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

I. P o p u l a t i o n s  D e r i v e d  f r o m  a n  Inbred  L i n e  

BARBARA 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  (Aust ra l ia)  

Summary. Replicate lines, each with one hundred pairs of parents  selected at  50% intensity,  were derived from an 
inbred line. For  twenty  generations three lines were selected without  i rradiat ion and five with 1000 r X-rays  per gene- 
rat ion given to both females and males. After adjus tment  for level of crowding in the cultures, the final mean was 1.3 
bristles higher in females and 1.0 bristles higher in males in the i r radiated lines than in the unirradiated lines. In terms 
of phenotypic s tandard deviations in each sex in the base population, these to ta l  responses were 0.74 and 0.59 respecti- 
vely. Radiat ion can induce mutat ions useful in increasing responses in selection programmes, but  the average response 
a t t r ibutable  to radiat ion is small, and heterogeneity between replicate lines is to be expected. 

The  a m o u n t  of genet ic  va r i a t i on  for  q u a n t i t a t i v e  
cha rac te r s  p resen t  in popu la t i ons  is i m p o r t a n t  becau-  
se of i t s  impl i ca t ions  for the  evo lu t ion  of the  species 
and  for  p rac t i ca l  b reed ing  purposes  in domes t i c  
species.  In  an a r t i f i c ia l  select ion p rog ra mme ,  if the  
va r i a t i on  amenab le  to  select ion were p roved  to  be  
l imi t ing ,  i nduced  m u t a t i o n s  m a y  p rov ide  gene t ic  
va r i ance  useful  for fu r the r  select ion response.  How-  
ever,  in ou tb reed ing  species, the  a m o u n t  of v a r i a t i o n  
p resen t  m a y  make  i t  d i f f icul t  to  d i s t ingu i sh  the  effects 
of e x t r a  v a r i a t i o n  induced  b y  m u t a g e n  t r e a t m e n t .  
Bu t  a homozygous  g e n o t y p e  should  p rov ide  a f avour -  
ab le  b a c k g r o u n d  for the  de tec t ion  of even smal l  
a m o u n t s  of i nduced  va r i a t i on  u t i l i zab le  b y  select ion.  
Using  isogenic s tocks  of Drosophila melanogaster 
i r r a d i a t e d  eve ry  genera t ion ,  B u z z a t i - T r a v e r s o  (t954) 
found  t h a t  the  a d a p t a t i o n  and  mod i f i ca t ion  of expres -  
s ion of the  m u t a n t  spineless p h e n o t y p e  unde r  condi-  
t ions  of in tense  l a rva l  and  adu l t  c rowding  was fas te r  
t h a n  in u n i r r a d i a t e d  popu la t ions .  Ar t i f ic ia l  select ion 
wi th  concur ren t  i r r a d i a t i o n  has  been done us ing 
popu la t i ons  de r ived  f rom isogenic s tocks  b y  Clay ton  
and  Robe r t son  (t955), Scossiroli  and  Scossiroli  (1959) 
and  K i t a g a w a  (t967). As the  m a g n i t u d e  of responses  
o b t a i n e d  in i r r a d i a t e d  l ines va r i ed  cons iderab ly ,  
fu r the r  e x p e r i m e n t a l  ev idence  would  con t r i bu t e  to  
d e t e r m i n a t i o n  of the  va lue  of i r r a d i a t i o n  in a r t i f ic ia l  
se lect ion p rog rammes .  

The  e x p e r i m e n t  descr ibed  here  i n v e s t i g a t e d  the  
effects  of a r t i f i c ia l  select ion wi th  concur ren t  irraciia-  
t ion  in lines of large popu l a t i on  size de r ived  f rom an 
i nb red  l ine of D. melanogaster. However ,  a p a r t  f rom 
induc ing  new gene t ic  va r i a t ion ,  i r r a d i a t i o n  is l ike ly  
to  exe r t  a d i rec t  effect in reduc ing  p rogeny  numbers .  

1 Present  address:  Agricultural  Research Inst i tute,  
Wagga Wagga, Austral ia  2650. 

As a resu l t  of the  r educed  l a rva l  crowding,  b o d y  size 
of adu l t s  and  a b d o m i n a l  b r i s t l e  n u m b e r  are  l ike ly  to  
be inc reased  (Rasmuson  1952, Reeve  and  R o b e r t s o n  
t954).  C lay ton  and  R o b e r t s o n  (1955) found t h a t  
the  lower degree of c rowding  in i r r a d i a t e d  l ines could  
cause a smal l  increase  in a b d o m i n a l  b r i s t l e  number .  
An  e x p e r i m e n t  was done therefore  to  assess the  im-  
po r t ance  of c rowding  effects,  and  in pa r t i cu la r ,  to 
p rov ide  e s t ima te s  of se lect ion response  free f rom a n y  
poss ible  bias  a s soc ia t ed  wi th  d i f fe ren t ia l  c rowding  in 
the  u n i r r a d i a t e d  and  i r r a d i a t e d  lines. 

