha t  recently 
induced lethal mutat ions  were not necessarily res- 
ponsible for the high observed frequencies in t reated 
lines. Part icular  lethal genes with a selective advant-  
age as heterozygotes through an effect on abdominal  
bristle number  (pleiotropy or linkage) could be main- 
tained at high frequencies. If  all selected parents were 
heterozygous for a part icular  lethal, the gene fre- 
quency in the progeny would be 33.3%. If  two 
lethal genes were closely linked in repulsion, a balan- 
ced system could develop, with each lethal gene ap- 
proaching a frequency of 500/0 . Such a system could 
be eventually disrupted by  recombination, unless 
maintained by  some special mechanism --  such as 
selective disadvantage of the coupling phase recom- 
binants.  The actual  prevalence of part icular  lethals 
at high frequencies was determined by  allelism 
testing. 

In  Table 5 the lethals (and other mutants)  are 
classified according to their frequencies in the lines. 
The frequency classes were arbi t rar i ly  chosen to 
indicate lethals present at low (<10~ intermediate,  
and high (25% to 35%) frequencies. The part ial  
allelism testing procedure used underest imated the 
frequency of part icular  lethals, but  the bias dimi- 
nished as the frequency increased, and was not im- 
por tant  for lethals present at intermediate to high 
frequencies. The high frequency class contained any 
recessive lethals present in all or most  selected 
parents.  The higher frequency classes c o n t a i n e d  
lethals in balanced systems and non-lethal mutan t s  
which were approaching fixation (dark hairy margin) 
or fixed (scabrous). All lines contained particular 
lethals with frequencies greater  than  10%, but  the 
radiation lines, as a group, had more of these than 
the unirradiated lines. 

In S0.1, the two intermediate  chromosome I I I  
lcthals were at frequencies close to 10% and one of 
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Table 5. Number of second and third chromosome lethals in various frequency ranges in 
each selection line; semi-lethals (S)  and mutants (1~I) with morphological effects are also noted 

F r e q u e n c y  r ange  (%) 

269 

Line  5 .0 - -9 .9  10 .0- -24 .9  25 .0 - -34 .9  35 .0- -54 .9  > 55.0 

I I  I I I  I I  I I I  I I  I I I  I I  I I I  I I  I I I  

SO.I 2 + 1 S  .3 2 
SO. 2 1 I S M t  2 
SO. 3 I SM* 1 1 
S R . I  1 1 1+1  S M  3 
SR.  2 3 I S M t  l 3 + t S 
SR.  3 2 + 1 M  2 3 
S R . 4  1 I + I S M  3 + I S M  2 + 1 S  
SR.  5 1 1 4 + 1 S  4 

1 S M 4 -  
1 t M 4 -  

I M4-  

* Allelic. 
4- S M  in S0.2  is scabrous-like. 

the chromosome I I  lethals (IIa) had a frequency of 
about  t2%.  Line S 0 . 2  contained the second chro- 
mosome semi-lethal mutan t  scabrous-like at high 
frequency and two chromosome I I I  lethals at inter- 
mediate frequencies. Line SO. 3 had the third chro- 
mosome mutan t  dark hairy margin segregating in it at  
generation 32. This mu tan t  was fixed in the line at  
generation 39. This line also had one chromosome I I I  
lethal in the intermediate range and two chromosome 
I I  lethals, one high and one intermediate in frequency. 
These two chromosome I I  lethals and the mutan t s  
scabrous-like and dark hairy margin were studied in 
more detail (Hollingdale 1971). Lethals at appreci- 
able frequencies in these three unirradiated lines 
were presumably derived from the base population 
(or arose by  spontaneous mutat ion) .  The presence of 
the same lethal, S0.1  I I a  (frequency c. t2%) 
SR.3  I I a  (frequency c. 24%), in two lines and a 
semi-lethal mu tan t  with fine, short bristles at low 
frequency in three lines is evidence tha t  the base 
population had been the source of some of these ge- 
nes. The Canberra cage population carried such 
deleterious alleles at very low frequencies, as Frank-  
ham et al. (t968b) showed tha t  there were no lethals 
in the base population at a frequency of greater  
than 2% but  9.5 % of second chromosomes and 14.5 % 
of third chromosomes carried lethal genes. 

