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Pupal Development and Adult Acclimation Temperatures
Influence the Cold and Heat Tolerance in Tenebrio molitor
(Coleoptera: Tenebrionidae)
Jan Podlesnik

Faculty of Natural Sciences and Mathematics, University of Maribor, 2000 Maribor, Slovenia; jan.podlesnik@um.si

Simple Summary: This study examines how developmental and adult temperature expo-
sures affect the cold and heat tolerance of Tenebrio molitor Linnaeus, 1758, revealing that
adult acclimation plays a more significant role in thermal resilience. In addition, devel-
opmental temperatures also show a significant influence on heat tolerance. The results
improve our understanding of the mechanisms of insect acclimation and provide insights
into the management of T. molitor in different ecological and economic contexts.

Abstract: Temperature plays a crucial role in shaping the biology of insects. Developmental
temperature and acclimation temperatures influence their ability to cope with extreme
thermal conditions. This study investigates the effects of developmental temperatures
during the pupal stage and adult acclimation temperatures on the thermal tolerance of
Tenebrio molitor Linnaeus, 1758. We investigated cold tolerance based on chill-coma recovery
time and heat tolerance based on heat knockdown time. Beetles were reared at five
developmental temperatures (16, 21, 25, 30 and 35 ◦C) and later exposed to corresponding
adult acclimation temperatures. From developmental temperatures of 21 and 30 ◦C, the
group of beetles was subjected to different temperatures to induce adult acclimation at a
different temperature than the developmental temperature. In cold-tolerance tests, beetles
reared at lower temperatures showed better recovery from chill coma, while beetles reared
at higher temperatures showed greater resistance to heat shock. Adult beetles acclimated
to lower temperatures showed better cold tolerance, while those acclimated to higher
temperatures performed better in the heat tolerance test. Interestingly, the developmental
temperatures during the pupal stage also contributed to resistance, particularly in the heat-
tolerance test. However, pupal stage temperatures had no effect on cold-shock resistance,
as indicated by chill-coma recovery time. The results could provide insights into the rearing
of T. molitor.

Keywords: adult acclimation; cold tolerance; developmental acclimation; heat knockdown;
heat tolerance; Tenebrio molitor; thermal tolerance; chill coma; yellow mealworm

1. Introduction
Temperature is a key abiotic factor that influences every aspect of insect biology. It

affects metabolic rates and thermal developmental limits, developmental rates and response,
as well as an insect’s response to unfavourable conditions. As a result, insects often show
rapid physiological adjustments to thermal changes, which are typically reversible [1,2].
The genotype of an individual plays a critical role in providing solutions to different
environmental conditions, while varying environmental conditions shape the phenotype
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through gene expression [3]. This phenomenon is known as phenotypic plasticity, which
enables organisms to cope effectively with environmental changes or new environments.

One manifestation of phenotypic plasticity is acclimation, which refers to an organ-
ism’s physiological, biochemical or anatomical response to prolonged exposure to a new
environmental condition [4]. The term refers to a response to changes in a single abiotic
parameter, such as temperature. It can occur over a short period (hours or days) or be
developmentally dependent, in which case it is referred to as developmental plasticity or
developmental acclimation [5–8]. In this broader sense, acclimation encompasses processes
like hardening, adult acclimation and developmental plasticity.

Hardening refers to short-term exposure to extreme, non-lethal temperatures, which
enhances an organism’s resilience to future extreme conditions [9]. The effects of hard-
ening are short-lived, typically lasting minutes to hours. Adult acclimation involves
prolonged exposure to a specific temperature, not necessarily extreme, and can last for days
to weeks [10,11]. A substantial body of research has demonstrated the positive effects of
hardening and adult acclimation on an organism’s ability to withstand extreme temper-
atures. For instance, as temperatures begin to drop in the fall, insects acclimate to lower
sublethal temperatures, preparing them for the winter cold [12,13]. Similarly, hardening,
through short-term exposure to extreme temperatures, enables insects to better withstand
similar conditions in subsequent exposures [9,14,15].

The third type of acclimation, developmental plasticity (or developmental acclima-
tion), remains more controversial. Research has shown that developmental temperature can
influence the fitness of organisms in various ways. The beneficial acclimation hypothesis
(BAH) posits that individual’s development at a particular temperature leads to enhanced
performance at that same temperature [16]. While BAH is intuitive and some studies
provide support for it, it cannot be universally applied [5,17–20]. Alternative hypotheses
on developmental plasticity suggest that intermediate, high or low developmental tem-
peratures may equip organisms with the best performance across the entire temperature
range of an organism [5]. Numerous studies have provided evidence for these alternative
hypotheses [5,8,17,21–30].

Tenebrio molitor Linnaeus, 1758 (yellow mealworm) is a globally widespread storage
pest known for infesting cereal, flour, bran and pasta [31]. In recent years, research interest
in T. molitor has increased due to its potential as an alternative protein source for animal
feed and human nutrition [32,33]. Its use in waste management has also been recognised,
making it an ideal candidate for the circular economy [34]. Consequently, its biology is
being studied in greater detail [35]. Despite the growing body of research, gaps remain in
our understanding of T. molitor biology, particularly in the field of thermal biology.

