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Summary. Genetic heterogeneity in populations of D. melanogaster has been described for resistance to long-term 
exposure to CO 2 (4 to 5 hours). Crosses between inbred strains, and between strains set up from single inseminated 
females collected in the wild show the importance of additive genes. Genetic activity for resistance and sensitivity 
was found on the X, 2 and 3 chromosomes. 

The mechanism of resistance was shown to be an anoxia effect since the effect of an N 2 atmosphere was the same 
as that  of CO v A study of 18 strains collected in the wild revealed a positive correlation between metabolic rate as 
measured by 02 uptake and mortality under CO2, and negative correlations were found between body weight, and both 
mortality under CO 2 and metabolic rate. These results are consistent with an anoxia effect. A further variable cor- 
related with body weight is resistance to desiccation. Thus the anoxia effect is correlated with factors determining 
the distribution of the species in the wild. 

Introduct ion  

From work done on the genetic architecture of 
resistance to acute stresses, chemical and otherwise, 
it is c lear  (see Parsons, 1973) tha t  resistance in Dro- 
sophila populations is generally under additive genetic 
control, indicating traits peripheral to fitness under 
stabilizing selection (see Mather, t966). Such stresses 
include D.D.T. (Crow, t954, 1957), P.T.U. (phenyl- 
thiourea) (Deery and Parsons, 1972a), chloroform 
and ether (Deery and Parsons, 1972b), and resistance 
to acute levels of irradiation with 6~ y-rays (Par- 
sons, MacBean and Lee, t969; Westerman and Par- 
sons, t973). This probably  applies to m a n y  other 
stresses not normally present in the environment.  In 
addition to being additive, at least some of the genes 
involved are of fairly large effect, since it is not diffi- 
cult to locate regions of chromosomes and even loci 
involved in the control of resistance (and sensitivity). 

Mortalities can be assessed in various ways, namely 
percentage of deaths after the lapse of certain t ime 
periods after exposure to the stress, or by  assessing 
mean longevities following the stress. Both ap- 
proaches have been used but  the lat ter  is more 
tedious than  the former. The lat ter  approach was, 
however, used by  Westerman and Parsons (1973) 
in a s tudy of genetic architectures found after ex- 
posure to a range of doses of 6~ y-rays namely 40, 
60, 80, t00 and 120 krads. The last two doses can 
be described as acute, as death occurred rapidly fol- 
lowing exposure, most  flies dying within 24 hours. 
For the other doses longevities are greater, and of 
course increase as the dose decreases. These doses 
can perhaps therefore be described a sub-acute. The 
acute doses show additive genetic control, whereas 

the sub-acute doses show additive effects to be rela- 
t ively unimpor tant  and indeed non-additive effects 
turn out to be relatively more important .  An ana- 
logous result was found for data  on flies exposed to 
the high tempera ture  of 29.5 ~ for 24 hours (Par- 
sons, t966), where longevity is reduced to tha t  found 
for the 40 to 80 krad range. Acute tempera ture  stres- 
ses have yet to be tested. 

So far, therefore, the results indicate additive gene- 
tic control of resistance to extremely acute environ- 
mental  stresses, but  less addit ivi ty if the stresses are 
less acute. Longevi ty  per se, as assessed in control 
flies, shows additive and non-additive variat ion in 
some, but  not all cases, and in any event the effects 
are not of the same order of magnitude as found under 
6~ y-irradiation. This is reasonable, as longevity 
is probably  not subject either to very intense stabiliz- 
ing selection which leads to additivity,  or directional 
selection which leads to dominance effects in the 
direction of increased longevity. 

In this paper, we will discuss a further stress, 
namely exposure to a CO 2 atmosphere over a number  
of hours. This differs from the situation described 
by  L'H~rit ier  and Teissier (1937), who found flies 
sensitive to even a th i r ty  second exposure to CO,, 
which is due to a cytoplasmic particle with virus-like 
properties. Such strains are common in D. melano- 
gaster from Europe and some areas of South America 
at least (Kalmus, Kerridge and Tattersfield, f954), 
but  we have not detected any locally. The virus, 
referred to as sigma, can grow normally and produce 
sensitivity after inoculation into several other spe- 
cies of Drosophila but  not other genera (L'H6ritier,  
195t, 1957). In D. a/finis and D. athabasca, cyto- 
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p lasmic  CO s s ens i t i v i t y  seems to follow the  D. mela- 
nogaster p a t t e r n  (Wil l iamson,  196t).  