Chromosome I I I  lethals were predominant  in S R .  1, 
one at high frequency, three at intermediate fre- 
quencies. There were also a second chromosome 
lethal and a semi-lethal mutan t  at  intermediate 
frequencies. The second chromosome mutan t  sca- 
brous was fixed in S R . 2 .  This gene had a large effect 
on bristle number  (Hollingdale t97t)  so tha t  while 
it was segregating in the line selection would have 
been primari ly for this one gene, and chance associa- 
tions of other second chromosome genes with scabrous 
could have been important .  However,  there was one 
second chromosome lethal at intermediate frequency 
(about 12%). One chromosome I I I  lethal was present 
at  a high frequency and there were three lethals and 
a semi-lethal at intermediate frequencies, all about  

4- M in S0.3 is dark hairy margin. 
4= M in SR.2  is scabrous. 

11% or t2%.  SR.3  had two chromosome I I  lethals 
at 24% and 25% respectively and two chromosome 
I I I  lethals at high frequencies as well as two second 
chromosome lethals and one third chromosome lethal 
at the lower end of the intermediate frequency range. 
S R . 4  apparent ly  had developed a third chromosome 
balanced lethal system, as lethals IIIA and I I I  B each 
occurred at a frequency of 40% and none of the 
sample chromosomes carried both of them. There 
were other lethals and semi-lethals in the intermediate 
frequency range, one lethal on chromosome I I I  at 
a frequency of t 8% and the others (four on chromoso- 
me II ,  two on chromosome I I I )  at frequencies from 
10% to t3%.  SR.5  had no high frequency lethals but  
several at intermediate frequencies on both chromo- 
somes. The highest frequency of a specific lethal in 
this line was 18%. 

Discuss ion  

The short- term (generations 0 to 10) est imate of 
realized heritability, 22.5 % in unirradiated selection 
lines with one hundred pairs of parents,  extends the 
results of F rankham et al. (1968a). They found tha t  
realized heri tabil i ty increased with increase in popu- 
lation size; mean values were t4 .6%, 16.2% and 
18.3% for population sizes of ten, twenty  and forty 
pairs of parents respectively. Also, for units with 
the same number  scored, the realized heri tabil i ty 
increased as selection intensi ty decreased. For two 
hundred pairs scored, est imates for t0%,  20% and 
50% selection intensi ty were 13.4%, 15.8% (Frank- 
ham et al.) and 22.5% (this paper). This emphasizes 
the importance of selecting in large populations, not 
only to obtain higher levels of total  response in the 
long te rm (Robertson t960), but  also for a faster  rate 
of improvement  in early generations, since average 
selection differentials seem to be little affected by  
population size. However,  the short- term effect of 
population size may  be less extreme in other orga- 
nisms with larger numbers of chromosomes and re- 
combination in both sexes. 
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Lat ter  (1964), selecting on total  bristle number on 
two sternites at 50% intensity in replicate lines with 
fifty pairs of parents, calculated a realized heritabili- 
ty  of 29. t% on the basis of a single sternite. This 
value, for the same Canberra strain, is considerably 
higher than values obtained with a larger population 
size in the present experiment. However, culture 
conditions were different in the two experiments, 
and this seems the likely cause of the discrepancy. 

Levels of response in the selection lines, excluding 
line SR.2 (scabrous), were well below the limits now 
known for this character in Canberra derived lines 
(Jones et al. 1968, Frankham et al. 1968b). Response 
levels higher than those of the unirradiated lines can 
be realized at least in some special circumstances 
involving selection in large populations at high 
intensity, or crossing of selected lines, or the influence 
of a major mutant  (scabrous). 

The occurrence of scabrous in line SR.2  made it 
difficult to assess the final level of response in the 
irradiated lines. However, as scabrous alleles had 
previously been found in two unirradiated lines 
derived from the Canberra base population (Jones 
et al. t968, Rathie and Barker t968), the scabrous 
allele in SR.2  may not have been a result of the 
X-radiation treatment.  The remaining four irradiated 
lines had final mean bristle numbers below the high 
level of line SR.2  or the highest line of Jones et al. 
(t968). 