Materials and Methods  
Base population : The base populat ion was an inbred line 

(designated N5), which had been maintained by  full-sib 
mating for one hundred and s ixty generations. Subse- 
quently, two generations of random mating were used to 
obtain sufficient flies to init iate selection. 

Selection programme : Mass selection for increased brist le 
number on one abdominal  sternite (fifth in females, fourth 
in males) was carried out for twenty  generations. The 
code names of the various lines, with their  histories of 
i rradiat ion and selection, are given in Table 1. In each 
selection (S) line one hundred pairs were selected out  of 
two hundred pairs scored per generation (including gene- 
rat ion 0), i.e. 50% selection intensity.  The unselected 
control  lines (U) were maintained with one hundred pairs 
chosen at  random each generation, al though only fif ty 
pairs were scored. All unselected lines were discontinued 
at  generation 10. 

Culture conditions : Lines were maintained in 5 oz cream 
bott les on a dead-yeast  fortified medium (medium F of 
Claringbold and Barker  1961) with a drop of live yeast  
suspension (1 g compressed yeast :  2 ml of water) on the 
surface. The one hundred pairs of parents  were divided at  
random into five groups of twenty  pairs to make up five 
bott les per line. Cultures were maintained at  25 ~ 0.5 ~ 
and 65 -- 70% relative humidi ty  in a room lit twelve hours 
per  day  (6 a. m. to 6 p.m.). Parents  were discarded after 
two days to prevent  overcrowding of larvae. Progeny 
collected over the first two to three days  emergence were 
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Table 1. Details of selection regimes of lines derived from 
inbred line N5 

Number 
X-ray of pairs 

Line dose Scored scored per 
(r/gene- at generations line in 
ration) each gene- 

ration 

Selected (100 pairs of parents, 50% intensity) 
SO.I, S0.2, S0.3 0 0--20 200 
SR.I ,  SR.2, SR.3, 
SR.4, SR.5* 1000 0--20 200 

Unselected (100 pairs of parents, chosen at random) 
UOA, UO.2, UO.3 0 0--10 50 
UR.I ,  UR.2, 
UR.5 t000 0, 2, 4, 6, 8, i0 50 
UR.3, UR.4, 
UR.6 1000 1, 3, 5, 7, 9, 10 5O 

* Random sample of 100 pairs irradiated and mated in 
generation 0. 

scored and selected on a within-bottle basis. Selected flies 
from the five bottles of each line were bulked, irradiated if 
required, and then mated. Each generation cycle was 
kept to fourteen days for convenience and to reduce any 
effect of age variat ion on mutat ion frequency, due to 
differing sensitivity of stages of development of the gametes 
(Lefevre and Jonsson t964 and Sobels 1965). 

Irradiation: Radiat ion treatments,  of 1000 r X-rays 
delivered over th i r ty  minutes, were given to both males 
and females immediately prior to mating in each genera- 
tion. After scoring, all flies to be irradiated were lightly 
re-etherized and placed in large (approximately 4.5 cm • 
• 1.5 cm diam.) gelatine capsules, one hundred males or 

females per capsule. The dose was delivered by an X-ray 
machine operated at 100 kv and 4.35 mamps with a 1 mm 
aluminium filter. A relatively low intensity of 33.3 r/mi- 
nute was used to reduce the likelihood of occurrence of 
gross chromosomal aberrations. One-hit point mutations 
do not show a radiation intensity effect, but the frequency 
of two-hit  aberrations is directly related to the intensity of 
irradiation (Wolff 1967). 

Effects of crowding on bristle number: At the end of the 
selection experiment, the effect of cessation of irradiation 
was examined in selected sublines taken from the irradiat- 
ed selection lines. Interaction of crowding effects with 
the radiation history of the selection lines was studied by 
increasing the range of larval crowding in unirradiated 
cultures from all selection lines. To do this, cultures were 
set up at generations 19 and 20 with either five pairs or 
twenty pairs of parents selected at 50% intensity. Parents 
were left in the culture bottles for one and a half days. 
The various lines, sublines and parental  crowding treat- 
ments are given in Table 2. The three unirradiated selec- 
tion lines (SO lines) were continued at 20 pairs of parents 
per culture (Code (i)), and sublines were set up with 
5 pairs of parents per culture (Code (if)). Separate sub- 
lines from the irradiated selection lines (SR lines) were 
set up with either 20 pairs of parents per culture (Code 
(iii)), or 5 pairs of parents per culture (Code (iv). 