The  p r e l i m i n a r y  resul t  upon  which  th is  s t u d y  was 
based  comes f rom Matheson  and  A r n o l d  0973) ,  who 
found  va r i a t i on  among  e ighteen  s t ra ins  re fer red  to  
as LM stra ins ,  set  up  f rom single i n s e m i n a t e d  females  
f rom a wi ld  popu la t i on  a t  Leslie Manor,  Victor ia ,  
a f te r  6 hours  of exposure  to  CO v This  resul t  indi-  
ca tes  t h a t  the  founder  females  differ  gene t ica l ly ,  and  
hence  t h a t  t he  popu la t i on  in the  wi ld  is p o l y m o r p h i c  
for genes cont ro l l ing  the  t ra i t .  This  is so, no t  on ly  
for the  o the r  s tress  t r a i t s  men t ioned  above,  b u t  also 
for a n u m b e r  of o the r  morpho log ica l  and  b e h a v i o u r a l  
t r a i t s  (Parsons ,  Hosgood  and  Lee, 1967). L ike  the  
o the r  s t ress  t r a i t s  re fer red  to,  CO 2 is ra re ly ,  if ever,  
encoun te red  in the  e n v i r o n m e n t  a t  the  concen t ra -  
t ions  used,  even t hough  i t  is ub iqu i t ious  in the  bio-  
sphere  in low concent ra t ions .  Six hours  of exposure  
to  CO s does,  however ,  form an acu te  s t ress  as def ined  
above  wi th  m a i o r  m o r t a l i t y  occurr ing  wi th in  24 hours  
of exposure .  

M e t h o d  

Flies were exposed to CO 2 by placing them in a plastic 
desiccator which was then flushed with CO 2 for one minute 
before being sealed for 4112 hours. Variat ions from this 
t ime will be noted where necessary. In  order to control 
humidity,  wet fi l ter paper  was placed in the bo t tom of 
the desiccator. In  any case, mor ta l i ty  effects due to 
desiccation with a really effective desiccant only begin 
after fourteen to sixteen hours exposure (Parsons, 1970), 
and so the possibi l i ty of desiccation effects was regarded 
as un impor tan t  in this study.  For  t rea tment ,  flies were 
shaken into 2" • t "  glass vials whose open ends were then 
covered with cheesecloth secured with a rubber  band. 
After  t rea tment ,  flies were placed into vials with food, 
and mor ta l i ty  scored after twenty  four hours. This tech- 
nique differs from tha t  used by  Matheson and Arnold 
(1973), who exposed flies in a plast ic  gas chamber with 
CO 2 bubbling through water  continuously into the chamber 
for 51/2 to 6 hours. However, both techniques gave com- 
parable  results. 

Exper iments  were carried out  two to four days after 
eclosion, since a prel iminary experiment  showed a marked 
increase in mor ta l i ty  with age, but  over the two to four 
day  period there was l i t t le  change. I t  is an any case 
reasonable to control ageing, since i t  is known tha t  con- 
siderable changes in metabolic rates occur with age in 
flies; older flies generally having lower metabolic rates 
than younger flies. In  fact Lints  and Lints  (1969) ob- 
served tha t  maximal  respirat ion occurred between five 
and ten days after eclosion and declined s teadi ly there- 
after, unti l  a t  f if ty days oxygen consumption was one or 
two sevenths of the maximal  rate.  Since a stress t ra i t  
such as CO~ must  interfere with metabolic processes, age 
is a variable tha t  must  be s tandardized for genetic ana- 
lyses. 

Flies vcere tested at  25 ~ except for one experiment  a t  
20 ~ 

The results were scored as percentage mortali t ies.  The 
angular t ransformation was applied before analyses to 
avoid a dependence of the variance on the mean. 

In  general in the interests  of space, da ta  for female mor- 
ta l i t ies  only will be presented. With  few exceptions the 
male mor ta l i ty  da ta  gave a similar picture, however 
overall  mor ta l i ty  in males was sl ightly greater  than in 
Females, as is usual for stress trai ts .  

Table I a. Mean mortalities of females after exposure to 
CO 2 based on three replicates. The data are for four inbred 

strains and the hybrids between them 

Male parent 

Y1 Y4 N4 OR 

Female Yt 64.44 39.32 47.58 57.26 
parent  Y4 49.93 78.80 79.t8 71.61 

N4 46.79 84.00 65.03 57.16 
OR 58.19 72.48 77.11 74.97 

Table t b. Combining ability analysis of hybrid female 
mortalities in Table I a 

Source of variation d.f. m.s. F 

General combining abi l i ty  3 566.1t t 1 . | 8 "**  
Specific combining abi l i ty  2 204.43 4.04* 
Reciprocal 6 44.54 0.88 
Error  64 50.66 