Most research on T. molitor thermal biology has focused on determining optimal
temperature conditions for rearing. The optimal development temperature for T. molitor is
reported to be between 25–30 ◦C [35–37], with some studies suggesting 31 ◦C as the optimal
temperature leading to maximum daily growth rates [38] (Bjørge et al. 2018). Thermal
limits have also been investigated [39] (Stevens et al. 2010), with temperatures below 17 ◦C
inhibiting embryonic development and temperatures below 10 ◦C or above 35 ◦C increasing
the mortality rates [36,40,41]. Additionally, previous research has identified minimum and
maximum lethal temperatures: the minimum lethal temperature for a 24-hour exposure is
7–8 ◦C [42], while the maximum lethal temperature ranges from 40 to 44 ◦C [43]. However,
the effects of acclimation on thermal tolerance in T. molitor remain largely unexplored.
Some studies have examined the rate of temperature change and its impact on acclimation
and subsequent thermal limits [44], though these focused solely on adult acclimation. To
our knowledge, fundamental effects of acclimation—both developmental and adult—on
thermal tolerance in T. molitor have not been thoroughly investigated.
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Thermal tolerance can be investigated by using chill-coma recovery time and heat
knockdown time as measures for cold and heat tolerance. Both are commonly used
measures of cold and heat tolerance in insects [45,46]. When exposed to low temperatures,
many insect species enter a reversible comatose state, known as a chill coma [47]. This
state is characterized by impaired neuromuscular function and loss of ion homeostasis,
particularly extracellular ion balance. Upon returning to “normal” temperatures, ion
homeostasis recovers and insects regain coordinated movement [48]. Heat knockdown, on
the other hand, is cessation of movement due to change of membrane fluidity, ionic balance
and structure of macromolecules that influence the rate of metabolic reactions [49].

In this study, we investigate the effects of growth temperature and adult acclimation
temperature on thermal tolerance in T. molitor. We hypothesise that beetles raised at lower
temperatures will show greater tolerance to cold extremes but reduced tolerance to heat
extremes, while beetles raised at higher temperatures will exhibit the opposite pattern.
These expectations align with the BAH, particularly concerning adult acclimation. Given
the implications of climate change and the economic importance of T. molitor—both as a
pest and as a species bred for food and feed—additional information on its thermal biology
could prove critical for future applications.

2. Materials and Methods
2.1. Experimental Animals

For our experiment, we used the yellow mealworm (Tenebrio molitor), an established
model species for studies on thermal tolerance [36,39,44]. The beetles were obtained from
the Faculty of Natural Sciences and Mathematics colony, where they have been maintained
for several years under controlled conditions: a temperature of 22–25 ◦C, relatively low
humidity of 40–50%, and a light period of 12:12 L:D. The larvae and adult beetles were
raised on wheat flour and rolled oats, and additionally fed with fresh apples and carrots.

2.2. Cold and Heat Tolerance

The last larval stage of T. molitor were transferred from colony to Petri dishes and
placed in climate-controlled cabinets set to 16, 21, 25, 30 and 35 ◦C, with ~50% relative
humidity. These temperatures were chosen based on the range described in the introduction,
which is suitable for mealworm development. Newly pupated individuals were placed in
separate Petri dishes and maintained at the same temperature. Upon eclosion, the adult
beetles were transferred to plastic containers (8 cm × 15 cm) filled with the same substrate
used in the original colony (wheat and oat substrate). Their diet was supplemented with
fresh food apples and carrots ad libitum, with any leftover food removed each time fresh
food was added to avoid mould growth.

The beetles were observed using a Leica M205C stereomicroscope with a Leica MC
190HD camera attached and LAS X v5.1.0.25593 software (Leica, Wetzlar, Germany) to
determine sex according to the methods outlined by Bhattacharya et al. [50]. The weight of
the adult beetles was measured as an indicator of body size, with an accuracy of 0.1 mg.

Cold- and heat-shock tests were carried out 1 week after the eclosion, ensuring that all
beetles had the same duration (1 week) for adult acclimation. Different individuals were
used for the cold- and heat-shock experiments. In the first part of the experiment (Figure 1),
we assessed the combined effect of four pupal development temperatures and adult accli-
mation temperatures (16, 21, 25, 30 and 35 ◦C) on cold and heat tolerance. In the second
part (Figure 2), we aimed to distinguish between the effects of pupal development temper-
atures and adult acclimation temperatures. For this, 40 individuals from developmental
temperatures of 21 and 30 ◦C were transferred to different adult temperatures to induce
acclimation at a temperature different from the developmental temperature during the
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pupal stage. Another 40 individuals were kept at their original developmental temperature,
resulting in a full factorial design with four treatment combinations of developmental and
adult acclimation temperatures (2 developmental temperatures and 2 adult temperatures)
(Figure 2). Sex ratio was as close to 50:50 as possible, since the number of emerged beetles
at certain temperature combinations was limited.
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acclimation and adult acclimation on cold and heat tolerance.

2.3. Chill-Coma Test

To induce chill coma, we placed beetles from climate-controlled cabinets into Petri
dishes, which were then placed in a water and ice bath to maintain a surface temperature
of 5 ◦C on the Petri dish. The bath temperature was carefully regulated by adding ice
cubes and monitoring the surface temperature of the Petri dish with the Fluke 566 Thermal
gun infrared and contact thermometer (Fluke Corporation, Everett, WA, USA). The bath
temperature was monitored with a classic thermometer. After exactly two hours, the Petri
dishes containing the beetles were transferred to a water bath set to 25 ◦C. We measured
the time required for beetles to exhibit coordinated movement of all six legs, similar to the
method used by Scharf et al. [51].

