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and higher extremes of ambient temperature. Physiologi-
cal mechanisms of tolerance to lower thermal stresses are 
relatively well studied. Numerous insect species survive at 
temperatures below 0 °C, and they avoid freezing by deep 
supercooling of body fluids through the synthesis of anti-
freeze proteins and accumulation of carbohydrate cryopro-
tectants (Crosthwaite et  al. 2011), or endure freezing by 
freezing only the extracellular spaces by synthesis of ice 
nucleating agents or proteins (Wharton 2011). In contrast, 
the molecular mechanisms of heat tolerance are mostly 
unknown except for the heat shock proteins (HSPs), which 
are expressed in response to brief heat stress and repair 
denatured proteins as molecular chaperones (Parsell and 
Lindquist 1993). Considering global warming and its effect 
on the habitat range of agricultural pests, it is important to 
extend our knowledge about the molecular mechanisms of 
insect heat tolerance, particularly in response to long-term 
heat treatment.

Drosophila fruit flies have been used for genetic and 
evolutionary analysis of heat tolerance. Variation in heat 
tolerance among 94 Drosophila species from diverse cli-
mates has been shown to reflect phylogenetic inertia rather 
than habitat distributions (Kellermann et  al. 2012). Chro-
mosomal inversions related to temperature adaptation have 
been a longstanding subject of studies in Drosophila pseu-
doobscura Frolova & Astaurov and D.  subobscura Collin 
(Calabria et  al. 2012; Dobzhansky 1935). Because of the 
well-established genome annotation and detailed informa-
tion about gene functions, D.  melanogaster Meigen and 
its closely related species are amenable models for genetic 
analysis of insect heat tolerance to elucidate its molecular 
mechanisms.

Drosophila prolongata Singh & Gupta is a member 
of the Melanogaster species group. Their native habi-
tat is woods in mountainous areas, where the average 
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Introduction

Since insects are ectothermic and their body tempera-
ture is easily affected by environmental conditions, they 
have developed various mechanisms to cope with lower 
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temperature is relatively low (Singh and Gupta 1977; Toda 
1991). In this study, the long-term heat tolerance of D. pro-
longata was examined. It was revealed that the upper ther-
mal limit of D. prolongata was lower than those of other 
Drosophila species. There was a significant difference in 
long-term heat tolerance among the isofemale strains, sug-
gesting that intraspecific genetic variation was involved 
in the reduced heat tolerance of D. prolongata. Unexpect-
edly, the tertiary sex ratio was extremely biased to females 
at 25  °C, suggesting that sex-specific developmental pro-
cesses are a target of heat stress. These results could serve 
as the basis of further genetic analysis of reduced heat tol-
erance in D. prolongata to elucidate the molecular mecha-
nisms of heat tolerance in insects.

Materials and methods

Drosophila prolongata strains

The isofemale strains used in this study were described 
previously (Kudo et al. 2015). Each strain was established 
from a single mated female and has been maintained by 
inbreeding for more than 100 generations. All the strains 
were reared on ordinary cornmeal medium for Drosophila 
culture at 20 °C in a 12:12 h light:dark cycle.

Survival rate at different temperatures

Sexually mature adults (seven male and female individuals 
each) were introduced into a plastic vial (28.5 mm diam-
eter × 95 mm height; Thermo Fisher scientific, Waltham, 
USA) with cornmeal medium and allowed to mate and ovi-
posit for 3 days at 20, 23, and 25 °C. The neonate larvae 
(at most 30 individuals) were transferred to a new plastic 
vial with cornmeal medium, and incubated at the same 
temperature. The number of pupae and emerged adults 
were scored for each vial. The sex was determined for all 
emerged adults. More than two replications were made for 
each strain and temperature condition. Pupation rate was 
calculated as the proportion of the number of pupae to the 
number of neonate larvae. Eclosion rate was calculated as 
the proportion of the number of emerged adults to the num-
ber of pupae. Length of developmental period from the egg 
to eclosion was recorded individually. Pupation rate, eclo-
sion rate, and sex ratio were analyzed using generalized lin-
ear models (GLMs) with a binomial distribution and a logit 
link function including “strain”, “temperature”, and their 
interaction as explanatory variables. Developmental period 
was analyzed using GLMs with a gamma distribution and a 
log link function including “strain”, “temperature”, “sex”, 

and their interactions as explanatory variables. The effect 
of each variable was assessed using a likelihood ratio test, 
in which a reduction in deviance by adding the explanatory 
variable to a reduced model was examined. Spearman’s 
rank correlation coefficient was used for the analysis of 
correlation between sex ratio and eclosion rate, which was 
calculated for individual strains at 23 °C. All analyses were 
conducted using R version 3.1.1 (R development core team 
2008).

Reproduction at 23 °C

Adults that emerged from the experiment with incubation 
at 23 °C were used. Females and males (seven individuals 
each) at least 5  days after eclosion were allowed to mate 
and oviposit at 23 °C, and hatched larvae were transferred 
to a new vial, and the number of pupae and hatched adults 
were scored in the same way as described above.