Progeny number per culture and the culture means for 
male and female bristle number were used in analyses of 
results. Within culture sampling variance for bristle 
number was not considered, i.e. no a t tempt  was made to 
weight the data to allow for differences in standard errors 
of means derived from samples of size twenty  or forty. 
The variation between replicate cultures within lines was 
used as the error variance. 

Table 2. Lines, sublines and parental crowding treatments 
(the degree of replication in each line or subline is represent- 
ed by r/s where r = number of replicate cultures and s = 
number of pairs scored for bristle number per replicate 

Source 

culture) 

Sublines* 
SO lines 

SO lines SR lines SR lines 

Code (i) (if) (iii) (iv) 

Parents per 
culture (pairs) 20 5 20 5 

Progeny r/s at:  
Generation 20 5/40 5/20 2/40 5/20 
Generation 21 2/20 5/20 2/20 5/20 

* Sublines derived by 50% selection from previous genera- 
tion of source lines ; no radiation treatments were given. 

Results  
Response to selection: Deta i l ed  resul ts  for m e a n  

br is t le  n u m b e r  of females  and of males  in each gene- 
ra t ion  of all l ines were r epor t ed  by  Hol l ingdale  (1969). 
The  means  for females  for each genera t ion  of the  
unse lec ted  cont ro l  lines wi th in  each rad ia t ion  t rea t -  
m e n t  and the  differences be tween  t r e a t m e n t  means  
are shown in Table  3. In  these lines, there  was an 
ind ica t ion  t h a t  i r rad ia t ion  had  affected  mean  br is t le  
score. Over  the  ten  genera t ion  per iod (excluding 
genera t ion  0, which was scored before the  in i t ia l  
r ad ia t ion  t r ea tmen t ) ,  the  average  difference in mean  
br is t le  n u m b e r  ( i r radia ted - -  un i r rad ia ted)  was 
0.25 brist les  in females and 0.35 in males.  The  possible 
causes of this  difference are considered la ter  (Effects of  
crowding). 

Mean bris t le  numbers  for females of selected lines, 
r ad ia t ion  t r e a t m e n t  means  and the difference be- 
tween  i r r ad ia t ed  and un i r r ad i a t ed  t r e a t m e n t  means  
for eve ry  f if th genera t ion  are shown in Table  4. D a t a  
for males  were similar.  In  the  unse lec ted  cont ro l  
lines (Table 3), the  difference be tween  rad ia t ion  t rea t -  
m e n t  means  did not  change over  t ime,  bu t  the  means  
of the  i r r ad ia t ed  and un i r r ad ia t ed  select ion lines 
(Table 4) g radua l ly  d iverged  and this d ivergence,  
af ter  genera t ion  1 t ,  was cons is ten t ly  g rea te r  t han  the  

Table 3. Mean abdominal bristle number of females in the 
unselected lines 

Bristle number Gene- Difference 
ration Unirradiated Irradiated (irradiated- 
number lines lines unirradiated) 

0 21.19 21.52 0.3 
1 21.1 5 21.24 0.l 
2 20.82 21.19 0.4 
3 20.98 21.19 O.2 
4 21.21 20.92 --0.3 
5 20.65 21.41 0.8 
6 21.53 21.60 0.1 
7 20.93 21.43 O.5 
S 21.21 21.11 --0.1 
9 20.86 21.44 0.6 

10 21.15 21.32 0.2 
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T a b l e  4. Mean bristle number for females of each selection line 

Bristle number  
Gene- 
rat ion Unirradiated lines 
number  

Difference 

SO.I S0.2 S0.3 

I r radiated lines 

Mean (0) SR.I SR.2 SR.3 SR.4 SR.5 Mean (1) 

of means 
(t)--(0) 

0 2 t .23  2 t .38  21.35 21.32 21.29 21.34 
5 20.82 20.86 2 t .14  20.94 20.99 21.39 

t0  21.64 21.48 2 t .29  21.47 21.57 21.98 
15 20.93 21.39 21.32 21.21 2 t .72  22.09 
20 2 t .59  21 . t9  21.65 21.48 22.59 22.62 

21,44 21.50 * 21.39 0.1 
21.01 20.97 21.39 21.15 0.2 
22.17 21.33 21.54 2 t .72  0.3 
22.27 21.35 2t .85 21.86 0,7 
22.48 22.05 22.41 22.43 1,0 

* Not scored; random sample set up. 

average difference between irradiated and unirradiat-  
ed unselected control lines. The radiation t rea tment  
was therefore effective in promoting greater  response 
to selection. 