2.4. Heat-Tolerance Test

For the heat-tolerance test, we conducted a heat knockdown experiment. Beetles were
placed in Petri dishes that floated in a temperature-controlled water bath set to 52 ◦C.
The temperature of the Petri dish surface was 44 ◦C (range of 43.0–44.0 ◦C), similar to the
protocol described in Scharf et al. [8]. The time until the beetles became immobile (complete
immobility) was recorded. Immobility was verified by gently touching the beetles with
a soft brush, as described in previous studies [8,52,53]. In preliminary experiments, a
temperature of 44 ◦C was found to induce rapid knockdown in T. molitor without causing
permanent damage, providing sufficient variance in knockdown times between individuals.

2.5. Statistical Analysis

For the analysis of chill-coma recovery times, we performed a two-way ANOVA.
Combined developmental and adult acclimation temperature and sex, along with the
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two-way interaction, were used as explanatory variables, and recovery time as the response
variable. Tukey post-hoc test was used for pairwise comparison. To distinguish between
the effects of developmental acclimation (temperatures during pupal development) and
adult acclimation (temperature of adult acclimation), we limited our analysis to beetles
that had developed at 21 and 30 ◦C and were later acclimated to crossed temperatures. A
linear model (ANCOVA) was used with developmental temperature and adult acclimation
temperature, sex and weight (covariate), along with all two-way interactions as explanatory
variables and recovery time as the response variable. Since recovery times were not
normally distributed, we applied a log10 transformation.

For analysis of heat knockdown times, we performed Welch’s one-way ANOVA to
compare knockdown times between beetles raised at four different temperatures, as the
assumption of homogeneity of variances was not met. For pairwise comparison, Games–
Howell post-hoc test was used. Additionally, we used Welch’s one-way ANOVA to test
the influence of sex on heat knockdown times. To distinguish between the effects of
developmental and adult acclimation, we used beetles developed at 21 and 30 ◦C, which
were later acclimated to different temperatures. A linear model (ANCOVA) was used with
developmental temperature and adult acclimation temperature, sex and weight (covariate),
as well as all two-way interactions as explanatory variables and heat knockdown time as
the response variable. All statistical analyses were performed with JASP 0.19.3.

3. Results
Looking at the effect of temperature on cold resistance without differentiating the

effects of developmental and adult acclimation (temperature conditions were not changed
in the beetles tested), the beetles responded better to cold exposure when growing at
lower temperatures. Chill-coma recovery time was clearly influenced by the combination
of developmental and adult temperature (ANOVA: F4, 175 = 84.72, p < 0.001, µ2 = 0.657
Figure 3a). When the animals were kept at lower temperatures, they recovered faster after
the induced chill coma. However, there was no statistical difference between 16 and 21 ◦C
(Tukey test: p = 0.506). The recovery times of the groups kept at 16 and 21 ◦C were shorter
than those kept at 25, 30 and 35 ◦C (Tukey test for all combinations: p < 0.001). In addi-
tion, the group kept at 25 ◦C recovered faster than those kept at 30 and 35 ◦C (Tukey test:
p < 0.001). However, there was no difference in recovery times between groups kept at
30 and 35 ◦C (Tukey test: p = 0.465). Sex and two-way interaction between sex*growth tem-
perature had no significant impact on chill-coma recovery time. The heat knockdown time
was also influenced by the combination of developmental and adult temperature (Welch’s
test: F4, 81.1 = 87.0 p < 0.001, µ2 = 0.574 Figure 3b). Animals kept at higher temperatures
were more resistant to heat shock, which means a longer knockdown time. We did not ob-
serve a difference between the effect of temperatures of 25 ◦C and above on heat resistance;
however, higher temperatures improved heat resistance in comparison to animals kept at
lower temperatures (Games–Howell test: 16 ◦C < 21 ◦C < 25 ◦C = 30 = 35 ◦C). Sex had no
significant effect on heat knockdown times.

When we attempted to distinguish between the effects of developmental and adult
acclimation on chill-coma recovery time, we found that recovery time was only affected
by adult acclimation temperature (F1, 152 = 344.13, p < 0.001, µ2 = 0.687; Figure 4). Beetles
acclimated at 21 ◦C recovered faster than beetles acclimated at 30 ◦C. Developmental
temperature, sex and weight had no effect on recovery time and neither did any two-way
interaction. The heat knockdown time was also primarily influenced by adult acclima-
tion temperature (F1, 142 = 98.95, p < 0.001, µ2 = 0.385; Figure 5b). Beetles acclimated at
30 ◦C resisted heat shock better than those acclimated at 21 ◦C. Males resisted heat better
than females (F1, 142 = 8.19, p = 0.005, µ2 = 0.032; Figure 5c). Developmental acclimation
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temperature (F1, 142 = 4.45, p = 0.037, µ2 = 0.017; Figure 5a) also had a significant effect on
knockdown times with beetles developed at 30 ◦C resisting heat better than those developed
at 21 ◦C. Weight and two-way interactions had no significant effect on knockdown times.
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4. Discussion
In our experiment, we aimed to (i) assess the combined effects of growth temperature

during pupal and adult stages on cold- and heat-shock resistance, and (ii) investigate
the relative importance of developmental acclimation during the pupal stage and adult
acclimation on yellow mealworm resilience to temperature extremes.