Comparing final levels of response of the unirradi- 
ated and irradiated lines, and excluding line SR.2,  
the irradiated line with the lowest mean, S R . t ,  was 
similar to two of the unirradiated lines, S0.2 and 
SO. 3, while the remaining irradiated lines, SR.3, 
SR .4  and SR.5, were fairly similar to each other and 
to the highest unirradiated line, SO.I. This failure 
of the radiation t reatment  to bring about any worth- 
while increase in the final level attained by selection 
needs to be considered in the light of what is known 
of the genetics of abdominal bristle number. The 
bristle number traits of D. melanogaster have been 
perhaps the most extensively studied of any metric 
traits, and the Canberra population is becoming well 
characterized in this respect, through the work of 
Lat ter  (t963, t964), Jones (1967), Frankham et al. 
(1968b), Jones et al. (t968), Rathie and Barker 
(t968), Sheridan et al. (1968), Sheridan (1969), 
Hammond and James (t970) and Robertson (1969), 
involving the abdominal, scutellar, second coxal, and 
sternopleural bristle systems. 

In natural populations characters such as abdomi- 
nal and sternopleural bristle number are probably 
subject to stabilizing selection for an intermediate 
optimum, though just why this is so remains unclear 
(Reeve and Robertson t954, Mather t966, Kearsey 
and Barnes t970). As characters with no direct and 
obvious relation to fitness they are expected to have 
relatively high heritabilities (compared to "fitness" 
characters subject to directional selection in natural 

populations) and to show little dominance. According 
to Fisher's theory of dominance (Fisher 1958), genes 
determining abdominal bristle number are expected 
to show dominance in either direction so that  linked 
complexes may appear to be entirely lacking in 
dominance. In the Canberra base population Sheri- 
dan et al. (t968) found dominance effects to be "prob- 
ably only minor" for abdominal bristle number. 
There was, however, a sizable additive x additive 
interaction component, which would influence the 
selection response in the early generations (Griffing 
t960). 

Directional selection imposed on such systems has 
resulted in patterns of response which, in the short 
term, are generally regular and predictable from the 
variance component analyses of the initial popu- 
lations, though variation between replicate lines has 
often been large, e.g. Clayton, Morris and Robertson 
(t957), Sheldon (1963), Lat ter  (t964) and Frankham 
et al. (1968@ In the long term, the theory of limits 
to selection as developed by  Robertson (1960) and 
James (t962), predicts an asymptotic approach of the 
mean of the selected trai t  to an expected limit which 
is a function of the effective population size and the 
selection intensity. However, in practice long-term 
response patterns have been more irregular, with 
discontinuities or "waves of response" a common 
feature, e.g. Clayton and Robertson (1957), Thoday, 
Gibson and Spickett (1964), Fraser, Scowcroft, 
Nassar, Angeles and Bravo (1965), and Jones et al. 
(1968). 

Fraser and Hansche (t964) considered several 
models proposed to account for such irregularities in 
response patterns. Fraser's (t957) computer simu- 
lation results showed that,  where linkage was close 
(approximately 0.5 %) and tile population size small, 
the disruption of linked complexes of polygenes 
(=  minor loci) could account for discontinuities in 
the response pattern.  There are alternative hypo- 
theses which can also explain the same phenomenon. 
As listed by  Fraser and Hansche these are: "( t )  a 
number  of minor loci, each at intermediate frequency, 
with a few major, recessive loci, each at low frequen- 
cy, Eand] (2) a number of minor loci, each at inter- 
mediate frequency, which when shifted by selection, 
act as modifiers of a few normally minor loci, trans- 
forming these into major loci". Their simulation 
results showed that  the first of these, the rare "major  
recessive" hypothesis, was as satisfactory as the 
"linked complex" hypothesis in producing complex 
response patterns similar to those obtained in their 
scutellar bristle selection lines. The "evolved major 
gene" hypothesis proposed by Reeve and Robertson 
(1953), was supported by  results of Fraser (t963) on 
the "Bare"  phenotype in Drosophila simulans. Miller 
and Fraser (1968) found that  a major third chromo- 
some mutant ,  x-vert, affecting scutetlar bristle num- 
ber, interacted in a complex manner with systems of 
modifiers, and the interaction was dependent on the 
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genotype, i.e. presence of scute or its wild type allele. 
Fraser (1967) suggested that  x-ver t  was also an 
"evolved major gene" with low penetrance in un- 
selected backgrounds. 

