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Abstract. The effects of interaction between continuous exposure to different low CO, concentrations
(0% and 5%) and temperatures (14 and 25°C) on several life-history traits were studied in the two sibling
species D. melanogaster and D. simulans. The various combinations of the two factors were applied dur-
ing egg-to-adult development and during adult life.

Developmental duration was increased by CO,, particularly at low temperature (14°C), and viability re-
duced. At low temperature, body size was increased, although wing-length variation was reduced by CO,
in this condition. The fecundity of flies reared at low temperature was reduced due to a decrease in the
number of ovarioles while carbon dioxide often improved egg production in both species. CO,, unlike
temperature, did not appear to be a powerful selective factor, but modified the expression of certain traits,
being, in some cases, beneficial to the flies.

INTRODUCTION

The two widespread sibling species, Drosophila melanogaster and D. simulans, are
confronted with variations in environmental factors over the greater part of their geo-
graphical area, from the Equator to 52 and 45° latitude respectively. Both species, laying
eggs and developing on decaying fruits, experience increases in CO, concentration due to
fermentation during certain stages of their life cycle, as well as changes in temperature due
to seasonal variation in temperate regions. The effects of these factors have been well
studied separately, but their interaction is less fully documented.

Temperature variation has long been identified as a primordial factor in the develop-
ment and morphogenesis of insects, in general, and of Drosophila, in particular (David &
Clavel, 1966, 1967, McKenzie, 1978), and has been identified as a selective factor for ge-
netic variations in natural populations, including seasonal and geographical variations in
Drosophila (Boulétreau-Merle et al., 1986, 1992).

Various effects of carbon dioxide on insects are also known, and have been reviewed by
Nicolas & Sillans (1989). CO, induces narcosis and modifies respiration, cardiac activity
and behaviour; as a modifier of susceptibility to insecticides, it is used for the disinfesta-
tion of fruits and stored seeds (Bailey & Banks, 1980; Whiting et al., 1992; Locatelli &
Daolio, 1993). In Drosophila, the sigma virus induces sensitivity to short pure CO, expo-
sure (L’ Héritier, 1948). Continuous exposure to low concentrations (< 20%) during devel-
opment induces proportional modifications in developmental duration, viability and adult
size (Boulétreau et al., 1984). Similar indirect effects have been observed in a lepidopteran
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reared on its host plant, grown in a high CO, concentration (Fajer et al., 1989; Bazzaz,
1990).

Comparative studies have already been performed between the two sibling species: D.
simulans appears to be more sensitive to short-term exposure to pure CO, at high tempera-
ture, with longer recovery (McCrady & Clark, 1983), and the more sensitive to continuous
exposure (Boulétreau et al., 1984).

This paper presents interaction effects of continuous exposure to 5% CO, concentration
(CO, condition) in comparison with an effectively 0% concentration (normal atmosphere
= N condition) at two constant temperatures (14°C and 25°C) during larval and/or adult
stages.

MATERIAL AND METHODS

Stocks of D. melanogaster and D. simulans were recently founded from two asympatric populations
near Lyon (France) and mass-bred in the laboratory. Both were insensitive to short exposure to pure CO,.

For the experiments, normal atmosphere or atmosphere with 5% pure CO, was delivered, in plastic
boxes (35 x 25 x 13 cm) placed in thermostatic incubators, by a gas-mixing pump (Wosthoff). Two tem-
peratures were used: 25° and 14°C.

Batches of 100 eggs were deposited in vials containing 20 g corn-yeast medium (David & Clavel,
1965), closed by expanded polyurethane allowing gas circulation. Between 2,100 and 3,000 isoparental
eggs were used for each of the four rearing conditions (25°C-N; 25°C-CO,; 14°C-N; 14°C-CO,), for both
species.

Emerging adults were counted, and their sex determined, three times a day at 25°C and once a day at
14°C. Developmental duration was calculated separately for the two sexes. Egg-to-adult viability was esti-
mated as the ratio of number of emerging flies to number of eggs.

For each rearing condition, biometric traits (wing length and live body weight) were measured on fifty
36-48 h old females. The females were then dissected and their number of ovarioles determined.