The first part of the experiment revealed that exposure of T. molitor individuals,
developing at four different experimental temperatures, to thermal extremes demonstrated
that lower growth temperatures enhanced the ability of beetles to resist cold shock, while
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higher growth temperatures improved heat-shock tolerance. Specifically, beetles raised at
16 and 21 ◦C, the lowest temperature used in the experiment, exhibited the best resilience to
cold shock (measured by chill-coma recovery time) but were most vulnerable to heat shock
(measured by heat knockdown time). In contrast, beetles raised at 30 and 35 ◦C performed
best in the heat-shock experiment but were the most susceptible to cold temperatures. A
similar acclimation trade-off effect has been reported in Acheta domesticus (Linnaeus, 1758)
(house cricket), Tribolium castaneum (Herbst, 1797) (red flour beetle), Sarcophaga crassipalpis
Macquart, 1839 (flesh fly), Drosophila melanogaster Meigen, 1830 (fruit fly) [8,14,15,54]. These
findings support the adaptive nature of acclimation and align with BAH. However, the
experimental design of first part of the experiment did not allow us to distinguish between
developmental and adult acclimation effects.

Acclimation is a complex process that varies depending on the developmental stage
at which it occurs and the length of exposure. At least three distinct forms of acclimation
have been recognised [4–7]. The second part of our experiment focused on determining the
relative importance of acclimation at different life stages—pupal and adult. Our results
suggest that adult acclimation had the most significant influence on both cold and heat
tolerance. Adult beetles acclimated to lower temperatures showed better cold tolerance,
while those acclimated to higher temperatures performed better in the heat-tolerance test.
Interestingly, the developmental temperatures during the pupal stage also contributed
to resistance, particularly in the heat-tolerance test. However, pupal stage temperatures
had no effect on cold-shock resistance, as indicated by chill-coma recovery time. These
results provide partial support for the beneficial acclimation hypothesis (BAH) and are
partly consistent with Scharf et al. [8], who observed a similar effect in Tribolium castaneum.
In their study, beetles acclimated as adults to lower temperatures resisted cold shock better,
while those acclimated on higher temperatures showed the opposite. However, their results
differ from ours in that they found a positive effect of higher developmental temperatures
on cold tolerance, which we did not observe in our experiment.

The BAH proposes that individuals that develop at a specific temperature perform
better at that specific temperature compared to individuals that developed at other tem-
peratures [16,20]. While studies show mixed support for this hypothesis, one possible
explanation for its lack of support is that long-term exposure to non-optimal conditions dur-
ing developmental life stages could impair overall fitness, thus decreasing performance in
all subsequent environmental conditions. Nevertheless, our results show that development
at higher temperatures did enhance heat tolerance. We can argue that this shows partial
support for BAH. In contrast, other authors propose the optimal development tempera-
ture hypothesis [17–19,22], which suggests that organisms raised at intermediate (optimal)
temperatures perform better across all temperatures compared to those raised at higher
or lower temperatures. Two more hypotheses are proposed, called the “warmer is better”
and “colder is better” hypotheses. They predict higher relative fitness at all temperatures
for organisms raised either at warm temperatures (“warmer is better”) than by organisms
raised at low and intermediate temperatures [8,55] and vice versa for the “colder is bet-
ter” hypothesis [7,18,30]. Our results from the second experiment do not unambiguously
support either of these alternative hypotheses. We can clearly reject the “colder is better”
hypothesis, as development at 21 ◦C did not improve thermal tolerance to either low or
high temperatures. Since we used 30 ◦C as the optimal developmental temperature and
21 ◦C as a suboptimal temperature, we can argue, similarly with support for the BAH, that
the results partially support the “optimal is better” hypothesis and even the “warmer is
better” hypothesis. However, when combining the findings from both parts of the exper-
iment and looking at the low-temperature acclimation effect on cold resistance, we can
see that insects kept 16 ◦C did not outperform those kept at 21 ◦C in the cold-tolerance
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test. This is true for the heat-tolerance test as well; insects kept at 35 ◦C did not perform
better than those kept at 30 ◦C. The first experiment supplements our findings in favour
of the “optimal is better” hypothesis. Still further testing is needed to unambiguously
confirm or challenge this hypothesis and to explore the effect of suboptimal developmental
temperatures on stress tolerance.

In the second part of the experiment, we also observed that males tolerated heat better
than females, although there was no sex-related effect on cold tolerance. Scharf et al. [8]
report similar findings for T. castaneum. The influence of sex on thermal tolerance is not
well understood [56]. In studies of acclimation, sex is often considered as an explanatory
variable, though it is typically not the primary focus. The results on this topic reported in
different studies are therefore ambiguous, with varying outcomes [8,45,57,58].