Regressions of line mean score on generation num- 
ber were used to examine selection response patterns.  
Combined analyses of lines in the unselected treat-  
ments  and in the selected unirradiated t rea tment  
showed no heterogeneity of regression coefficients 

within t rea tment  groups. Pooled estimates ( b ) o f  
these regression coefficients are given in Table 5. 
However,  there was significant heterogeneity be- 
tween replicate lines in the selected irradiated treat-  
ment,  so regression coefficients for each line of this 
t rea tment  are given in Table 5. Separate coefficients 
are shown for each sex, as the rate of response was 
generally higher in females. This tendency was also 
apparent  in the poo~d  estimates from the unirradiat-  

ed selection lines (b = 0.0t90 q-0.0046 in females, 
0.0077 + 0.0050 in males). There was no response in 
the unselected lines - -  the regression coefficients did 
not differ significantly from zero. The response was 
small but  significant in unirradiated selected lines 
and considerably larger in irradiated selected lines. 

T a b l e  5. Rate of response as measured by regression of mean 
bristle number on generation number (b = estimated regres- 

sion coefficient) 

Line b (pooled) Line b (fe- b (males) 
males) 

UO.I, UO.2, UO.3 0.0020 SR. I  
SR.2  

UR.I, UR.2, UR.5_O.OO43 SR.3 
UR.3, UR.4, UR SR.4 
S0 . t , S0 .2 ,  S0.3 0.0133"* SR.5 

0.0742** 0.0432** 
0.0940** 0.0732** 
0.0868** 0.0529** 
0,0526** 0.0597** 
0.0720** 0.0454** 

** P ~ o.ol. 

Cumulative selection differentials to generation t9 
are given in Table 6, together with realized heritabili- 
ties for each sex, calculated as the regression of mean 
bristle number (within sexes) on cumulative selection 
differential (averaged over sexes). In general, cumu- 
lative selection differentials after twenty generations 
of selection were higher in the irradiated selection 
lines than in the unirradiated selection lines. The 
only exception was line SR.4, where the total selec- 

Tab le  6. Cumulative selection differentials to generation t 9 
and realized heritabilities for each sex 

Cumulative Realized her i tabi l i ty  (%) 
Line selection 

differential Females Males 

S0.1 24.7 0.9 0.4 
S0.2 24.8 1.9** 1.0 
S0.3 24.4 1.5" 0.3 

SO (pooled) 1.5"* 0,6 

SR.I  25.3 5.6** 3.3** 
SR.2 27.2 6.6** 5.1"* 
SR.3 26.3 6.3** 3.8** 
SR.4 24.5 4 .1"*  4.7** 
NR.5 + 26.1 5.3** 3,3"* 

SR (pooled) 5.7** 4.1 ** 

* P < 0.05. 
** P ~ 0.0t. 

+ Cumulative selection differential to generation 20, as 
there was no selection in generation 0. 

tion differential was no greater than in the unirradiat-  
ed lines. However,  the response of SR.4 was larger 
than  tha t  of the unirradiated lines (Table 5), so tha t  
irradiation had increased the genetic component  of 
the variance. Realized heritabilities generally were 
lower in males t h a n  in females but  did not differ be- 
tween lines within radiation t reatments .  The pooled 
estimates for females and males in the irradiated lines 
were significantly higher than those for the unirradiat-  
ed lines. 

Changes in variance: The normali ty  of the distri- 
bution of bristle number  in the inbred line was tested 
at the first scoring (Table 7). There was no evidence 
of a symmet ry  but  the distribution for males showed 
positive kurtosis. 

The phenotypic  s tandard deviations are shown in 
Figure I for irradiated selection lines. Linear regres- 

Tab le  7. Base population parameters for abdominal bristle 
number (fifth sternite in females, fourth sternite in males) 

for inbred line N5 at generation o 

Number  Standard Skewness IZurtosis 
Mean in sample deviat ion gl g2 

F e m a l e s  1900 
Males  1900 

21.37 1.76 --0.01 0.04 
t6 .89  t .70 0.05 0.26* 

* P ( 0.05. 
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Table  8. Phenotypic standard deviations for females of each unselected line 
(means calculated from mean variances) 

Phenotypic standard deviation 
Generation Unirradiated lines Irradiated lines 
number 

UOd UO.2 UO.3 Mean UR.I UR.2 UR.3 UR.4 UR.5 UR.6 . Mean 

0 1.81 1.31 1.66 1.61 1.80 1.88 1.89 t .85 
1 1.83 1.73 1.80 t .79 1.65 1.69 1.75 1.69 
2 1.89 1.86 t . 9 t  1.89 1.50 1.91 1.85 i .76 
3 1.58 1.53 ~ .87 1.66 1.82 t .97 1.48 1.77 
4 ~.83 t .79 ~ .7~ ~.78 ~ .36 ~.49 1.61 1.49 
5 1.59 1.82 ~ .72 '1.71 1.22 1.58 1.93 1.60 
6 ~ .47 2.08 1.59 1.73 1.75 1.42 1.62 t .60 
7 1.64 2.15 t .74 t .86 1.60 1.72 1.82 ~ .71 
8 1.62 1.80 1.83 1.75 t .63 t .70 t .70 t ,68 
9 2A8 ~.55 ~.92 1.90 ~.79 ~.53 1.74 1.69 