Fecundity for each of the four rearing-condition groups was studied in each of the same four conditions
in adult life, for both species. For each of these 16 combinations, 10 groups of five pairs were formed at
emergence and placed in small plastic boxes fitted with air-holes covered by a metal gauze on two facing
sides. Nutritive medium, placed in a trough (1.76 cm?) at the bottom of the box, was renewed every day at
25°C or every two days at 14°C (in view of the difference in egg-laying rates). The eggs laid on this sub-
strate were counted for 25 days at 25°C and for 30 days at 14°C.

Interaction effects between temperature and carbon dioxide conditions were tested by Anova 2.

The coefficient of variation (C.V. given in %) was calculated: % % 100.

RESULTS
Developmental duration

Developmental duration at 14°C was approximately four times as long as at 25°C (Table
1). The development of D. simulans was generally faster than that of D. melanogaster, ex-
cept at 25°C in normal atmosphere (25°C-N). In both species, females emerged before
males. The presence of carbon dioxide increased significantly the developmental period in
both species (Student’s t varying from 13.9 to 20.8 for D. melanogaster according to rear-
ing temperature and sex, and from 7.1 to 8.8 for D. simulans; p < 0.0001; df: 40 to 56).
The effect, estimated as percentage of developmental duration in normal atmosphere, was
stronger for D. melanogaster than for D. simulans and stronger at 14°C (14°C-CO,) than at
25°C (25°C-CO,). The interaction between the two factors was significant in both species
(F = 459.17 and F = 94.43 respectively: p < 0.0001; df: 1). By way of example, Fig. 1
shows this shift towards longer duration, for males of the two species, at 14°C (14°C-N /
14°C-CO,).
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TaBLE 1. Variation in developmental duration and viability according to rearing conditions.

25°C 14°C
No. Viability  Dev.dur.  Dev. dur. No.  Viability Dev. dur. Dev. dur.
eggs (%) females males eggs (%) females males
(days) (days) (days) (days)
Drosophila melanogaster
X+ SE. 8333 0. 112001 928 £0.01 73.0+1.51 38.36+0.07 39.73 £ 0.
Normal atm. XS 2.100 333081 9.11 001 928+0.0 2.200 * + 39.73 £ 0.08
C.V. (%) 4.48 3.74 4.88 9.70 5.05 5.82
X+ SE. 81.38+1.15 9.75+0.01 10.04+0.02 68.74 £ 1.17 44.60 £ 0.09 46.59 £ 0.11
s%co, 2,100 * * 2,300 *
C.V. (%) 6.50 4.41 5.61 8.16 5.73 6.43
Variation  £92=N(gp) -2.34 +6.93 +8.19 -5.84 +16.29 +17.27
Drosophila simulans
Xt SE. 73.79+£1.32 9.14+£0.02 9.39x002 61.10 £ 1.05 35.83 £0.07 36.87 + 0.08
Normal atm. 2,800 3,000
C.V. (%) 9.45 7.23 7.47 943 6.61 6.90
x*SE. 72.04 £ 1.05 9.48+0.02 9.90+0.03 58.50 £2.10 38.24 £ 0.06 39.41 +0.06
swco, 2,800 * * 2,800 * *
C.V. (%) 7.72 7.29 9.34 18.96 4.48 4.65
Variation  £%2=N(gp) -2.37 +3.73 +5.40 -4.25 +6.72 +6.88
15 Viability
D. melanogaster Egg-to-adult  viability

Emergence frequency (% of adults)

30 32 34 36 38 40 42

Emergence frequency (% of adults)

30 32 34 36

Fig. 1. Effects of CO, on the developmental duration of male Droso-
phila reared at 14°C: frequency of emergence as percentage of adults

emerging.

B normat atm.
5% €0,

48 50 52 S4 56 58 60 62 64
Developmental duration (days)

D. simulans

B normal atm.
5% €O,

44 46 48 50 52 54 56 58 60 62 64
Developmental duration (days)

was relatively low for both
species in spite of the re-
cent foundation of the
strains, and particularly
low for D. simulans. Car-
bon dioxide and espe-
cially, low temperature
both reduced the number
of emerging adults (Table
1). Association of the two
factors (14°C-CO, in-
duced a severe decrease:
14.59% for D. melanogas-
ter and 15.29% for D.
simulans.