In summary, acclimation is a complex process occurring at different stages of an
organism’s life cycle, and according to our results, it has an adaptive nature. Different
forms of acclimation contribute to overall fitness under altered temperature conditions.
Our study focused on two forms of acclimation—developmental and adult—but did not
address hardening. Our results indicate that adult acclimation plays the predominant role
in mealworm adjustments to unfavourable conditions, particularly in cold extremes. In
hot conditions, yellow mealworms also rely on developmental temperatures, with higher
growth temperatures contributing to better performance at high temperature extremes.
In this study, we did not examine the influence of temperature fluctuations during the
development and acclimation process, which can impact development and stress tolerance
in insects [59,60]. This is a topic worthy of further investigation. For future research, we
also propose a study that would give more definitive answers regarding the contributions
of different forms of acclimation to thermal tolerance. Given the species’ widespread
distribution and increasing economic importance, we suggest continued use of T. molitor as
a model species for studies in insect thermal biology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects16040402/s1.

Funding: This research was supported by Project “Development of research infrastructure for the
international competitiveness of the Slovenian RRI space—RI-SI-LifeWatch” (the operation is co-
financed by the Ministry of Education, Science and Sport, Republic of Slovenia, and the European
Union from the European Regional Development Fund).

Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: This manuscript is the result of more than 10 years of practical exercises with
students. During this time, we have experimented on the thermal biology of Tenebrio molitor and
refined the methods used in this study. Therefore, I would like to thank all the students of the
Biology and Ecology with Nature Conservation programme of the Faculty of Natural Sciences and
Mathematics of the University of Maribor who were involved in this particular experimental process.
This research was supported by Project “Development of research infrastructure for the interna-
tional competitiveness of the Slovenian RRI space—RI-SI-LifeWatch” (the operation is co-financed by
the Ministry of Education, Science and Sport, Republic of Slovenia, and the European Union from
the European Regional Development Fund). The constructive comments and suggestions of two
anonymous reviewers contributed significantly to the improvement of this manuscript.

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviation
The following abbreviation is used in this manuscript:
BAH Beneficial acclimation hypothesis

https://www.mdpi.com/article/10.3390/insects16040402/s1
https://www.mdpi.com/article/10.3390/insects16040402/s1


Insects 2025, 16, 402 9 of 11

References
1. Teets, N.M.; Denlinger, D.L. Physiological mechanisms of seasonal and rapid cold-hardening in insects. Physiol. Entomol. 2013,

38, 105–116. [CrossRef]
2. Bodlah, M.A.; Iqbal, J.; Ashiq, A.; Bodlah, I.; Jiang, S.; Mudassir, M.A.; Rasheed, M.T.; Fareen, A.G.E. Insect behavioral restraint

and adaptation strategies under heat stress: An inclusive review. J. Saudi Soc. Agri. Sci. 2023, 22, 327–350. [CrossRef]
3. Scheiner, S.M. The Theory of the Evolution of Phenotypic Plasticity. In The Theory of Evolution: Principles, Concepts, and Assumptions;

Scheiner, S.M., Mindell, D.P., Eds.; Chicago Scholarship Online: Chicago, IL, USA, 2020; pp. 254–272. [CrossRef]
4. Randall, D.; Burggren, W.; French, K. Eckert Animal Physiology: Mechanisms and Adaptations, 5th ed.; W.H. Freeman: New York, NY,

USA, 2001; p. 752.
5. Wilson, R.S.; Franklin, C.E. Testing the beneficial acclimation hypothesis. Trends Ecol. Evol. 2002, 17, 66–70. [CrossRef]
6. Willmer, P.; Stone, G.; Johnston, I.A. Environmental Physiology of Animals, 2nd ed.; Wiley-Blackwell: Oxford, UK, 2000; p. 784.
7. Colinet, H.; Hoffmann, A.A. Comparing phenotypic effects and molecular correlates of developmental, gradual and rapid cold

acclimation responses in Drosophila melanogaster. Funct. Ecol. 2012, 26, 84–93. [CrossRef]
8. Scharf, I.; Galkin, N.; Halle, S. Disentangling the Consequences of Growth Temperature and Adult Acclimation Temperature on

Starvation and Thermal Tolerance in the Red Flour Beetle. Evol. Biol. 2015, 42, 54–62. [CrossRef]
9. Stazione, L.; Norry, F.M.; Sambucetti, P. Heat-hardening effects on mating success at high temperature in Drosophila melanogaster.

J. Therm. Biol. 2019, 80, 172–177. [CrossRef]
10. Bowler, K. Acclimation, heat shock and hardening. J. Therm. Biol. 2005, 30, 125–130. [CrossRef]
11. Bubliy, O.A.; Kristensen, T.N.; Kellermann, V.; Loeschcke, V. Plastic responses to four environmental stresses and cross-resistance

in a laboratory population of Drosophila melanogaster. Funct. Ecol. 2012, 26, 245–253. [CrossRef]
12. Abdelghany, A.Y.; Suthisut, D.; Fields, P.G. The effect of diapause and cold acclimation on the cold-hardiness of the warehouse

beetle, Trogoderma variabile (Coleoptera: Dermestidae). Can. Entomol. 2015, 147, 158–168. [CrossRef]
13. Modlmeier, A.P.; Pamminger, T.; Foitzik, S.; Scharf, I. Cold resistance depends on acclimation and behavioral caste in a temperate

ant. Naturwissenschaften 2012, 99, 811–819. [CrossRef]
14. Chen, C.P.; Lee, R.E.; Denlinger, D.L. Cold shock and heat shock: A comparison of the protection generated by brief pretreatment

at less severe temperatures. Physiol. Entomol. 1991, 16, 19–26. [CrossRef]
15. Sejerkilde, M.; Sørensen, J.G.; Loeschcke, V. Effects of cold- and heat hardening on thermal resistance in Drosophila melanogaster. J.