In actual selection lines, irregular response patterns 
may be due to combinations of these three models, 
although in certain cases, as noted by  Mather in the 
discussion of Fraser and Hansche's paper, the rare 
major recessive hypothesis is not relevant because 
of the composition of the initial populations, e.g. base 
populations derived from the progeny of a cross be- 
tween two inbred lines. Detailed analyses of sterno- 
pleural bristle number selection lines, including loca- 
tion of polygenes by  Thoday's  (196t) method, have 
been carried out by  Thoday, Gibson and Spickett 
(t964) and Spickett and Thoday (t966). Similar 
accelerated responses occurring at different times in 
lines with common ancestry were found to be prob- 
ably due to recombination occurring between two 
third chromosome loci. The analysis also showed that  
these genes had approximately equal effects on 
bristle number and did not interact with each other. 
However, one of the genes interacted strongly with a 
second chromosome located polygene and together 
these three genes accounted for 80% of the response 
of one of the lines. 

Scowcroft (t966) examined accelerated responses 
in a group of three related lines, selected for increased 
scutellar bristle number, and found considerable 
differences in the behaviour of the lines. In one case 
he suggested that  an effective factor resulting from 
recombination within a polygenic system required a 
modified genetic background for full expression. In 
another line, in which the plateau was opposed by  
natural  selection, he postulated that  a high bristle 
gene, lethal when homozygous, or a sex-linked male 
sterile gene associated with a high bristle factor 
(through pleiotropy or linkage) could be possible 
mechanisms maintaining genetic variability at the 
plateau. He also suggested that  small duplications, 
which occur at a frequency much higher than the 
spontaneous mutat ion rate, could explain accelerated 
responses. 

Results such as those of Thoday et al. (t964) led 
Robertson (t966) to the conclusion that  " the  number 
of important  loci controlling the genetic variability 
in quanti tat ive variation is rather less t h a n . . . p r e v i -  
ously thought" ,  and that  less than ten loci probably 
would account for perhaps 80% of the difference 
between his extreme selected bristle lines. Spickett 
and Thoday (t966) pointed out tha t  "locatable poly- 
genes are a non-random sample comprising the most 
extremely effective genes or linked complexes of a 
continuous spectrum" including genes of vanishingly 
small effect, and that  their analysis underestimated 
the number of loci affecting the quanti tat ive trait.  
Genes directly affecting the character would not be 
detected if they were present in the standard as well 
as the selected population and genes with no direct 

effect on the character could nevertheless influence 
its variance through fitness interactions. In fact 
Breese and Mather (t960) found that  linkage of poly- 
genic complexes governing viability and abdominal 
bristle number was an important  factor in the loss of 
fitness that  has been commonly found as a correlated 
response in lines selected over long periods (Mather 
and Harrison t949, Clayton and Robertson 1957, 
Rathie and Barker t968). 