Biometry

Numerical data related
to female biometrical traits
are presented in Table 2.
Development at low tem-
perature induced a signifi-
cant increase in wing
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length in both species (F = 553.2; p < 0.0001 for D. melanogaster; and F = 58.2; p <
0.0001 for D. simulans). It decreased severely the number of ovarioles (F = 322 and F =
256 respectively; p < 0.0001). It also induced a decrease in body weight in D. melanogas-
ter (F=19.9; p < 0.0001), but had no significant effect on D. simulans, due to the variabil-
ity of the trait at 25°C. o

The presence of carbon dioxide had no significant effect on wing length at 25°C in ei-
ther species, but did moderate significantly the increase induced by low temperature de-
velopment (t = 4.7; p < 0.0001 for females of D. melanogaster and t = 2.3; p < 0.02 for D.
simulans). CO, had no clear effect on body weight and the significant, inverse, variations
observed at 25°C for the two species were, probably, an artefactual consequence of age:
the heavier females having been measured about 12 hours later than the other group of fe-
males and, thus, having more mature eggs in the ovarioles. CO, had no effect on the num-
ber of ovarioles in D. simulans, but slightly and significantly decreased ovariole number in
D. melanogaster (t = 3.63; p < 0.0004; df: 113).

The combination of the two factors (14°C-CO,) affected significantly wing length (F =
24.1; p < 0.0001 for D. melanogaster and F = 5.7; p < 0.018 for D. simulans), body weight
(F =14.8; p < 0.0002 and F = 8.1; p < 0.0049, respectively) and, for D. melanogaster only,
the number of ovarioles (F = 5.7; p < 0.017 and F = 1.3; p < 0.259, respectively).

TasLE 2. Interaction effects of temperature and carbon dioxide during development on biometrical
traits of Drosophila females (x £1 S.E.; second line: C.V.).

Rearing conditions Wing length Body weight Ovariole number
(1/100 mm) (1/100 mg)
Drosophila 25°-Normal 267.22 +0.65 15520 £ 1.67 49.69 + 1.67
melanogaster 1.71 7.60 10.40
25°C-CO, 269.15+0.84 146.20 = 1.36 49.69 + 0.60
2.62 7.86 10.12
14°-Normal 295.94 + 1.09 141.83 £2.08 39.88 + 0.67
2.61 10.38 11.80
14°C-CO, 288.52 £0.90 14522 +1.38 36.86 +0.52
2.52 7.65 11.35
Drosophila 25°-Normal 234.94 +0.64 127.08 £ 1.27 39.26 + 0.48
simulans 1.93 7.07 8.65
25°C-CO, 235.48 £ 0.57 136.60 + 1.53 39.62 £0.49
1.70 791 8.73
14°-Normal 251.02 £ 0.82 131.06 + 1.94 32.42 £0.49
. 2.30 10.49 10.65
14°C-CO, 239.90 + 0.86 130.06 +2.43 31.74 £ 0.37
2.53 13.23 8.22

Fecundity

Fecundity is influenced by developmental conditions that modify larval reserves and
number of ovarioles and by adult living conditions which determine vitellogenesis rate,
egg production and egg laying rate.

However, temperature acts so powerfully on fecundity expression that fecundity will be
studied separately as expressed at 25°C and at 14°C. The curves of daily fecundity in nor-
mal atmosphere, during the 25 or 30 days of experiment, according to expression
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temperature are presented in Figure 2. The global fecundity values observed over 25 days
under 25°C or over 30 days under 14°C are presented in Table 3.

ExprEssioN AT 25°C. 25°C is a favourable temperature for egg production in Drosophila,
in which daily fecundity is more or less correlated with the number of ovarioles, in both
species. As can be seen from the above, development at low temperature decreased the
number of ovarioles in both species and the presence of CO, enhanced this effect in D.
melanogaster only.

TaBLE 3. Variation of mean global fecundity according to rearing and adult living conditions;
X+ 1S.E.; second line: C.V.