Insect Physiol. 2003, 49, 719–726. [CrossRef]
16. Leroi, A.M.; Bennett, A.F.; Lenski, R.E. Temperature acclimation and competitive fitness: An experimental test of the beneficial

acclimation assumption. Proc. Natl. Acad. Sci. USA 1994, 91, 1917–1921. [CrossRef]
17. Huey, R.B.; Berrigan, D.A. Testing evolutionary hypotheses of acclimation. In Animals and Temperature: Phenotypic and Evolutionary

Adaptation; Society for Experimental Biology Seminar Series; Johnston, I.A., Bennett, A.F., Eds.; Cambridge University Press:
Cambridge, UK, 1996; pp. 203–237. [CrossRef]

18. Huey, R.B.; Berrigan, D.; Gilchrist, G.W.; Herron, J.C. Testing the adaptive significance of acclimation: A strong inference
hypothesis. Am. Zool. 1999, 39, 323–336. [CrossRef]

19. Nunney, L.; Cheung, W. The effect of temperature on body size and fecundity in female Drosophila melanogaster: Evidence for
adaptive plasticity. Evolution 1997, 51, 1529–1535. [CrossRef]

20. Woods, H.A.; Harrison, J.F. Interpreting rejections of the beneficial acclimation hypothesis: When is physiological plasticity
adaptive? Evolution 2002, 56, 1863–1866. [CrossRef]

21. Krebs, R.A.; Loeschcke, V. Costs and benefits of activation of the heat shock response in Drosophila melanogaster. Funct. Ecol. 1994,
8, 730–737. [CrossRef]

22. Zamudio, K.R.; Huey, R.B.; Crill, W.D. Bigger isn’t always better: Body size, temperature and male territorial success in Drosophila
melanogaster. Anim. Behav. 1995, 49, 671–677. [CrossRef]

23. Bennett, A.F.; Lenski, R.E. Evolutionary adaptation to temperature. VI. Phenotypic acclimation and its evolution in Escherichia coli.
Evolution 1997, 51, 36–44. [CrossRef]

24. Gibbs, A.G.; Louie, A.K.; Ayala, J.A. Effects of temperature on cuticular lipids and water balance in a desert Drosophila: Is thermal
acclimation beneficial? J. Exp. Biol. 1998, 201, 71–80. [CrossRef]

25. Woods, H.A. Patterns and mechanisms of growth of fifth- instar Manduca sexta caterpillars following exposure to low- or
high-protein food during early instars. Physiol. Biochem. Zool. 1999, 72, 445–454. [CrossRef]

26. Blanckenhorn, W.U. Temperature effects on egg size and their fitness consequences in the yellow dung fly Scathophaga stercoraria.
Evol. Ecol. 2000, 14, 627–643. [CrossRef]

27. Woods, H.A.; Harrison, J.F. The beneficial acclimation hypothesis versus acclimation of specific traits: Physiological change in
water-stressed Manduca sexta caterpillars. Physiol. Biochem. Zool. 2001, 74, 32–44. [CrossRef]

28. Gibert, P.; Huey, R.B.; Gilchrist, G.W. Locomotor performance of Drosophila melanogaster: Interactions among developmental and
adult temperatures, age, and geography. Evolution 2001, 55, 205–209. [CrossRef]

https://doi.org/10.1111/phen.12019
https://doi.org/10.1016/j.jssas.2023.02.004
https://doi.org/10.7208/chicago/9780226671338.003.0013
https://doi.org/10.1016/S0169-5347(01)02384-9
https://doi.org/10.1111/j.1365-2435.2011.01898.x
https://doi.org/10.1007/s11692-014-9298-z
https://doi.org/10.1016/j.jtherbio.2019.02.001
https://doi.org/10.1016/j.jtherbio.2004.09.001
https://doi.org/10.1111/j.1365-2435.2011.01928.x
https://doi.org/10.4039/tce.2014.45
https://doi.org/10.1007/s00114-012-0963-8
https://doi.org/10.1111/j.1365-3032.1991.tb00539.x
https://doi.org/10.1016/S0022-1910(03)00095-7
https://doi.org/10.1073/pnas.91.5.1917
https://doi.org/10.1017/CBO9780511721854.010
https://doi.org/10.1093/icb/39.2.323
https://doi.org/10.2307/2411205
https://doi.org/10.1111/j.0014-3820.2002.tb00201.x
https://doi.org/10.2307/2390232
https://doi.org/10.1016/0003-3472(95)80200-2
https://doi.org/10.2307/2410958
https://doi.org/10.1242/jeb.201.1.71
https://doi.org/10.1086/316678
https://doi.org/10.1023/A:1010911017700
https://doi.org/10.1086/319302
https://doi.org/10.1111/j.0014-3820.2001.tb01286.x


Insects 2025, 16, 402 10 of 11

29. Gilchrist, G.W.; Huey, R.B. Parental and developmental temperature effects on the thermal dependence of fitness in Drosophila
melanogaster. Evolution 2001, 55, 209–214. [CrossRef]

30. Santos, M.A.; Carromeu-Santos, A.; Quina, A.S.; Santos, M.; Matos, M.; Simões, P. High developmental temperature leads to low
reproduction despite adult temperature. J. Therm. Biol. 2021, 95, 102794. [CrossRef] [PubMed]

31. Vainikka, A.; Seppäla, O.; Löytynoja, K.; Rantala, M.J. Fitness consequences of female preference for male pheromones in Tenebrio
molitor. Evol. Ecol. Res. 2006, 8, 943–957.

