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Insects exposed to constant low temperatures (CLT) exhibit
high rates of mortality as well as a variety of sublethal effects. In
many species, interruptions of CLT with brief pulses of warm
temperatures (fluctuating thermal regimes, FTR) lead to
increases in survival and fewer sublethal effects. However, we
still lack a complete understanding of the physiological
mechanisms activated during FTR. In this review, we discuss
recent advances in understanding FTR’s underlying molecular
mechanisms. We discuss knowledge gaps related to potential
trade-offs between FTR’s beneficial effects and the costs of
these repairs to overwintering reserves and reproduction. We
present the hypothesis that the warm pulse of FTR helps to
maintain daily rhythmicity.
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Introduction

Insect physiology is dynamic and tightly linked with
temperature. Through acclimation, most temperate in-
sects can tolerate exposure to stressful low temperatures,
whether during temporary cold exposure or through
physiological programming associated with diapause.
But, extended exposure can lead to an accumulation of
cellular damage and neuromuscular dysfunction known
as chill injury [1]. Chill injury is particularly problematic
in managed insect species that have been stored at
constant low temperatures (CL'T) for extended periods
of time during winter months. CL'T is used for storage of

biological control agents (e.g. [2]) and agricultural polli-
nators (e.g. [3]). The chill injury caused by CL'T storage
has correlates in nature, when insects are exposed to cold
snaps during unpredictable weather. Climate change will
likely increase the variability of winter temperatures due
to snow melt [4], potentially increasing chill injury. Not
surprisingly, the details of thermal profiles have ramifi-
cations for insect physiology, survival, and lifetime re-
productive success. Under CLT, insects exhibit a
dramatic reduction in cold-induced mortality if exposed
to brief, daily pulses of warm temperatures (fluctuating
thermal regimes, FTR).

The benefits of FTR on the survival of chill-injured
insects appear to be nearly universal. However, many
managed insects are stored in the winter under CL'T and
have no opportunity to feed or replenish energy reserves
[5]. Therefore, it is widely assumed that the energetic
costs of cellular repair during F'T'R will cause a trade-off
in other aspects of performance — such as reproductive
output (e.g. [6]). In this review, we discuss 1) physiolo-
gical support for -omics-inferred molecular mechanisms
of FTR, 2) potential trade-offs between FTR’s benefit
and energy allocation, and 3) additional hypotheses that
warrant further investigation. Although FTR treatments
have been applied in a variety of contexts, the me-
chanisms of F'TR have been most thoroughly studied in
insects exposed to CL'T. Therefore, for this review, we
focus solely on F'TR in the context of CL'T.

Physiological support for -omics inferences
Improved performance and survival outcomes under
FTR have been reported across several insect orders [7].
Broad-scale ‘-omics’ experiments suggest multiple con-
served physiological mechanisms, including processes
promoting ion, metabolic, and osmotic homeostasis, as
well as restructuring of cell membranes, stabilization of
the cytoskeleton, increased immune activity and detox-
ification, and mitigation of oxidative stress (for a detailed
review, see Ref. [8]). Direct observations supporting
several of these mechanisms are still limited, but recent
progress has been made in the context of ion home-
ostasis [9,10], membrane composition and function [11],
and oxidative stress [12], which we discuss in more detail
below ( Figure 1).
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A summary of recent advances and proposed future directions in the physiological mechanisms of FTR. Within each hypothesized response box

(white), the green boxes in the lower left-hand corner represent direct observations testing the hypothesis, yellow boxes indicate -omics inferences
that support the hypothesis, and red boxes show that the hypothesis has not yet been tested. The + or — in the lower right-hand corner represents
whether the direct observations of that response support (+) or do not support (-) the hypothesis. Boxes containing both + and - indicate conflicting

results among studies.

Membranes are among the most thermally sensitive
macromolecular structures [13]. Extended cold exposure
can lead to decreased rates of active transport, which drive
disruptions in ion homeostasis and ultimately result in
membrane depolarization, loss of muscle function, and
cell death [1,14]. El-Saadi et al. [9] and Grumiaux et al.
[10] provided strong support for the ability of FTR to
mitigate these disruptions in Drosophila melanogaster and
D. suzutkii, respectively. In both instances, adult flies ex-
posed to FTR had lower hemolymph [K*] relative to
CLT. These results are consistent with previous ob-
servations in the firebug, Pyrrhocoris apterus, and the te-
nebrionid beetle, Alphitobius diaperinus [15]. However, it
remains unclear whether the warm pulses associated with
FTR simply promote changes in the permeability of cell
membranes (restoring passive drift of ions down their
concentration gradient) or promote an increase in the
enzymatic activity or expression of ion transporters.
These mechanisms are likely not mutually exclusive, and
recent -omics data supports this [16].