Results

Effect of temperature on length of developmental 
period

In most strains, the developmental period from the egg 
to adult eclosion was shorter at the higher temperature 
(Table  1). Males required a significantly longer develop-
mental period than females at any temperature (Tables  1, 
2). Length of the developmental period was also signifi-
cantly different among the strains. The effect of the interac-
tion between sex and temperature was not significant, indi-
cating that the influence of temperature was not different 
between the sexes (Table 2). On the other hand, the effect 
of the interaction between strain and temperature was sig-
nificant, suggesting that the response to high temperature 
was different among the strains.

Lethality induced by long‑term heat stress

The survival rate (proportion of the number of emerged 
adults to that of neonate larvae inoculated into the vial) 
was lower at higher temperatures (Fig.  1). Although both 
pupation rate and eclosion rate were significantly different 
among temperatures (GLM, χ2 = 22.8, df = 2, p < 0.001 
and χ  =  1142.4, df  =  2, p  <  0.001, respectively), the 
majority of dead individuals at 25  °C were observed dur-
ing pupal stages, showing that the eclosion rate was more 
severely affected than the pupation rate by heat-induced 
lethality (Fig. 1c). The eclosion rate was significantly dif-
ferent between 20 and 23  °C (GLM, χ2 =  37.1, df =  1, 
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p  <  0.001), as well as between 23 and 25  °C (GLM, 
χ2 = 741.7, df = 1, p < 0.001), suggesting that the effect 
of heat stress increased progressively. The effect of inter-
actions between strains and temperatures on eclosion rate 
was significant (GLM, χ2 =  171.2, df =  28, p  <  0.001), 
showing that the sensitivity to long-term heat stress varied 
among the isofemale strains.

There was a correlation between eclosion rate and ter-
tiary sex ratio; the lower the eclosion rate, the more female-
biased the sex ratio (Fig. 2). The sex ratio was significantly 
different among temperatures (GLM, χ2 = 107.3, df = 2, 
p < 0.001). When the dead pupae were dissected, the sex 
ratio was male-biased among those that had developed to 
the sex-dimorphic stages (data not shown), suggesting that 
heat stress led to male-biased lethality in D. prolongata. In 
this sense, secondary sex ratio was not likely to be changed 
by heat stress (but see “Discussion”).

Reproductive defects at 23 °C

Although the eclosion rate was significantly reduced at 
23 °C, most strains reproduced at this temperature, except 
for SaPa002 which laid eggs that did not hatch. Observation 
of the internal reproductive organs revealed that SaPa002 
males reared at 23 °C did not produce any sperm, whereas 
females of the same strain produced eggs normally (data 
not shown), suggesting that SaPa002 was sterile because of 
temperature-sensitive defects in spermatogenesis. Reduc-
tion in sperm number was not observed in the other strains. 
Because the eclosion rate of SaPa002 at 23 °C was as high 
as other strains (Fig.  1b), the mechanism of the defect in 
spermatogenesis could be independent from that of heat-
induced lethality.

Discussion

Compared with other Drosophila species, D.  prolongata 
was more sensitive to heat stress. For example, D.  mela-
nogaster and D.  simulans Sturtevant survive at higher 
temperatures up to 32 and 31  °C, respectively (Petavy 
et  al. 2001). The optimal temperature for these species is 
approximately 25  °C, at which D.  prolongata suffered 
heat-induced lethality. This result was consistent with the 
thermal condition of their natural habitat. In one of the 
original collection sites, SaPa, Vietnam, average maxi-
mum temperature during summer season (June–August) is 

Table 1   Days required for 
development from the egg to 
adult eclosion

Data from 25 °C were not analyzed because of the small number of emerged adults

SD standard deviation

Strain 20 °C 23 °C

Male Female Male Female

Mean SD n Mean SD n Mean SD n Mean SD n

BaVi042 19.00 1.44 27 17.08 0.49 38 17.66 1.94 50 16.69 1.54 72

BaVi043 18.68 1.64 40 17.54 1.52 39 16.24 0.99 39 14.53 0.91 43

BaVi044 17.29 1.51 28 16.00 0.00 34 17.12 1.09 25 14.79 1.23 43

SaPa001 19.29 1.31 41 17.45 0.86 22 16.00 0.00 4 15.00 1.03 20

SaPa002 19.00 1.46 18 18.00 0.00 16 16.39 0.63 41 16.18 0.59 62

SaPa004 21.64 1.91 50 19.85 1.65 52 16.20 1.98 41 16.31 2.48 32

SaPa006 21.06 0.35 32 19.54 1.52 37 18.00 0.00 6 18.00 0.00 15

SaPa008 20.55 2.21 56 18.83 2.19 63 18.56 1.50 27 17.73 1.19 52

SaPa010 18.21 0.57 28 17.79 0.79 28 15.55 1.38 29 14.61 0.96 28

SaPa012 20.89 1.18 18 18.60 0.50 20 18.05 1.01 42 17.00 0.00 38

SaPa014 19.42 1.54 52 18.75 1.58 48 16.03 1.43 31 15.03 1.44 35

SaPa-A 18.61 0.50 31 17.81 0.79 43 17.00 0.00 39 17.00 0.00 41

SaPa-B 17.43 1.65 44 15.70 1.29 30 15.22 0.99 36 14.39 0.80 36

SaPa-C 18.48 0.61 50 18.00 0.00 34 19.57 1.57 28 17.32 3.02 38

SaPa-D 21.22 1.04 41 19.40 0.74 35 18.86 2.38 37 17.00 3.05 32

Table 2   Results of the analyses of deviance of the generalized linear 
models for the developmental period