32. Makkar, P.S.; Tran, G.; Heuzé, V.; Ankers, P. State-of-the-art on use of insects as animal feed. Anim. Feed Sci. Technol. 2014,
197, 1–33. [CrossRef]

33. Adamaki-Sotiraki, C.; Rumbos, C.I.; Athanassiou, C.G. From a stored-product pest to a promising protein source: A U-turn of
human perspective for the yellow mealworm Tenebrio molitor. J. Pest Sci. 2024, 98, 113–129. [CrossRef]

34. Ramos-Elorduy, J.; Avila Gonzalez, E.; Rocha Hernandez, A.; Pino, J.M. Use of Tenebrio molitor (Coleoptera: Tenebrionidae) to recycle
organic wastes and as feed for broiler chickens. J. Econ. Entomol. 2002, 95, 214–220. [CrossRef]

35. Ribeiro, N.; Abelho, M.; Costa, R.A. Review of the Scientific Literature for Optimal Conditions for Mass Rearing Tenebrio molitor
(Coleoptera: Tenebrionidae). J. Entomol. Sci. 2018, 53, 434–454. [CrossRef]

36. Punzo, F.; Mutchmor, J.A. Effects of temperature, relative humidity and period of exposure on the survival capacity of Tenebrio
molitor (Coleoptera: Tenebrionidae). J. Kans. Entomol. Soc. 1980, 53, 260–270.

37. Damborsky, M.; Bar, P.S.T.; Oscherov, M.E. Ciclo de vida de Tenebrio molitor (Coleoptera, Tenebrionidae) en condiciones experi-
mentales. Comun. Cient. y Tecnol. UNNE 2000, 6, 35–38.

38. Bjørge, J.D.; Overgaard, J.; Malte, H.; Gianotten, N.; Heckmann, L.H. Role of temperature on growth and metabolic rate in the
tenebrionid beetles Alphitobius diaperinus and Tenebrio molitor. J. Insect Physiol. 2018, 107, 89–96. [CrossRef]

39. Stevens, M.M.; Jackson, S.; Bester, S.A.; Terblanche, J.S.; Chown, S.L. Oxygen limitation and thermal tolerance in two terrestrial
arthropod species. J. Exp. Biol. 2010, 213, 2209–2218. [CrossRef]

40. Koo, H.; Kim, S.; Oh, H.; Kim, J.; Choi, D.; Kim, D.; Kim, I. Temperature-dependent development model of larvae of mealworm
beetle, Tenebrio molitor L. (Coleoptera: Tenebrionidae). Korean J. Appl. Entomol. 2013, 52, 387–394. [CrossRef]

41. Ludwig, D. Effects of temperature and parental age on the life cycle of the mealworm, Tenebrio molitor Linnaeus (Coleoptera,
Tenebrionidae). Ann. Entomol. Soc. Am. 1956, 49, 12–15. [CrossRef]

42. Mutchmor, J.A.; Richards, A.G. Low temperature tolerance of insects in relation to the influence of temperature on muscle apyrase
activity. J. Insect Physiol. 1961, 7, 141–158. [CrossRef]

43. Martin, R.D.; Rivers, J.P.W.; Cowgill, U.M. Culturing mealworms as food for animals in captivity. Int. Zoo Yearb. 1976, 16, 63–70.
[CrossRef]

44. Allen, J.L.; Clusella-Trullas, S.; Chown, S.L. The effects of acclimation and rates of temperature change on critical thermal limits in
Tenebrio molitor (Tenebrionidae) and Cyrtobagous salviniae (Curculionidae). J. Insect Physiol. 2012, 58, 669–678. [CrossRef]

45. David, R.J.; Gibert, P.; Pla, E.; Petavy, G.; Karan, D.; Moreteau, B. Cold stress tolerance in Drosophila: Analysis of chill coma
recovery in D. melanogaster. J. Therm. Biol. 1998, 23, 291–299. [CrossRef]

46. MacMillan, H.A.; Sinclair, B.J. Mechanisms underlying insect chill-coma. J. Insect Physiol. 2011, 57, 12–20. [CrossRef]
47. Findsen, A.; Pedersen, T.H.; Petersen, A.G.; Nielsen, O.B.; Overgaard, J. Why do insects enter and recover from chill coma? Low

temperature and high extracellular potassium compromise muscle function in Locusta migratoria. J. Exp. Biol. 2014, 217, 1297–1306.
[CrossRef] [PubMed]

48. MacMillan, H.A.; Williams, C.M.; Staples, J.F.; Sinclair, B.J. Reestablishment of ion homeostasis during chill-coma recovery in the
cricket Gryllus pennsylvanicus. Proc. Natl. Acad. Sci. USA 2012, 109, 20750–20755. [CrossRef]