~0 2A4 2AO ~.69 ~ .98 ~.62 ~.67 ~.63 1.56 1.96 ~.92 1.73 
Mean 1.79 t .68 + 

+ Mean of the irradiated generations, i.e. generations I to 10. 

sion equations were calculated for each sex in each 
line, but  the regression coefficients did not differ 
between sexes. Comparable regressions for the un- 
irradiated selection lines are also shown. Although 
there was considerable generation-to-generation fluc- 
tuation,  the general pa t te rn  was clear. Regression 
coefficients for the irradiated selection lines were all 
significantly different from zero (P < 0.0t), but  
those of the unirradiated selection lines were not. 
The rate  of increase of phenotypic s tandard deviation 
was highest for SR.2, the line which responded most 
to selection. In SR.4, the s tandard deviation did 
increase, but  as noted previously, the total  applied 
selection differential over twenty  generations was no 
greater  than  the total  selection differential in un- 
irradiated lines. The s tandard deviation remained 
low during the early generations and most  of the 
increase occurred after generation 16 (Figure r An 
analysis of the data  to generation r showed no sig- 
nificant increase. 

Phenotypic  s tandard deviations for females in the 
unselected lines are shown in Table 8. As each stan- 
dard deviation was based on a sample of only fifty 
individuals the accuracy of est imation was low. Large 
generation-to-generation fluctuations and the few 
generations available precluded any  analysis of trends 
in individual unselected lines. However,  the mean 
s tandard  deviations over replicate lines within radia- 
tion t rea tments  apparent ly  did not change over the 
ten generation period. Phenotypic  s tandard devia- 
tions in females were higher than in males, as expected 
from the base population analysis (Table 7). The 
mean s tandard deviation in irradiated lines was lower 
than  tha t  in unirradiated lines for both  females and 
males. The difference was small, similar in magni tude 
to the difference between the sexes, and could have 
been due to reduced larval  crowding or to increased 
stabi l i ty  of development  in the irradiated lines. 
Wallace (r found that ,  in a homozygous back-  
ground, heterozygotes for newly induced mutat ions  

had increased viabil i ty;  this suggests tha t  develop- 
mental  stabil i ty may  also be enhanced following irra- 
diation of highly inbred lines. Whatever  the cause, 
the lower phenotypic variance in the irradiated un- 
selected lines indicated that  reduction in environ- 
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cluded 
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mental  variance was greater  than any increase in 
genetic variance. In  similar unselected lines derived 
from a wild-type outbred base population, there wele 
no differences between phenotypic variances of 
irradiated and unirradiated lines (Hollingdale and 
Barker  197t). 

Effects of crowding on bristle number: The relation- 
ship between progeny number  per culture and the 
culture means for bristle number  was examined over 
all lines. There was a large difference in progeny 
number  per culture between the two levels of parental  
crowding. However,  progeny number  varied great ly 
between lines within each level of parental  crowding 
(Figure 2). An analysis of variance for progeny num- 
ber was calculated at each level of parental  crowding 
(Table 9)- Degrees of freedom for lines were part i t ion- 
ed giving one degree of freedom for the comparison 
of unirradiated and irradiated lines (SO.t, S0.2 and 
S0.3 versus SR.t, SR.2, SR.3, SR.4 and SR.5), two 
degrees of freedom for comparing lines in the unirra- 
diated group, and four degrees of freedom for compar- 
ing lines in the irradiated group. 

T a b l e  9. Analyses of variance for progeny number -- (a) 
data from cultures with twenty pairs of parents, (b) data 

from cultures with five pairs of parents 

Source of va r i a t i on  d . f .  
Mean  sq ua r e s  ( )< t0  ~) 

(a) (b) 

Lines 7 2.76** 2.12"* 
Radiation effect J 11.06" * 1.00" 
Unirradiated 2 0.51 0.08 
I r r a d i a t e d  4 1 .82* 3 .4 t  * * 

Times 1 1.82 0.03 
Lines x Times 7 0.66 0.15 
Error: (a) 16 0.43 

(b) 64 0.20 

*P<O.O5. * * P < o . 0 1 .  

In each analysis in Table 9 the main effect for lines 
was significant. Part i t ioning of sums of squares for 
lines revealed tha t  progeny number  was significantly 
higher for the unirradiated lines (radiation effect). 
Unirradiated lines agreed closely with each other, but  
there were significant differences between irradiated 
lines for progeny production at both  levels of parental  
crowding. 