Source χ2 df p

Sex 2.100 1 <0.001

Strain 6.984 14 <0.001

Temperature 6.657 1 <0.001

Sex × temperature 0.004 1 0.452

Sex × strain 0.342 14 <0.001

Strain × temperature 2.469 14 <0.001
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24 °C, while average minimum temperature during winter 
season (December–February) is 7  °C. Adaptation to cool 
conditions might have resulted in the elevated sensitiv-
ity to heat stress. A large proportion of the lethality was 
observed during pupal stages. Developmental processes for 
metamorphosis may be more sensitive to long-term heat 
stress than larval development. Alternatively, effects of heat 
stress accumulated during larval period might lead to pupal 
lethality. In this sense, it is interesting that heat-induced 

lethality seemed to be male-biased, as discussed below. 
Because males of D.  prolongata have exceptional mor-
phology compared with other Drosophila species, spe-
cific developmental processes involved in the evolution of 
D. prolongata might be responsible for the elevated sensi-
tivity to heat stress in this species.

Unexpectedly, the tertiary sex ratio was biased towards 
females at higher temperatures in D. prolongata. Biases in 
sex ratio at high temperature have been reported in other 

Fig. 1   Survival rate of Dros-
ophila prolongata at a 20 °C, b 
23 °C, and c 25 °C. Proportions 
of individuals that died during 
larval stages (larval lethal, 
black), died during pupal stages 
(pupal lethal, dark gray), and 
emerged as adults (emerged, 
light gray) are shown for each 
strain. The sample size is noted 
below each bar. At most 30 
individuals were examined in 
a single vial, and two to five 
replications were made for each 
strain and temperature
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insects. Most examples are known from parasitoid wasps, 
in which the sex ratio was biased towards males at high 
temperature. For example, by controlling the fertilization 
of eggs, females of Trichogramma euproctidis (Girault) 
actively produce more males than females at high tempera-
ture resulting in distortion of secondary sex ratio (Moiroux 
et  al. 2014). Another example is the sex manipulation by 
Wolbachia infection. Wolbachia is an endosymbiotic bac-
terium that infects a wide range of species and is known 
to manipulate the host tertiary sex ratio for their own fit-
ness towards females by killing males (Werren et al. 2008). 
Heat treatment eliminated Wolbachia and restored the ter-
tiary sex ratio to the normal state in Drosophila bifasciata 
Pomini (Hurst et al. 2000). Other examples of heat-induced 
sex ratio distortion are extremely limited. The tertiary sex 
ratio was biased towards males in the parasitoid fly Bessa 
parallela (Meigen) (Ichiki et al. 2003) and the thrip Scolo-
thrips longicornis Priesner (Pakyari et  al. 2011) at high 
temperature, whereas it was biased to females in the lady 
beetle Propylea dissecta (Mulsant) (Omkar and Pervez 
2004). The mechanisms of sex ratio distortion are unknown 
in these three cases. In D.  prolongata, the biased tertiary 
sex ratio was suggested to be the result of male-biased 
lethality during the pupal stages. There is prominent sexual 
dimorphism in D. prolongata; males are larger than females 
and have enlarged forelegs. Larger body size and specific 
morphology of the appendages may require more complex 
metamorphosis in males. In fact, the developmental period 

of D. prolongata was significantly longer in males at any 
temperature (Tables 1, 2), suggesting that males have spe-
cific developmental processes which could be more sen-
sitive to heat stress than those of females. Nevertheless, 
it was not excluded that the secondary sex ratio was also 
affected by heat stress. Detailed examination is required to 
confirm this possibility.

Since temperature is one of the most important fac-
tors that influence the physiology of insects, studying the 
genetic mechanism of heat tolerance is essential for under-
standing the adaptation of insects to natural conditions. 
However, we know little about the genes involved in heat 
tolerance except for Hsp70 (Bettencourt and Feder 2001; 
Chen et al. 2014; Tungjitwitayakul et al. 2015). Other genes 
were sought in D. melanogaster using QTL mapping, but 
individual genes have not been identified (Takahashi et al. 
2011). In the present study, D.  prolongata was shown to 
be sensitive to heat stress, with variable sensitivity among 
isofemale strains. Genetic analysis of these strains could 
lead to further understanding of the genetic and molecular 
mechanisms of adaptation to heat stress in insects.
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