Rearing Adult life conditions
conditions  55° Normal 25°C-CO, 14°-Normal 14°C-CO,
Drosophila 25°-Normal  827.04 + 14.88 813.04 +16.77 118.28+9.49  80.92 = 10.58
melanogaster 5.69 6.52 25.36 41.35
25°C-CO, 76232+1440 79848+1999 180.96+11.73 144.74=*15.15
5.97 7.92 20.50 33.10
14°-Normal  694.61 + 14.63 621.20+£23.71 188.68+10.06 188.56+8.23
6.66 12.07 16.86 13.80
14°C-CO, 490.34 +£27.12 47931 £32.00 181.14 £6.67 15175t 11.5
17.49 21.11 11.64 23.96
Drosophila 25°-Normal  520.39+16.16 S71.57+11.39 14288 £+648 120.74 +13.90
simulans 9.82 6.30 14.34 36.41
25°C-CO, 505.32 +6.15 535.67+19.4 137.40 = 7.01 136.79 £ 7.12
3.85 11.45 16.13 16.45
14°-Normal  307.12 £ 14.27 37596 +19.44  65.07 =8.11 53.73+£5.32
14.69 16.35 39.43 31.33
14°C-CO, 291.09 £16.52 331.78 +10.78 75.65 +7.55 5142 + 11.81
17.95 10.28 31.54 72.64

Thus, mean mated female egg-production was about 40 eggs per day for D. melanogas-

ter (Fig. 2A) and 30 eggs for simulans (Fig. 2B) when reared at 25°C, and fell to 30 and 25
eggs per day for D. melanogaster, reared at 14°C without and with CO, respectively (Fig.
2A) and to about 20 eggs per day for both groups of D. simulans reared at 14°C (Fig. 2B).
These daily fecundity rates are not the optimum production of the two species, which
would be obtained with isolated pairs. The day to day variability in the fecundity of D.
melanogaster was a consequence of the supply of nutritive medium which was renewed
every day, but manufactured every two days: the flies preferred to lay on fresh medium.
The presence of CO, in the atmosphere during adult life decreased slightly the fecundity
of D. melanogaster (Table 3), except for flies reared under 25°C-CO, where there was an
increase which, however, was non significant (p < 0.16). The decrease observed for flies
reared under 14°C-N was the only significant variation (t = 2.63; p < 0.01; df: 18). How-
ever, CO, increased fecundity in D. simulans at 25°C whatever the rearing conditions. The
variations here were all significant (p < 0.01) except for the flies reared under 25°C-CO,,.
ExprEssion aT 14°C. At 14°C, egg production was reduced drastically (F = 3964 for D.
melanogaster and F = 2911 for D. simulans; p < 0.0001; df: 1). Egg-laying began later
than at 25°C and fecundity never exceeded 10 eggs per day (Fig. 2C, D). In spite of this
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low level, a consequence of a slowing down of metabolism, some differences could be
discerned.

Females of D. melanogaster reared at 25°C, despite their higher number of ovarioles,
exhibited lower fecundity than flies reared at 14°C (t = 4.8; p < 0.0001; df: 78), the lowest
rate being for flies reared in normal atmosphere (25°C-N) (Fig. 2C).

The fecundity of D. simulans at 14°C reflected the number of ovarioles and, as at 25°C,
flies reared at 25°C showed at higher fecundity than those reared at 14°C (t = 14.85; p <
0.0001; df: 78).

At 14°C, the presence of carbon dioxide during adult life always decreased fecundity in
both species, whatever the rearing condition (Table 3). However, the variation estimated
by t-test for flies from a given rearing condition, was significant only for D. melanogaster
reared under 25°C-N (p < 0.01) or 14°C-CO, (p < 0.04) or for D. simulans reared at
14°C-CO, (p < 0.003). The influence of CO, estimated by ANOVA and F-Test for all
groups taken together, was significant (F = 5.99 for D. melanogaster and F = 6.57 for D.
simulans; p < 0.01). The interaction effect between temperature and CO, during adult life,
estimated by the same ANOVA was non-significant in D. melanogaster but significant in
D. simulans (F = 28.78; p < 0.0001).

The two factors acting during development influenced the fecundity of the adults by
modifying the number of ovarioles, and it was difficult to identify other possible effects of
developmental conditions on fecundity, independently of this ovariole-number effect.
However, in spite of a serendipitously identical number of ovarioles, a difference occurred
between the groups of D. melanogaster reared at 25°C, with or without CO,: the flies
reared with CO, (25°C-CO,) produced a higher number of eggs at 14°C (162.85 + 10.21,
as against 99.6 = 8.14 for 25°C-N; t = 4.85; p < 0.0001; df: 38).