* P ~ 0.05; *** P ~  0.001 

R e s u l t s  

a. Inbred Strains and Hybrids 

F o u r  inb red  s t ra ins  t h a t  had  been s i b - m a t e d  for 
a t  least  th ree  h u n d r e d  genera t ions  were crossed in all  
poss ible  combina t ions .  Mean mor ta l i t i e s  over  th ree  
rep l ica tes  are  given in Table  I a r r anged  as a 4 •  
dia l le l  cross. The  d a t a  were ana lysed  us ing Grit-  
r ing 's  (t956) mode l  o m i t t i n g  the  inb red  s t ra ins  them-  
selves, since t h e y  differ  in genet ic  a rch i t ec tu re  from 
the  hybr ids .  A large s igni f icant  genera l  combin ing  
ab i l i t y  effect was found  which ind ica tes  add i t i ve  
genet ic  differences be tween  s t ra ins .  The  specific com- 
b in ing  a b i l i t y  was smal le r  b u t  s ignif icant  a t  the  5 % 
level  ind ica t ing  some dominance  effects, b u t  even so, 
add i t i ve  genet ic  cont ro l  is much  more  i m p o r t a n t .  
The  lack  of s ignif icance of rec iprocal  effects ind ica tes  
the  lack  of i m p o r t a n c e  of m a t e r n a l  of cy top l a smic  
effects,  in con t r ac t  wi th  the  cy top l a smic  CO 2 sensi- 
t i v i t y  discussed in the  in t roduc t ion .  

b. Strains set u p / r o m  Single Inseminated Females 
Collected in the Wild  

F o u r  s t ra ins  set up  from single i n s e m i n a t e d  females  
col lected a t  Leslie Manor  (LM stra ins)  which based  
on Matheson  and  Arno ld ' s  (1973) resul ts  were ex t reme ,  
two be ing  sensi t ive  and  two res i s tan t ,  were crossed in 
all  poss ible  combina t ions  in two rep l ica tes  to  give 
a 4 x 4 dia l le l  cross (Table  2). (Note: d a t a  analogous  
to  the  or iginal  d a t a  of Matheson  and  Arno ld  a p p e a r  
in Tab le  6, and  an analys is  of va r i ance  in Tab le  7b  
shows clear  differences be tween  s t ra ins . )  In  th is  case 
the  model  of Gr i t t ing  (t956) inc luding  the  s t ra ins  
themse lves  was used,  as there  is no reason to  suspect  
t h a t  the  genet ic  a rch i t ec tu res  of the  s t ra ins  themsel -  
ves should  differ  g r e a t l y  f rom the  genet ic  archi tec-  
tures  of crosses be tween  s t ra ins .  
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Table 2a. Mean mortalities of females based on two repli- 
cates. The data are for four L M  strains and crosses between 

them 

Male parent 

LM22 L M 2 9  LM34 LM3 

Female LM22 86.49 84.77 7 0 . 8 3  79.12 
parent LM29 8 0 . 5 3  5 5 . 9 0  7 4 . 3 3  48.36 

LM34 63.00 54.90 59.63 54.95 
LM3 76.87 54.85 56.61 53.50 

Table 2b. Combining ability analysis of female mortalities 
in Table 2a 

Source of variation d.f. m.s. F 

General combining ability 3 2338.37 t9.77"** 
Specific combining ability 6 290.09 2.45 
Reciprocal 6 336.78 2.84 * 
Error 15 118.26 

�9 P~0 .05 ;  *** P~0.501 

The general combining ability was large and signi- 
ficant, again indicating additive differences between 
strains. The specific combining ability was not signi- 
ficant indicating the lack of importance of inter- 
actions in the determination of the trait. Reciprocal 
effects were just significant at the 5% level, but this 
isolated result cannot be taken as any indication of 
reciprocal effects of general importance. The high 
level of additive genetic control in the two experi- 
ments just described points to the likelihood of fairly 
readily finding out more about the genetic archi- 
tecture of resistance to COz. 

c. Chromosomal Analyses  

General. The first step was to examine briefly the 
situation at the chromosomal level by  attempting 
to locate genetic activity to chromosomes using the 

Table 3. F values for female data from analyses of variance of percentage morta- 
lities for two pairs of  strains LM22 and LM34,  and LM29 and L M 3  using the 
chromosome assay technique of Kearsey and Kofima (t967).  Al l  F values are for 

one degree of freedom, and entries are made in the table only where P < 0.o5 

Source of Chromosome variation 

technique of Kearsey and Kojima (1967). This tech- 
nique consists of taking two strains A and B, and 
by the use of a triple marker stock marking each of 
the three major chromosomes, eight true breeding 
substitution lines AAA, AAB, ABA, ABB, BAA, 
BAB, BBA and BBB can be built up where the 
sequence of the letters corresponds to the source of 
the X, 2 and 3 chromosomes. Two pairs of strain 
contrasts were carried out, namely strains LM22 and 
LM34, and strains LM29 and LM 3 (Table 3); the 
former strain in each pair being sensitive and the 
latter resistant. As can be seen in Table 3, significant 
additive differences occurred between strains LM22 
and LM34 for chromosomes X and 2, and there was 
a significant dominance effect in chromosome 2. The 
other pair only gave a dominance effect for the X, 
however, the male data (not presented) gave additive 
effects for the X and 2 chromosomes. These pre- 
liminary results taken with the diallel cross data, 
although not conclusive, at least confirmed the need 
to look at each of the major chromosomes in detail in 
various strains. 