By combining t rea tment  codes (i) with (ii) and (iii) 
with (iv) (Table 2), and reducing at  random the num- 
ber of replicate cultures in generation 20 t rea tment  
code (i) from five to two, the da ta  on bristle number  
were analysed as an equally replicated 8 • 2 factorial, 
with eight lines, two times (generations) and seven 
replicates (two replicates with twenty  pairs of parents 
plus five replicates with five pairs). Exclusion of some 
of the results in t rea tment  code (i) was done only to 
facilitate the analysis. The combination of twenty  
and five pair parental  crowding t rea tments  is valid as 
these t rea tments  were imposed only as a means of 

T a b l e  lO. Analyses of variance for mean bristle number in 
progeny females and males 

Source of va r i a t ion  d . f .  
Mean  squa res  

Fema le s  Males  

Lines 7 8.427** 4.956** 
Radiation effect t 53.t44"* 3t.169"* 
Unirradiated 2 0.409 O. 196 
I r r a d i a t e d  4 t . 2 5 6 " *  0 .782  

T i m e s  1 0 .243 0 .048 
L i n e s  X T i m e s  7 0 .229  0.081 
E r r o r  96 0 .344  0 .406 

** P < o .o l .  

increasing the range of the covariate,  i.e. progeny 
number.  

Analyses of variance for mean bristle number  are 
given in Table 10. The lines main effect was the only 
significant source of variat ion with most  of the be- 
tween lines variance due to the significantly higher 
bristle number  in irradiated lines (radiation effect). 
Of the residual between lines variation, the greater  
proport ion was due to irradiated lines though this 
reached significance only in females. 

Covariance analyses showed highly significant error 
regressions of female and male bristle number  on 
progeny number  (see Figure 2). The effect of lines 
adjusted for variat ion in progeny number  remained 
highly significant in both  sexes, and from the adjusted 
line means (Table t l ) ,  it is clear tha t  the radiation 
effect (i.e. the comparison of lines SOA to S0.3 versus 
lines SRA to SR.5) remained the impor tan t  source of 
between line variat ion in mean bristle number.  After 
this adjus tment  for level of crowding, the mean bristle 
number  of the irradiated lines following twenty  gene- 
rations of selection was higher than the mean of the 
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Fig. 2. Mean  br is t le  n u m b e r  a n d  p r o g e n y  n u m b e r  per  cu l ture  
for selection l ines cu l tu red  wi th  five or t w e n t y  pai rs  of pa ren t s ,  
and  t he  error  regress ion l ines for br is t le  n u m b e r  on p r o g e n y  

n u m b e r .  None  of t h e  p a r e n t s  were i r rad ia ted  
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Table 11. Regression over all lines of mean progeny bristle number on progeny number and adjusted 
means [or each line 

Regression coefficient 
Adjusted means of line: 

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

Females 
-- 0.001 5 :~0.0003 21.57 + 2! .91 21.7i 23.49 23.21 22.91 22.70 23.12 
Males 
-- 0.0020~-0.0003 17,31 + 17.44 1 7 . 2 3  18.59 18.26 18.09 1 8 . 1 1  18.60 

+ Standard error of an adjusted mean = 0.14. 

unirradiated lines by  1.3 bristles (0.74 s tandard devia- 
tions) in females and t .0 bristles (0.59 s tandard 
deviations) in males. 

Discuss ion 

These results for artificial selection with concurrent 
irradiation are in general agreement with previous 
work on lines derived from inbred or isogenic stocks. 
Response in the unirradiated control selection lines 
over twenty  generations was 0.27 bristles (calculated 
from the pooled regression coefficient in Table 5) and 
response in the irradiated lines, measured as the 
average difference from the unirradiated selection 
lines over the last five generations, was 1.1 bristles in 
both  sexes. This t.1 bristle response included a bias 
of approximate ly  0.2 to 0.3 bristles due to the direct 
effect of irradiation (Table 3), so tha t  an average 
response of 0.8 to 0.9 bristles is a more realistic esti- 
mate  of the effect of the radiat ion t rea tment .  The 
best est imate of response, free of crowding effect bias, 
was provided by  averaging the adjusted line means in 
Table 1/.  Bristle number  in irradiated lines was 1.3 
bristles higher in females and 1.0 bristles higher in 
males than in the unirradiated lines. 

There was some heterogenei ty in the degree of 
response in our irradiated lines. I r radia ted  line means 
in females at generation 20 varied f rom 1.8 to t .0  
bristles above the level of the mean of the unirradiated 
lines (Table 11). This heterogeneity is not unexpect-  
ed; Roki tzky  (t936) selected over twenty-f ive gene- 
rations for sternopleural bristle number  in single- 
pair  lines from an apparent ly  inbred base population, 
and found tha t  six lines out of the fourteen surviving 
in the irradiated group, and three lines out of twenty  
in the unirradiated group, showed responses of at 
least one bristle. All other lines in both  groups showed 
little or no change in mean. In Roki tzky ' s  experiment  
the small size of the individual lines would increase 
the likelihood of response occurring in only a few of 
the replicates. In larger lines there is a greater  chance 
tha t  useful muta t ions  will occur in each replicate so 
tha t  some response would be expected in all lines. 
Thus the results obtained with one-hundred pair lines 
should be more uniform and in fact all irradiated lines 
did show response above the level of the unirradiated 
lines. 