DISCUSSION AND CONCLUSION

The influence of temperature variation and of carbon dioxide acting separately on the
various traits have been studied on one (David & Clavel, 1966, 1967, 1969; Sillans &
Fouillet, 1990) or both (Boulétreau et al., 1984) species. The association of the two fac-
tors, with the use of a low temperature, brought out new aspects, showing that temperature
and carbon dioxide do not have equally strong effects on the various life-history character-
istics of Drosophila.

The choice of the two temperatures and two concentrations of CO, may be a cause of
this difference, since 14°C and 25°C are relatively extreme in the range of viable develop-
mental temperatures: from 12°C to 31°C for D. melanogaster and 11°C to 29°C for D.
simulans; furthermore, 5% CO, is a low concentration at the threshold of significant effec-
tiveness in previous studies. However, the various experimental conditions used here are
such as may actually be experienced by flies in natural populations and the effects ob-
served may correspond to the reality of the field.

Temperature variations are already known to modify developmental duration and egg-
to-adult viability. Generally, the present results are in agreement with the values already
determined for D. melanogaster (David & Clavel, 1966) although viability at 25°C was
lower than the 100% viability observed by Boulétreau et al. (1984) and that generally ob-
served in the laboratory. It is possible that the higher hygrometric level occurring in our
closed boxes induced this difference.
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The modifications in biometric traits induced by temperature variation have long been
known in D. melanogaster (David & Clavel, 1967) and our results show that D. simulans
presents similar variations. It is to be noted that the increase in body size induced by low
temperature was associated with a reduction in the number of ovarioles, important for the
subsequent fecundity of the flies. - .

The increase in developmental duration induced by carbon dioxide in both species has
already been shown at 25°C, this increase being correlated to the CO, concentration in the
atmosphere (0 to 20%) (Boulétreau et al., 1984). The present results show that this effect
is enhanced by low temperature (14°C) particularly for D. melanogaster. The presence of
carbon dioxide had a slight negative effect on viability, whatever the developmental tem-
perature or the species.

The reducing effect of CO, on biometric traits was weak and significant only at low
temperature, suggesting that an interaction occurs between the two factors; it is interesting
to note that flies with longer development emerged with reduced size which is not the
usual process for insects. The decrease in ovariole number at 14°C was significant for the
subsequent fecundity of the D. melanogaster females.

It is known that fecundity depends on the temperature at which adults are living (David
& Clavel, 1969) and, to a lesser extent, on the number of ovarioles, varying in the present
case with rearing conditions. The difference in effectiveness of the two factors acting dur-
ing adult life was clear with regard to this trait. Temperature induces a difference in gen-
eral metabolic rate and, consequently, in egg production, while CO, modulates this
production only, generally lowering it. However, CO, had a favourable effect on fecundity
in two cases: in D. melanogaster, CO, applied during development at 25° enhanced subse-
quent fecundity of females at 14°C and in D. simulans all the females from the four rearing
conditions maintained at 25°C-CO, had higher fecundity than aliquot females observed at
25°C in normal atmosphere. One hypothetical explanation of this effect could be a slight
inhibition of oviposition control. 25°C is higher than the optimal temperature determined
for D. simulans fecundity. Under these suboptimal conditions, each female controlling egg
deposition and egg production centrally may- reduce its fecundity rate. The low level of
CO, may act as light anaesthetic, decreasing this control. The same control exists in D.
melanogaster, where such an effect was found only in the case of flies reared under
25°-CO,, but the optimal temperature for this species is close to 25°C. The effect was ob-
served for this species under 28°C-CO, (unpublished).

The two species reacted similarly to the environmental conditions. However D. simu-
lans, showing generally smaller variations, appeared to be less influenced by CO, during
its rearing phase: the increase in developmental duration was weaker and biometric traits
appeared unaffected.

Its appears that carbon dioxide is not an important factor for adaptive modifications oc-
curring in natural populations, particularly in comparison with temperature. However, the
increase in developmental duration might be favourable for overwintering populations
such as D. melanogaster, adult flies emerging later in spring from refuges. Apparently, D.
simulans cannot overwinter in the Lyon region, and recolonises the area each year from
southern regions (unpublished). Even so, its avoidance of human constructions (McKenzie
& Parsons, 1972; Fuyama & Watada, 1981; Rouault & David, 1982; Yamamoto et al.,
1985) and its lower longevity under low temperature (unpublished) are probably more
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important than its shorter developmental duration in the incapacity for overwintering at
this latitude, as is observed in D. melanogaster.
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