Detailed intrachromosomal analyses. Experiments 
were designed to test for the effects of different 
regions of the three major chromosomes on CO~ 
resistance. The tester stock was crossed to a stock 
marked with three or four recessive mutants  on 
a given chromosome, and the F, females backcrossed 
to the marker stock, so giving a number of progeny 
genotypes. Analyses of variance, splitting the strain 
effects into t d.f. components indicate the effects of 
the regions of chromosomes marked by given mutants.  

A summary of results for four LM strains and two 
inbred strains is given in Table 4 for the X chromo- 
some using the marker stock sc cv v [, the four loci 
being at 0, 13.7, 33.0, and 56.0 respectively. Differ- 
ent regions of significant sensitivity were found in 
three strains indicating the likelihood of a number of 

genes controlling C Q  resistance. 

For the chromosome 2 analysis 
the stock al cn bw was used, the 
loci being at 0, 57.5 and t04.5 
respectively, and the F values 

Strain contrast obtained are given in Table 5 a, 
. . . . . . . . . . . . . .  showing mainly resistant regions 

22-- 34 29-- 3 a 
(over 6 replicates) (over 3 replicates) in contrast with the X chromo- 

some, especially in the alcn  re- 
Additive (a) X 7.4t ** -- 

2 8.93** -- 
3 -- -- 

Dominance (d) X -- 8.45 * * 
2 9.35** -- 
3 - -  - -  

d X d b 2 • 3 3.99* 

* P<0.05 ,  * * P < 0 . 0 t  

a Male data show additive effects significant at P < 0.00t for the X and 2 chro- 
mosomes 

b All other interactions are insignificant. 

gion of the chromosome. 

For the chromosome 3 analysis 
the stock ru st ca was used, the 
loci being at 0, 44.0 and t00.7 
respectively, and the F values 
are given in Table 5b, showing 
mainly resistant effects especi- 
ally for the ca region. The ru 
region shows sensitivity in one 
strain and resistance in another 
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Table  4. F values for female data from analyses of variance of percentage mortalities for four L M  
strains, and two inbred strains to determine the regional effects of the X chromosome. AII F values are 

for one degree of freedom, and entries are made in the table only for P < o.o 5 

LM straina Region of 
chromosome 

LM22 LM23 LM25 LM34 

S C  . . . .  

cv -- --  6.7t ***( - - )  --  
v --  5.86* ( - - )  - -  --  
f . . . .  

scXcv d 5.16" ( + )  -- --  --  

Inbred strainb, c 

Y~ 

--  6.85* (--)  

* P < 0.05; *** P < 0.ool; + signifies resistance; -- signifies sensit ivi ty.  
a Two of the LM strains in Tables 4 and 5 differ from those in Tables 2 and 3, but extreme strains were 

chosen in all cases. 
b Some of the inbred strains used differ from Tables I and 5 because of difficulties in breeding inbred 

strains at various times. 
c For these tests the cv region was ignored because of insufficient flies. 
d All other interactions were insignificant. 

Table  5. F values for female data from analyses of variance of percentage mortalities for four L M  strains a and three inbred 
strainsa to determine the regional effects of chromosomes 2 and 3. Al l  F values are for one degree of freedom, and entries 

are made in the table only for P < 0.05 

a. Chromosome 2 

Region of LM22 LM23 LM25 LM34 Y1 Y2 N~ chromosome 

al --  --  --  6.02* ( + )  7 .35***(+)  6,98* ( + )  30 .30***(+)  
cn --  14 .35"** (+ )  13 .43"*(+)  21.56"* ( + )  5.95** ( + )  8.93** ( + )  -- 
bw . . . . . . .  
al• --  -- --  6.02* ( + )  --  11 .18"** (+ )  6.33* ( + )  
cn• . . . . . .  6.14" ( + )  
a l •215  b . . . . . .  9.23** ( + )  

b. Chromosome 3 c 

ru --  4.38* ( + )  --  -- 5.49* (--)  --  --  
st . . . . . . .  
ca 5.73*(+)  1 2 . t 6 " * * ( + )  --  12 .96"** (+ )  --  22 .96***(+)  -- 

+ signifies resistance; -- signifies sensitivity; * P < 0.05; ** P < 0.01 ; *** P ~ 0.001. 
a See footnotes a and b to Table 4. 
b The al • bw interaction was not significant. 
c No significant interactions were found. 

w i t h  no  s i g n i f i c a n t  e f fec t s  a s s o c i a t e d  w i t h  t h e  st 
reg ion .  