Clayton and Robertson (t955), using a D. melano- 
gaster stock inbred by  full-sib mat ing for twenty-  

eight generations, selected for increased and decreased 
abdominal  bristle number  (total for two segments) for 
seventeen generations. Responses in the irradiated 
lines, measured as the differences from control means 
in the final generation, were t.4 bristles per segment 
in the high line and 0.3 bristles per segment in the 
low line. No radiation t rea tments  were given to pa- 
rents of the final generation so tha t  these values are 
free of bias due to lower crowding in cultures derived 
from irradiated parents. These results of Clayton and 
Robertson are quite similar to those reported in this 
paper. 

Ki tagawa 's  (1967) results for his strain derived 
from an isogenic stock are also in reasonable agree- 
ment  with our results. In each line selected over 
twenty  generations for high or low two-sternite 
bristle number,  six pairs of parents were selected at  
20% selection intensity.  Radiat ion t rea tments  of 
t500 r X-rays  each generation were given to males 
only, to females only, or to both  males and females; 
there were also unirradiated selection lines and un- 
selected control lines. There was no divergence be- 
tween high and low lines selected without irradiation. 
Most of the irradiated lines showed some response to 
selection, al though response pat terns  were ra ther  
irregular, due perhaps to the combination of high 
selection intensi ty and small population size leading 
to rapid increase in frequency of any effective induced 
mutations.  Increases in the coefficient of variat ion 
were found consistently in lines which responded 
rapidly to selection, but  not in the unirradiated lines 
or in lines which responded more gradually to selec- 
tion. Using the mean deviations of the selected lines 
from the unselected control lines (Table 2 of Kitaga-  
wa), the increased response due to radiation t reat-  
ments,  averaged over all lines, was about  t.3 bristles 
per segment. 

Allowing for differences in selection regime and 
radiation level, the results of all these experiments  
are in agreement and together provide strong evi- 
dence tha t  irradiation can induce mutat ions  useful in 
increasing the response obtained in selection program- 
mes. Heterogenei ty  is a common feature and there is 
also general agreement tha t  the average response is 
small. 

Harrison (1954) selected for increased and decreas- 
ed abdominal  bristle number  with and without con- 
current irradiation using various base populations. 
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Irradiated lines from inbred base populations did not 
respond more than the unirradiated lines. According 
to Clayton and Robertson (1955), Serebrovsky (1935) 
selected for sternopleural bristle number in a presum- 
ed inbred stock and obtained greater divergence in 
the unirradiated controls than in the irradiated lines. 
Scossiroli and Scossiroli (t959), using an isogenic 
stock, selected at t 5% intensity for increased sterno- 
pleural bristle number with concurrent irradiation of 
3000 r X-rays each generation or every alternate 
generation. As compared with its unirradiated con- 
trol selection line, rate of response was significantly 
higher in the line irradiated each generation. Also, 
the line treated every second generation had a mean 
bristle score at least one bristle higher than its un- 
irradiated control from generation 3, although the rate 
of response over the full period of the experiment was 
not significantly different. 

The large response of Scossiroli and Scossiroli's line 
irradiated every generation (the mean was about four 
bristles above its control in generations 9 to t l )  is 
unusual in comparison with the other results dis- 
cussed here. The relatively high radiation dose and 
selection intensity could be important  factors, al- 
though the heterogeneity in response in irradiated lines 
makes the occasional spectacular response not unli- 
kely. In one of Rokitzky's (1936) irradiated lines 
the mean increased by about four bristles over the 
last twelve generations. 

Other evidence comes from artificial selection 
experiments using inbred or isogenic strains of D. me- 
lanogaster t reated with X-rays before beginning the 
selection programme. Clayton and Robertson (1964), 
using three inbred lines, studied the divergence ob- 
tained in five generations of two-way selection for 
abdominal bristle number after varying periods of 
mass-mating in bottle cultures. X-radiation treat- 
ments of 1800 r per generation were given during the 
mass-mating period, but  not during selection. The 
responses were considerably greater than those ob- 
tained using non-irradiated mass-mated or full-sib 
mated base populations, but  even after one hundred 
and forty generations of irradiation prior to selec- 
tion, the average divergence was less than half that  
expected in similar lines from an outbred population. 
Variation between replicates was also quite marked in 
this experiment. 