The fluidity of the lipids within cell membranes influ-
ences the activity of many important membrane en-
zymes and transmembrane transport processes. Chilling
can result in changes to permeability of membranes and
reduced activity of membrane-bound enzymes that ra-
pidly lead to the accumulation of chilling injuries and

mortality [8]. In D. melanogaster adults, CL'T leads to a
shift in membrane composition and shorter fatty acyl
chains [11]. These changes in composition and structure
likely help to maintain membrane fluidity at lower
temperatures, but could also alter the membranes’ per-
meability and the function of ion channels [17]. Under
FTR, these flies reorganize their membranes to more
closely resemble flies that had not experienced cold
stress [11]. In addition to membrane reorganization,
FTR-exposed insects also increased the abundance of
transcripts encoding structural components of mem-
branes (e.g. transmembrane proteins and aquaporins,
[16]). Further, Melicher et al. [18] showed that Megachile
rotundata pupae increase expression of transcripts en-
coding ion channels after just one day of FTR exposure.
Since the regulation of ion and osmotic homeostasis in
insects is a complex interaction between gut epithelia
and the Malpighian tubules [19], we argue that the field
must increase research that mechanistically tests tissue-
specific regulation of ion homeostasis.

Changes in membrane permeability also affect mi-
tochondrial function during cold stress [20]. A decrease
in mitochondrial function during CLI'T is likely to have a
variety of consequential downstream effects, but oxida-
tive stress has received particularly close attention
[12,21-26]. Oxidative stress occurs when the production
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of reactive oxygen species (ROS) exceeds an organism’s
ability to clear excess ROS with antioxidants, leading to
damage of lipids, proteins, and DNA [27]. ROS-induced
damage could be further compounded in chill-injured
insects if enzymatic antioxidants are less efficient as
temperature decreases, but to our knowledge, this has
not been tested. Therefore, a periodic exposure of
warmth in F'TR should increase the efficiency of those
enzymes, allowing cells to clear the ROS that have built
up under CL'T. In adult Alphitobius diaperinus, super-
oxide dismutase (SOD) activity increases during low-
temperature stress and glutathione ratios increase (in-
dicating decreased oxidative stress) during the warm
period of F'TR [21]. Consistent with these observations,
after exposure to CL'T', M. rotundata prepupae increase
expression of transcripts encoding SOD and glutathione
peroxidase, relative to F'TR [12]. However, counter to
predictions, neither CLL'T- and FTR-exposed prepupae
or pupae differed in their total antioxidant capacity or
levels of lipid peroxidation (a common proxy for ROS-
induced damage). Importantly, this study measured only
lipid peroxidation before the point at which mortality
between the two treatments began to diverge. It there-
fore remains possible that 1) differences in antioxidant
capacity between CL'T and FTR could emerge as
mortality begins to increase in CL'T and 2) oxidative
damage 1s occurring at the DNA or protein level. These
observations in M. rotundata, also contrast with elevated
levels of lipid peroxidation and protein carbonylation
during CL'T exposure in D. melanogaster larvae, relative
to FTR [28]. We assume that this discrepancy between
studies is associated with the underlying cold tolerance
of the species, but it could also be driven by underlying
differences in metabolic rates between the two species
during CL'T or differences in the duration of the FTR
exposure.

Is there a cost to fluctuating thermal regimes?
While the benefits of FTR on insect survival during
CLT are well-established [8], the energetic demands
and other potential trade-offs are still uncertain
(Table 1). The warm pulse of F'TR is associated with a
brief ‘overshoot’ in CO, production [21,29]. Lalouette
et al. [21] hypothesized this overshoot is a result of ac-
tivation of the reparative functions associated with
FTR restoration of ion [9] and metabolic homeostasis
[11,28] and repair of stress-induced damage from chill
injury [1] could require significant energetic investment.
Costly repair mechanisms could explain the overshoot in
metabolic rates during the warm pulse of F'TR observed
by Lalouette et al. [21] and Yocum et al. [29]. Restoring
ion gradients is energetically intensive — requiring the
availability of ATP to recover homeostasis via metabo-
lically demanding ion transporters [1]. Over longer
durations of FTR exposure, we hypothesize that con-
tinually reestablishing ion homeostasis could result in a

significant energetic demand on the insect. In support of
this hypothesis, Megachile rotundata prepupac increase
the expression of multiple transcripts encoding ATP-
dependent ion channels during the warm pulse of F'T'R
[18]. We appreciate that disentangling the energy re-
quirements of each of these mechanisms individually
would be a true challenge, especially given that knock-
downs of these critical physiological processes would
likely result in lethal phenotypes. Tissue-specific in-
quiries into the dynamics of mitochondrial respiration
and ATP synthesis between CL'T and FTR (cf. Colinet
et al. [30]) could begin to address in what tissues these
costs are being incurred.