F i n a l l y ,  an  ana lys i s  of t h e  v e r y  sho r t  c h r o m o s o m e  
4, u s i n g  m a r k e r s  spa, ci a n d  sv ~, r e v e a l e d  no  s igni-  
f i c a n t  effects .  

T h e  conc lu s ion  to  be  d r a w n  is r a t h e r  s im i l a r  to  
D e e r y  a n d  P a r s o n s '  ( t 972b )  ana lys i s  of e t h e r  resis-  
t ance ,  in t h a t  t h e r e  a re  i n d i c a t i o n s  of genes  c o n t r o l -  
l ing  v a r i a t i o n s  in r e s i s t ance  a n d  s e n s i t i v i t y  in v a r i o u s  
p a r t s  of  t h e  t h r e e  m a j o r  c h r o m o s o m e s ,  a n d  t h a t  t h e  
v a r i o u s  s t r a in s  d i f fe r  b e t w e e n  each  o t h e r  in r e g a r d  to  
r eg ions  of r e s i s t ance  or  s e n s i t i v i t y .  T h e  re su l t s  a re  
t h e r e f o r e  c o n s i s t e n t  w i t h  M a t h e r ' s  (1942, t943)  pos-  
t u l a t e  t h a t  d i f f e r en t  s t r a in s  s h o u l d  c a r r y  c o m b i n a -  
t i ons  of genes  p r o d u c i n g  a n e t  e f fec t  w h i c h  is re la -  
t i v e l y  i n t e r m e d i a t e .  T h e  p r e s e n t  r e su l t s  s h o w  v a r i a -  
t i ons  in speci f ic  c h r o m o s o m a l  reg ions ,  w h i c h  sug-  
ges t  t h a t  t h e r e  are  n o t  a m u l t i p l i c i t y  of p o l y g e n e s  

each  h a v i n g  a sma l l  e f fec t  on CO, r e s i s t ance  s c a t t e r e d  
t h r o u g h o u t  t h e  g e n o m e .  R a t h e r  t h e  s i t u a t i o n  is one  
of genes  or  gene  c o m p l e x e s  w i t h  d i f f e r ing  b u t  r ea son -  
a b l y  l a rge  a d d i t i v e  effects .  E v e n  so, t h e  i m p r e s s i o n  
is t h a t  a reas  of CO 2 r e s i s t ance  a n d  s e n s i t i v i t y  a re  n o t  
as c lear  c u t  as for  m o r e  speci f ic  c h e m i c a l  s t resses  such  
as D . D . T .  a n d  e ther .  I t  is of i n t e r e s t  t h a t  t h e  sensi-  
t i v e  r eg ions  are  m a i n l y  on t h e  X c h r o m o s o m e  a n d  
t h e  r e s i s t a n t  r eg ions  on  c h r o m o s o m e s  2 and  3, b u t  
m o r e  d a t a  on m o r e  s t r a in s  a re  n e e d e d  for  g e n e r a l i z a -  
t ions ,  e spec i a l l y  as s o m e w h a t  d i f f e r en t  s t r a ins  were  
used  in d i f f e r en t  e x p e r i m e n t s  (see f o o t n o t e s  to  
T a b l e  4). 

d. The Mechanism o[ Resistance 

F r o m  s tud ie s  on v a r i o u s  insec t s  t h e r e  has  been  
s o m e  c o n t r o v e r s y  as to  w h e t h e r  t h e  a n a e s t h e t i c  e f fec t  
of CO~ is speci f ic  to  COy or  w h e t h e r  i t  is j u s t  a gene r -  
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alized anoxia effect (Edwards and Patton,  t965; 
Brooks, 1965). During anoxia, certain changes take 
place in metabolism which normally result in the 
building up of an oxygen debt (Gilmour, t965), 
which occurs by  switching to metabolic pa thways  
which are not oxygen dependent but  are usually less 
efficient in energy production enabling survival for 
a time. The survival t ime depends on the energy 
requirements of particular organs in the individual 
concerned, and these may  be measured in a general 
way as the overall metabolic rate  before anoxia. The 
higher this is, the greater the energy requirement 
during anoxia and the shorter the length of t ime 
tha t  the organism would be expected to survive. 
Assuming an anoxia effect, it would be expected tha t  
exposure to the inert gas Nz should mimic CO~, 
whereas if CO~ acted as a direct poison this would not 
necessarily be so. Figs. t a and t b give percentage 
mortalities of females after exposure to various dose~ 
of CO S and N, for four LM strains, from which it can 
be seen tha t  regressions on t ime are significant, and 
furthermore tha t  the equations of the regression lines 

o 

80 

7O 

6O 

5O 

4O 

/ ' 1 1 1  Symbol Strain 

=' i I ,  .e o . 