The genetic basis of bristle characters in the Can- 
berra population appears to be similarly complex. 
Lat ter  (1963), analysing the effects on fitness of short- 
term selection for abdominal bristle number, found 
that  "most  of the individual [bristlel genes have 
virtually no effects on reproductive fitness". This 
conforms to the generally held view that  abdominal 
bristle number is not closely related to fitness. Rathie 
and Barker (1968) found that  fitness declined more 
under continuous than under intermit tent  selection, 
although some replicates in each selection t reatment  
showed little or no loss of reproductive fitness. On 
the basis of these results, they suggested that  linked 
complexes including genes deleterious to fitness and 
those affecting abdominal bristle number are impor- 
tant  in the Canberra population. Frankham et al. 
(t968b) found that  in some lines lethals with ap- 
parently little effect on bristle number reached high 
frequencies during selection, possibly because of 
linkage to abdominal bristle number genes. They 
suggested a combination of large gene effects, linkage, 
and gene interaction as the cause of irregularities in 
the responses of their lines. The genetic dissimilarity 
between lines (as shown by several criteria), the 
results of crosses between high selected lines, and the 
retention of genetic variation over long periods 
(Jones et al. 1968) indicated that  initially rare genes 
of large effect or genes with effects dependent on the 
genetic background are important  in this population. 
Hammond and James (1970) in an analysis of the 
moments of the distribution of family means in the 
unselected Canberra popula t ion found no evidence 
of rare genes with large effects on abdominal bristle 
number. 

Frankham et al. (t968b) considered that  their 
results in the Canberra population, as well as similar 
results in other populations, suggest that  many loci 
are potentially capable of influencing a quanti tat ive 
character but  that  only a few genes determine most 
of the response in any particular line. Spickett and 
Thoday (1966) came to a similar conclusion concern- 
ing the "Dronfield" wild stock: any one selection 
experiment "exploited only a limited number of the 
chaeta-number genes segregating in the 'wild' stock". 
This restricted exploitation occurs part ly because the 
majori ty of laboratory selection experiments use 
fairly small population sizes and thus the limits to 
selection are artifacts of the intensi ty of selection 
and the population size rather  than basic properties 
of the initial population (Robertson 1966). Where 
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initially rare genes are important  very large effective 
population sizes may be required to reduce replicate 
variation in response patterns. One of our colleagues, 
Mr. K. Hammond, is currently investigating replicate 
variability in greater detail. 

In abdominal bristle number selection lines derived 
from the Canberra population, Jones (1967) found 
that  those which received X-radiation treatments 
generally gave greater responses than their unirra- 
diated controls. Phenotypic variances in the irra- 
diated lines were much higher than in the controls. 
This extra response and increased variance could be 
accounted for by "mutat ions at only five or  six loci 
with effects of half a standard deviation". In his 
control lines (and in most of the selection lines of 
Jones et al. t968) there was little change in the pheno- 
typic variance from the initial level. The exceptions 
were all lines in which lethals at medium to high fre- 
quency were detected. An initially rare gene with a 
large effect on bristle number causes a large increase 
in the additive genetic component of the variance as 
it is increased in frequency by selection (Latter 1965). 
If rare 'large' genes are themselves lethal when homo- 
zygous, high variances persist as the genes continue 
to segregate, but  if detected lethals reach high fre- 
quency because of linkage in coupling to higtl bristle 
genes, then variances may later decline if recombi- 
nation allows such high bristle genes to become fixed 
(and the lethals to be eliminated). Both these types 
of pat tern of change in phenotypic variance were 
found by  Jones et al. (1968). 

Phenotypic variance increased in all our selection 
lines, although variances were generally higher in the 
irradiated lines than in the unirradiated. Considering 
also results of lethal tests and the effects of relaxation 
of selection, this indicated that  initially rare genes 
with large effects were important  in all selected lines, 
but  such genes were of negligible importance in the 
five unirradiated selection lines of Jones (1967). As 
population size in each of our lines was high (initial 
samples from the base population were twenty times 
as large as those used by Jones, two hundred pairs as 
compared with ten pairs) there was a high probabili ty 
tha t  some rare genes derived from the base popu- 
lation would influence the pat tern of response to 
selection. This, then, must account for the apparent 
conflict of results. If the selection programme gives 
a good chance of concentrating rare genes from a 
large outbred base population, and if the cumulative 
effects of these genes on fitness prevent any one line 
from using more than a few of the possible array of 
'large' genes, then induced mutat ion will possibly 
increase the size of this array of initially rare 'large' 
genes, but  will not produce spectacular increases in 
response. However, where lines originally do not 
include rare 'large' genes, then radiation t reatment  
has a chance of causing mutat ion at one of the loci 
where alleles of large effect are possible, and so in 

these circumstances irradiation can bring about an 
appreciable increase in the level of response. 