49. Wilches, D.M.; Laird, R.A.; Floate, K.D.; Fields, P.G. A review of diapause and tolerance to extreme temperatures in dermestids
(Coleoptera). J. Stored Prod. Res. 2016, 68, 50–62. [CrossRef]

50. Bhattacharya, A.K.; Ameel, J.J.; Waldbauer, G.P. A Method for Sexing Living Pupal and Adult Yellow Mealworms. Ann. Entomol.
Soc. Am. 1970, 63, 1783. [CrossRef]

51. Scharf, I.; Sbilordo, S.H.; Martin, O.Y. Cold tolerance in flour beetle species differing in body size and selection temperature.
Physiol. Entomol. 2014, 39, 80–87. [CrossRef]

52. Berrigan, D.; Dagher, H.; Hoffmann, A.A. Comparing different measures of heat resistance in selected lines of Drosophila
melanogaster. J. Insect Physiol. 1997, 43, 393–405. [CrossRef]

53. Huey, R.B.; Crill, W.D.; Kingsolver, J.G.; Weber, K.E. A method for rapid measurement of heat or cold resistance of small insects.
Funct. Ecol. 1992, 6, 489–494. [CrossRef]

54. Lachenicht, M.W.; Clusella-Trullas, S.; Boardman, L.; Le Roux, C.; Terblanche, J.S. Effects of acclimation temperature on thermal
tolerance, locomotion performance and respiratory metabolism in Acheta domesticus L. (Orthoptera: Gryllidae). J. Insect Physiol.
2010, 56, 822–830. [CrossRef] [PubMed]

55. Terblanche, J.S.; Chown, S.L. The relative contributions of developmental plasticity and adult acclimation to physiological
variation in the tsetse fly, Glossina pallidipes (Diptera, Glossinidae). J. Exp. Biol. 2006, 209, 1064–1073. [CrossRef] [PubMed]

https://doi.org/10.1111/j.0014-3820.2001.tb01287.x
https://doi.org/10.1016/j.jtherbio.2020.102794
https://www.ncbi.nlm.nih.gov/pubmed/33454035
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1007/s10340-024-01851-5
https://doi.org/10.1603/0022-0493-95.1.214
https://doi.org/10.18474/JES17-67.1
https://doi.org/10.1016/j.jinsphys.2018.02.010
https://doi.org/10.1242/jeb.040170
https://doi.org/10.5656/KSAE.2013.11.0.066
https://doi.org/10.1093/aesa/49.1.12
https://doi.org/10.1016/0022-1910(61)90051-8
https://doi.org/10.1111/j.1748-1090.1976.tb00130.x
https://doi.org/10.1016/j.jinsphys.2012.01.016
https://doi.org/10.1016/S0306-4565(98)00020-5
https://doi.org/10.1016/j.jinsphys.2010.10.004
https://doi.org/10.1242/jeb.098442
https://www.ncbi.nlm.nih.gov/pubmed/24744424
https://doi.org/10.1073/pnas.1212788109
https://doi.org/10.1016/j.jspr.2016.04.004
https://doi.org/10.1093/aesa/63.6.1783
https://doi.org/10.1111/phen.12050
https://doi.org/10.1016/s0022-1910(96)00108-4
https://doi.org/10.2307/2389288
https://doi.org/10.1016/j.jinsphys.2010.02.010
https://www.ncbi.nlm.nih.gov/pubmed/20197070
https://doi.org/10.1242/jeb.02129
https://www.ncbi.nlm.nih.gov/pubmed/16513933


Insects 2025, 16, 402 11 of 11

56. Renault, D.; Salin, C.; Vannier, G.; Vernon, P. Survival at low temperatures in insects: What is the ecological significance of the
supercooling point? CryoLetters 2002, 23, 217–228. [PubMed]

57. Jensen, D.; Overgaard, J.; Sørensen, J.G. The influence of developmental stage on cold shock resistance and ability to coldharden
in Drosophila melanogaster. J. Insect Physiol. 2007, 53, 186–197. [CrossRef]

58. Zeilstra, I.; Fischer, K. Cold tolerance in relation to developmental and adult temperature in a butterfly. Physiol. Entomol. 2005,
30, 92–95. [CrossRef]

59. Scharf, I.; Segal, D.; Bar, A.; Gottlieb, D. Negative effects of fluctuating temperatures around the optimal temperature on
reproduction and survival of the red flour beetle. J. Therm. Biol. 2022, 103, 103165. [CrossRef]

60. Zhao, C.; Chen, H.; Guo, J.; Zhou, Z. Effects of Fluctuating Thermal Regimes on Life History Parameters and Body Size of
Ophraella communa. Insects 2022, 13, 821. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ncbi.nlm.nih.gov/pubmed/12391482
https://doi.org/10.1016/j.jinsphys.2006.11.008
https://doi.org/10.1111/j.0307-6962.2005.00430.x
https://doi.org/10.1016/j.jtherbio.2021.103165
https://doi.org/10.3390/insects13090821

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Cold and Heat Tolerance 
	Chill-Coma Test 
	Heat-Tolerance Test 
	Statistical Analysis 

	Results 
	Discussion 
	References