~' regresl~n 

.J I ?, 
@ f l  I ! I I I 

30 

20 f / '  

10 

$ 2 3 4 5 $ 

HOURS AFTER EXPOSURE TO CO 2 OR H 2 

Fig. t. Mean female mortalities (angular values) after exposure 
to periods of CO~ and N 2 for periods up to 6 hours for strains 
LM3,  20, :26 and 28. The equation of the overall regression 
line for CO 2 is y = 62.57 + 16.19(x--5), and for N 2 

y = 6t.86 + 17.49 (x -- 5) 

are very similar. The regression coefficients in fact 
do not differ significantly. This would lend support  
to the anoxia hypothesis. 

The similarity of effects of CO 2 and N, is given 
further support  by  a Lest of mortalities of 15LM 
strains to CO S and N, respectively. Correlation 
coefficients between the mortalities to the two gases, 
strain by  strain, were +0.623 in females and +0.744 
in males, the former being significantly different from 
0 at the 5% level and the lat ter  at the 1% level. 
Therefore over a series of strains considerable simi- 
larities were found. 

A further confirmatory experiment on four strains, 
LM 3, LM22, LM29, and LM34 , was carried out by  
exposing the strains to CO S and N 2 for a total  of 
5 hours as follows: 

1. 5 hours in CO 2 only 
2. I hour in CO S then 4 hours in N 2 
3. 2 hours in CO S then 3 hours in N, 
4. 3 hours in COz then 2 hours in N 2 
5. 4 hours in CO 2 then t hour in N, 
6. 5 hours in CO, only. 

No differences in t rea tments  were observed, since 
5 hours of exposure lead essentially to 100% morta-  
lity in all cases as might  be expected, since most 
tests leading to differential mortalities were carried 
out for 4z/2 hours of exposure. 

Therefore the anoxia effect seems more likely 
than a specific poisoning effect. If  this is so, then 
there should be a relationship between metabolic 
rate and mortali ty.  This can be looked at first by  
considering fly sizes since this may  be impor tant  in 
determining the rate of penetration of CO v Further,  
metabolic rate and body weight are related approx-  
imately by  the equation: 

Metabolic rate ---- k W b , 

where k = constant,  W = body weight and b = 0.73 
for ectotherms including insects (Prosser and Brown, 
t96t) .  Any genetic differences in body weight should 
then affect metabolic rate, and as a consequence 
resistance to anoxia, so tha t  if CO 2 kills b y  anoxia, 
then morta l i ty  should be related to body weight. 

A direct way of assessing metabolic rate is to 
measure oxygen uptake in a Warburg respirometer 
according to the method outlined in Umbreit ,  
Burris and Stauffer (t964). In Table 6, mean body 
weights (of 10 flies per sex per strain) and mean 
mortalities are given for flies grown at a density of 
25 larvae per vial, as well as metabolic rates expressed 
as microlitres of oxygen consumed per hour per 
milligram of body weight grown at two larval 
densities, 25 and 50 per vial. Da ta  for both  sexes 
are presented for t8 LM strains. Analyses of vari-  
ance of these data  are given in Table 7a, b and c. 
In all cases a sexes effect occurs as would be expected. 
The strains effects are highly significant for mean 
body weights and CO S mortalities, but  only border 
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Table 6. Mean body weights, CO S mortalities, and metabolic rates of x8 L M  strains 

Strain 

Mean body weights 
(mgm) 
(based on 10 flies) 

Females Males 

Metabolic rates -- expressed as microlitres of 
COs 02 consumed per hour per mg body weight. mortalities 
(%) 25 larvae per vial 50 larvae per vial 
Females Males Females Males Females Males 

1 1.02 0.76 
2 1.44 0.94 
3 1.44 0.97 

20 1.43 0.85 
21 1.48 0.87 
22 1.26 0.83 
23 1.51 0.94 
24 t .08 0.73 
25 1.48 0.84 
26 1.48 0.8t 
27 1.65 0.88 
28 1.47 0.90 
29 1.45 0.87 
30 1.06 o. 75 
3t 1.65 O.95 
32 1.58 O.97 
33 1.49 o.9o 
34 1.42 O.84 