Large responses following radiation t reatment  have 
been obtained in lines where some genetic variation 
was already present, e.g. in irradiated lines derived 
from hybrid stocks made by  crossing two inbred or 
isogenic lines (Kitagawa 1967, Scossiroli and Scossiroli 
1959). Some residual variation could have existed in 
Scossiroli's (1954) plateaued population -- an irradiat- 
ed line from this population gave a very large res- 
ponse to selection. The isogenic stock of Scossiroli 
and Scossiroli (1959) also may have retained a small 
amount of variation in spite of the isogenization 
process, as there was some tendency for the mean of 

the unirradiated lines to respond to selection. Epista- 
tic interactions enhancing the effect of a new mutant  
on the character under selection may be important,  
and a variable population would be more likely to 
provide suitable gene combinations for their expres- 
sion. There is increasing evidence that  genes with 
large effects on quanti tat ive characters can be im- 
portant  at least in some populations. For sterno- 
pleural bristle number, genes with large effects have 
been found to account for much of the response ob- 
tained in some selection lines (e.g. Spickett and Tho- 
day 1966). 

Fisher (1958) developed a mathematical  relation- 
ship between the magnitude of the phenotypic effect of 
a mutational  change and the probability of it causing 
improved adaptation. The chance for an improve- 
ment in adaptation increases with decreasing magni- 
tude of change and at the limit, when the change is 
very small, the probabili ty of improvement is one 
half. Gregory (1965) found that  the frequency of 
artificially induced mutations increased as the magni- 
tude of the mutational  change decreased and in the 
class with the lowest magnitude of change (showing 
no detectable changes in phenotype and not segreg- 
ating for visible mutations in following generations) 
the mean adaptation (as measured by  yield in peanuts) 
was unchanged, although the variance was greatly 
increased. 

However, in artificial selection experiments large 
responses to selection in irradiated lines generally 
were accompanied by loss of fitness and periods of 
relaxation of selection were often necessary to pre- 
vent  extinction of selected lines (Scossiroli 1954, 
Kitagawa t967). Deterioration in fitness is not un- 
common in unirradiated selection lines even when 
the selected character is one vchich is not closely 
related to fitness in wild populations. Continued 
irradiation has the disadvantage of making reduced 
fitness inevitable, part ly because of its immediate 
effects (such as production of dominant lethals) and 
part ly because it causes a cumulative increase in the 
genetic load. Some mutants with effects on the select- 
ed character could affect fitness directly. Even if 
induced mutations affecting the selection trait  wele 
not in themselves detrimental, they could cause 
the increase in frequency of harmful mutants  linked 
to them. Stone and Wilson (1959) showed that  under 
natural  conditions the genetic load of irradiated 
populations of Drosophila ananassae quickly returned 
to its normal level when exposure to radiation ceased, 
and the experiments of Buzzati-Traverso mentioned 
previously showed that  adaptation may in fact be in- 
creased if irradiation is accompanied by  strong natural  
selection. 

For artificial selection, the usefulness of mutagene- 
sis as a breeding technique would be improved by  
a method combining efficient selection of mutations 
affecting the character under selection with some form 
of selection to maintain a reasonable level of fitness. 
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The two-genera t ion  cycle procedure of Scossiroli 
(t954) was an  a t t e m p t  at  overcoming this  p roblem of 
loss of fi tness.  Gregory (1965) and  others have  sug- 
gested t ha t  ma jo r  m~ ta t i ons  should be recognised 
and  e l imina ted  before selecting for a q u a n t i t a t i v e  
character .  

I r r ad ia t ion  can be useful  in art if icial  selection pro- 
g rammes  if it  is realized t ha t  replicate va r i ab i l i ty  will 
be high and  average response small,  and  t ha t  s imul-  
t aneous  selection for f i tness is essential  if useable 
improved  popula t ions  are to be obta ined.  These 
l imi ta t ions  restr ic t  the pract ical  usefulness of the 
t echn ique  to organisms with a high reproduct ive  
capaci ty ,  and  to s i tua t ions  in which sui table  genet ic  
va r i a t ion  is no t  otherwise avai lable.  Be t te r  selection 
techniques  are required  to take  full adva n t a ge  of the 
p o t e n t i a l i t y  for i m p r o v e m e n t  t h a t  mutagenes i s  offers 
in  these specialized s i tua t ions .  
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from the New South Wales Department  of Agriculture, 
and held a Commonwealth Research Studentship. Our 
thanks to Robin Hall and Tricia Brown for technical 
assistance, to Dr. B. L. Sheldon, C.S.I.R.O. Division of 
Animal Genetics, for providing the inbred line, and to the 
Radio-Therapy Unit, Royal Prince Alfred Hospital, for 
the use of their equipment. 
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