If the elevated metabolic rates associated with the warm
pulse of F'T'R cause an increase in energetic demands,
this cost should be reflected in the energy consumption
rates of F'TR-exposed insects. However, existing mea-
surements of body composition and ATP levels during
FTR do not provide clear support for this relationship.
For example, lipid content over 40 days of FTR ex-
posure in D. suzukii adults [10] and Thaumatotibia leuco-
treta larvae [7] exposed to short-term F'TR (<1 day) do
not differ relative to individuals exposed to CLL'T. Fur-
ther, measurements of ATP levels during FTR are in-
consistent across studies. Adult A. diaperinus during the
first three days of CL'T or F'TR does not differ in ATP
levels [31]. This contrasts with higher ATP levels in
FTR-exposed Sarcophaga crassipalpis pharate adults.
Importantly, the temperature profiles of the F'TR differ
dramatically between these two studies, with . ¢rassi-
palpis exposed to both longer bouts of low temperatures
and warm pulses during the FTR treatment. Perhaps,
longer durations of warm pulses during FTR lead to
greater energetic demands. Nevertheless, data on the
relationship between FTR exposure and energetic de-
mands are still scarce and will likely require measure-
ments of other energy reserves such as glycogen as well
as measurements spanning longer durations of FTR
exposure.

The ultimate impact of an energetic cost is a decrease in
reproduction. The hypothesis that the benefits of FTR
come at a cost to investment in reproduction has recently
been scrutinized (T'able 1). In most of these studies,
FTR exposure comes at no cost to reproduction. How-
ever, there are contexts in which FTR exposure nega-
tively impacts reproduction [6,32], and others in which
there is a benefit to fecundity [32,33]. In Drosophila su-
zukii, F'TR exposure as adults greatly reduces mortality,
but has no effect on female fecundity or male mating
capacity, whereas exposure to FTR as pupae in this
species decreases adult female fecundity [6]. The trends
presented in these studies support a more complex re-
lationship between FTR exposure and reproductive
output, with life stage of exposure, sex, and duration of
the treatments emerging as important factors. In some
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life stages, there is either an inherent cost to the warm
temperature exposure itself or there is a trade-off with
the beneficial mechanisms activated during F'TR.

New directions for research on fluctuating
thermal regimes

Hypothesis 1. F'I'R repairs neuronal damage caused by
chilling

As disruptions to ion and osmotic homeostasis persist,
elevated levels of K™ in the hemolymph promote ex-
tracellular depolarization and ultimately lead to cell
death and a range of sublethal effects including neuro-
muscular dysfunction [1]. Recent work investigating the
mechanisms of chill injury in Locusta migratoria has de-
monstrated the role hypokalemia plays in promoting an
increase in intracellular Ca®* and inducing cell death [34]
as well as tissue-specific variation in chill-injury-induced
programmed cell death via caspase-3 activity [35]. Two
competing, but not mutually exclusive, hypotheses
suggest that F'TR functions to protect against or repair
damage caused by chill injury [8]. The improvements in
neuromuscular coordination of FTR-exposed insects,
relative to CL'T, suggest that F'T'R could act to inhibit
these cell death mechanisms and/or act to repair damage
downstream of their activation. Megachile rotundata pre-
pupae [26] and pupae [16] under FTR have increased
abundance of transcripts encoding neural patterning
proteins, but to our knowledge, no other evidence of this
relationship has been reported. Therefore, with a better
understanding of the mechanisms that drive cell death
during chill injury, follow-on experiments to test if F'TR
mitigates the activity of cell death mechanisms are now
feasible.

Hypothesis 2. The periodicity of F'TR acts as a zeitgeber
to synchronize insect clocks

Besides the well-established role of FTR in aiding the
recovery of membrane integrity and ion homeostasis, we
hypothesize that the warm temperature pulse could also
be functioning as a zeitgeber synchronizing the insects’
clocks. Disruption of circadian mechanisms could lead to
the desynchronization of daily activities and physiolo-
gical processes [36]. There are two forms of circadian
clocks, central and peripheral. The peripheral clocks are
under various levels of regulation by the central clock
and can have different physiological characteristics from
those of the central clock [37]. Under certain environ-
mental conditions, the peripheral clocks may become
misaligned from the central clock [38]. Misalignment of
the clocks can lead to deleterious impacts on an organ-
ism’s physiology [39,40].