10o 10o 0.50 0.62 0.36 0.55 
42 96 0.26 0.38 0.27 0.35 
84 89 0.52 0.42 0.25 0.38 
86 IO0 0.44 O.42 0.39 O.34 
39 82 O.39 O.33 O.68 O.38 
97 94 O.63 0.45 O.68 0.45 
12 47 0.43 0.36 0.60 0.25 
79 IO0 0.61 O.36 0.54 o.36 
93 100 0.51 o.54 o.82 0.32 
88 100 0.49 o.43 0.5o 0.36 
48 84 0.41 0.55 0.60 0.45 
62 lo0 0.47 0.35 0.47 0.28 
57 97 O.45 0.57 0.4o O.58 
54 100 0.65 0.51 0.56 0.44 
58 93 0.44 0.36 0.62 0.54 
91 100 0.34 0.33 0.56 0.38 
58 65 0.50 0.37 0.51 0.60 
54 84 0.42 o.34 0.51 o.28 

Table 7. Analyses of variance of the data in Table 6 

a. Mean body weight 

Source of variation d.f. m.s. F 

Strains t7 0.20 14.13"** 
Sexes 1 25.26 t804.45 *** 
Strains • Sexes 17 0.24 16.95 *** 
Error 324 0.01 

b. CO 2 mortalities 

Strains 17 757.39 7.51 *** 
Sexes 1 5673.26 26.27 *** 
Replicates I 180.88 1.79 
Strains • Replicates t 7 212.67 2.11 * 
Error 35 100.82 

c. Metabolic rates 

Strains t 7 0.0178 1.60 + 
Sexes 1 0.1139 10.26"** 
Larval density t 0.0028 0.25 
Error 52 0.0111 

d. Correlation coefficients over 18 strains (the probabilities 
refer to the significance of deviations from o) 

Females Males 

Body weight -- CO 2 mortal i ty --0.52* --0.52* 
Body weight -- metabolic rate a --0.43 + --0.66"* 
CO 2 mortali ty -- metabolic rate a +0.48 * +0 .62"*  

+ P < 0 . 1 0 ;  * P ~ 0 . 0 5 ;  ** P ~ 0 . 0 t ;  * * * P ~ 0 . 0 0 1  
a Based on mean values over the two competition levels used. 

on significance for metabol ic  rates. These results 
show genetic he terogenei ty  for these t ra i ts  in na t u r a l  
popula t ions  as expected (see in t roduct ion) .  

T u r n i n g  to the  correlat ions between the t ra i ts  
(Table 7d), there is a posit ive correlat ion be tween 
metabol ic  rates and  CO, morta l i t ies  as predicted 
for an anoxia  effect, and  negat ive  correlations occur 
be tween body  weights and  bo th  CO, morta l i t ies  and  
metabol ic  rates  as also is predicted.  I t  is clear tha t  
the evidence favours an anoxia  effect. 

A f inal  po in t  in conf i rmat ion  comes f r o m ' t e s t i n g  
flies with CO 2 or N 2 at 20 ~ and  25 ~ since it  is 
wel l -known tha t  metabol ic  rates of insects increase 
over the non- le tha l  range (Prosser and  Brown, 1961), 
and  this has been specifically demons t r a t ed  in D. 
melanogaster (Hunter ,  t964). Therefore at 25 ~ the 
anoxia  effect would be expected to be more severe. 
The mor t a l i t y  was greater  at 25 ~ t h a n  20 ~ for 
four LM st ra ins  (Table 8a) for exposure to bo th  
gases for 4 hours,  and  again there are no overall  
differences between gases (Table 8b) as predicted. 

D i s c u s s i o n  

The genetic basis of CO 2 resistance is in good 
agreement  with other  chemical  stresses in showing 
a high level of addi t ive  genetic control  as discussed 
in the in t roduc t ion .  However,  CO 2 is a stress of 
a more general  k ind  t h a n  chemicals such as ether, 
D.D.T.  and  P.T.U. ,  which p re sumab ly  act by  inter-  
act ing in various ways with specific metabol ic  
pa thways  (see Deery and  Parsons,  t 972 a, b). Because 
of this, it  seems likely t ha t  ob ta in ing  a detai led 
overall  idea of the genetic archi tecture  of CO, 
resistance will not  be easy. Even  so, regions of 
chromosomes involved  in CO 2 resistance were easily 
located. Fur the rmore ,  genes have been located for 
body  size (Thoday, Gibson and  Spickett ,  t963) 
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Table 8a. Mean mortalities (over 4 replicates) in four L M  strains after treatment with CO 2 or N z at either 
20 ~ or 25 ~ 
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Gas CO 2 Na 