The same argument applies to the discrepancy 
between our results and those of Kitagawa (1967) and 
Scossiroli and Scossiroli (1959). In both these sets 
of experiments appreciably greater selection respon- 
ses were obtained with irradiation, but  the base popu- 
lations were derived from hybrids between two inbred 
or isogenic strains, so that  the unirradiated lines 
initially could not have contained rare 'large' genes. 

Why have induced mutations with large effect 
been so uncommon in selection programmes using 
inbred base populations? Why, for example, was 
there no evidence of genes with large effects in the 
irradiated lines derived from inbred line N5 (Holling- 
dale and Barker 1971)? This may be because the 
expression of such genes is dependent on the rest of 
the genotype. The background genotype of a previ- 
ously selected population could enhance the ex- 
pression of mutants  affecting the selected trait,  and 
the genetic variation available in an outbred base 
population could provide a more suitable combi- 
nation of modifiers than the single combination pre- 
sent in the genotype of an inbred line. Mutant ex- 
pression is dependent on the genetic background -- 
see for example the work of Gaul, Grunewaldt and 
Hesemann (t968) on the expression of macro-muta- 
tions in barley. 

Mutations with large effects on the phenotype are 
more likely to be deleterious than ones with only 
small effects (Fisher 1958). Loss of fitness in lines 
showing large increases in response following radia- 
tion treatments is therefore likely to be a common 
problem. The possibility of utilizing induced mu- 
tations with individually small effects requires further 
consideration. Such induced mutations can cause 
significant increases in variance, without adversely 
affecting fitness, if the irradiated populations can be 
screened to remove all major mutants  (Gregory 1968). 
'Small' mutations were apparently responsible for 
the slight extra response in irradiated lines derived 
from inbred line NS, and they may account for the 
higher variance in the irradiated Canberra lines. 

Gregory's screening technique represents a some- 
what different approach to tha t  advocated by Scossi- 
roli (1968). The latter 's  suggestion that  irradiated 
populations should not be subjected to immediate 
artificial selection was based on the assumption that  
useful induced mutations are often deleterious be- 
cause of linkage rather than strict pleiotropy. De- 
laying selection would make available a wider array 
of combinations of induced mutations with the gene- 
tic background of the irradiated population. Either 
approach is more suitable for use with mutat ion 
breeding of plant species, where large populations 
may be handled after a single radiation treatment.  
Plants are able to withstand much higher doses of 
radiation than animal species and their greater re- 
productive potential and, in some species, selffertiliz- 
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i n g  b r e e d i n g  s y s t e m ,  m a k e s  m u t a t i o n  b r e e d i n g  a 
p r a c t i c a l  p r o p o s i t i o n  for  c r o p  i m p r o v e m e n t .  

T h e  p o t e n t i a l  u se fu lness  of m u t a g e n e s i s  as  a m e a n s  
of r a i s i ng  p l a t e a u  l eve l s  in  a n i m a l  p o p u l a t i o n s  m u s t  
be  a c k n o w l e d g e d  t o  be  l i m i t e d .  T h e  w o r k  w i t h  
Drosophila has  s h o w n  t h a t  s e l ec t i on  l i m i t s  a re  l i k e l y  
to  be  a r t i f a c t s  of t h e  s e l ec t i on  r eg ime ,  so t h a t  s i m p l e  
c ross ing  of s e l e c t e d  l ines  is l i ke ly  to  be  b e t t e r  t h a n  
r a d i a t i o n  as a sou rce  of v a r i a t i o n  a m e n a b l e  to  se lec-  
t i on .  

This  w o r k  was carr ied ou t  while B.H.  was on leave f rom 
the  New South  Wales  D e p a r t m e n t  of Agricul ture ,  and 
held  a Commonwea l t h  Research  Studentship .  Rob in  
Ha l l  and Tric ia  Brown prov ided  much  apprec ia ted  tech-  
nical  assistance, and we are indeb ted  to t he  Radio-  
T h e r a p y  Unit ,  R o y a l  Pr ince  Alfred Hospi ta l ,  for the  use 
of the i r  equ ipment .  
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