Temperature 25 ~ 20 ~ 25 ~ 20 ~ 

Strain Females Males Females Males Females Males Females Males 

LM3 90.00 89.05 49.11 90.00 82.66 90.00 68.53 83.52 
LM22 75.74 79.91 58.t8 76.51 77.56 75.56 65.06 90.00 
LM29 66.09 83.84 25.52 58.76 77.t0 90.00 44.29 62.70 
LM34 72.25 83.44 60.04 6t .42 65.89 73.92 64.39 78.75 

b. Analyses of variance of the data in Table 8a 

Females Males 
Source of variation 

d.f. m.s. F d.f. m.s. F 

Strains 3 l 135.21 
Temperatures 1 7412.13 
Gases 1 589.21 
Strains • Temperatures 
Temperatures x Gases 
Error 58 331.77 

3.42* 3 212.40 1.22 
22.34*** 1 2045.30 11.73"* 

1.78 t 300.53 1.73 
3 71o.74 4.07* 
1 1340.66 7.69"* 

54 t74.43 

* P ~  0.05; ** 2J ~ 0.01; *** P ~ 0.001 

which are largely additive in effect. Presumably  
there will be a high level of correlation between the 
genetic architecture of body size and the anoxia 
effect as indicated by  the high correlations between 
the two trai ts  in the strains under study. The situa- 
tion m a y  not, of course, be quite as simple as this, 
since there m a y  be mechanisms affecting anoxia 
independent of body weight. 

COs resistance, therefore, like body size is largely 
under stabilizing selection. COs is normally found 
in small concentrations outside the body, and in 
higher concentrations inside the body. In  any 
aerobically respiring organism, COs is produced in 
respiring tissues, and is t ranspor ted to specialized 
organs for release to the atmosphere.  Where the 
atmosphere consists entirely of CO2, as in the ex- 
perimental  conditions, t ranspor t  will take place in 
the reverse direction. Under normal conditions 
this would not occur in Drosophila, as CO s is not 
found in such concentrations in the natural  environ- 
ment.  Variabil i ty in resistance to CO s (and N~) must  
therefore be related to other factors, and body size 
is clearly one. Therefore in this case the observation 
tha t  the population is polymorphic for anoxia, a stress 
not encountered in nature, is not surprising, con- 
sidering the association with body weight. 

I t  is thus worth considering body weight and its 
possible relationship with other environmental  stresses. 
Parsons (1970) showed tha t  there is genetic variabil i ty 
in natural  populations for the ability to tolerate 
desiccation as measured by  morta l i ty  over 16 hours. 
He found a high correlation between body wet and 
dry  weights, with resistance to desiccation. Desic- 
cation is, of course, a stress to which natural  popula- 
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tions are exposed in the wild for which variabil i ty 
might be expected in natural  populations. 

Using the same genetic approach as described in 
this paper, Deery and Parsons (t972b) studied 
resistance to ether as measured by  mortalities under 
standardised experimental  conditions. Additive gene- 
tic control was found, and some chromosomal regions 
for resistance and sensitivity detected, but  for this 
t rai t  no association with body weight was detected. 
Similarly, there seemed to be no association with 
body weight for chloroform resistance, which in 
itself showed no association with ether resistance. 
This latter observation is not surprising since the 
two anaesthetics are chemically different and there- 
fore may  be expected to interfere with different 
metabolic pathways.  Trai ts  such as ether and chloro- 
form resistance, being more specific chemical stresses 
than COs, are wor thy of detailed s tudy from the 
genetic architecture point of view because of the 
possibility of extrapolating any general principles 
found to chemical stresses found in the environment  
such as insecticides. The additive genetic architecture 
found for many  chemical stresses including insecti- 
cides has implications for insect control, since the 
application of the stress is a form of directional 
selection favouring the survival of the carriers of 
resistant genes. Since these genes are fairly large in 
effect and additive, rapid responses to selection would 
be expected to specific chemical stresses, as has been 
found for D.D.T. (Crow, 1954; King and Somme, 
1958). Thus it is not surprising tha t  the rapid develop- 
ment  of insecticide-resistant strains occurs in nature. 
The more generalized the stress (and the anoxia 
effect fits this category), the less rapid would be 
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any  response to selection, because the genetic archi- 
tecture  of such a t ra i t  is l ikely to be more complex, 
since m a n y  more physiological processes are involved.  

General ized stresses are not  therefore likely to be 
of any  significance in insect  control  as compared 
with specific stresses. On the other  h a n d  the likeli- 
hood is tha t  genetic he te rogene i ty  for a general ized 
stress m a y  reflect someth ing  of ecological or physio- 
logical significance. The anoxia  effect is of ecological 
significance in being associated wi th  body  weight,  
and  most  impor t an t ly ,  resistance to desiccation. 
Var ia t ions  in resistance to anoxia  are therefore 
associated with factors de t e rmin ing  the d i s t r ibu t ion  
and  surviva l  of the species in different env i ronmen t s .  
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