Insects’ clocks function correctly only within a limited
range of temperatures and photoperiods, outside these

conditions, the insect’s physiology can be negatively
impacted. Exposure to sub- and super-optimal tem-
peratures can significantly alter insects’ rhythmicity
[41-43]. The molecular underpinning for these altera-
tions in rhythmicity appears to be changes in proteins
levels for multiple clock genes (reviewed by Maguire
and Sehgal [43]). The lack of a zeitgeber synchronizing
the various clocks should be viewed as a stress due to its
ability to alter insects’ rthythmicity. Rearing M. rotundata
under darkness and at constant 29°C results in the adults
emerging randomly throughout the day and nighe,
whereas exposing developing M. rotundata to a thermo-
period with an amplitude as little as 2°C synchronizes
emergence to the beginning of the thermophase (i.e. the
start of the temperature increase) and decreases the total
number of days required for all adults to emerge [44].
Rearing adult Drosophila simulans under thermal profiles
with a predictable (P) or nonpredictable (NP) tempera-
ture peak and a constant temperature (CT) control
yielded a complex set of results [45]. The P line of flies
had a significantly longer developmental time than ei-
ther the CT or NP lines. The NP line had a significantly
longer chill coma recovery time as compared with the
CT and P lines. Finally, the CT flies had significantly
larger body size than either of the two other lines of flies.
It is clear from this study that untangling the possible
role of the F'T'R warm pulse as a zeitgeber from its other
physiological impacts will not be easy.

There are several important questions that need to be
answered: 1) how stable is the temperature lower limit
for maintaining rhythmicity — does it vary year to year
or over development? 2) Are there developmental stages
that are more sensitive than others to the effects of clock
misalignment and if so, why? 3) What role does the
duration of misalignment have on the overall outcome of
the misalignment event? 4) Does having an ecologically
relevant zeitgeber alter the thermal limit for maintaining
rhythmicity? 5) What are the genes regulating the lower
temperature limits for maintaining rhythmicity and what
are the environmental cues that regulate them? Periodic
arousals occur in hibernating mammals. These periodic
increases in metabolic rate are thought to be governed
by a clock mechanism that is independent of circadian
control [46,47], and is instead regulated by metabolic
rate, possibly the depletion of a key metabolic compo-
nent [47]. While different in many aspects, mammalian
hibernation and the insect F'TR response may have in-
teresting intersections in metabolic repair and en-
dogenous cellular cycling.

Conclusions

Recent studies have driven forward our understanding of
the physiological and molecular mechanisms that pro-
mote the neuromuscular dysfunction and cell death as-
sociated with chill injury [34,35]. A significant body of
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literature now shows that the disruptions in ion home-
ostasis that promote these chill-injury phenotypes are
mitigated by FTR exposure. Future inquiries into
FTR’s ability to reduce the intracellular influx of Ca**
and cell death are now warranted. Recent measurements
of the energetic and reproductive costs of F'TR exposure
have yielded complex results suggesting that negative
consequences of FTR are life-stage-dependent. Finally,
we propose additional work investigating the role F'TR
plays in repairing the damage caused by chill injury and
coordinating circadian rhythm.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest
None to declare.

Acknowledgements

This work was supported by the National Science Foundation Established
Program to Stimulate Competitive Research NSF-EPSCoR-1826834 and
the U.S. Department of Agriculture, Agricultural Research Service through
project 3060-21220-03200D. The findings and conclusions in this publica-
tion are those of the authors and should not be construed to represent any
official USDA or U.S. Government determination or policy. Mention of
trade names or commercial products in this publication is solely for the
purpose of providing specific information and does not imply re-
commendation or endorsement by the U.S. Department of Agriculture.
USDA is an equal-opportunity provider and employer.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

e of special interest
ee of outstanding interest

1. Overgaard J, MacMillan HA: The integrative physiology of insect
chill tolerance. Annu Rev Physiol 2017, 79:187-208.

2. Colinet H, Hance T: Interspecific variation in the response to low
temperature storage in different aphid parasitoids. Ann App/
Biol 2010, 156:147-156.

3. Rinehart JP, Yocum GD, Kemp WP, Greenlee KJ: A fluctuating
thermal regime improves long-term survival of quiescent
prepupal Megachile rotundata (Hymenoptera: Megachilidae). J
Econ Entomol 2013, 106:1081-1088.

4. Williams CM, Henry HAL, Sinclair BJ: Cold truths: how winter
drives responses of terrestrial organisms to climate change.
Biol Rev Camb Philos Soc 2015, 90:214-235.

5. Hahn DA, Denlinger DL: Energetics of insect diapause. Annu Rev
Entomol 2011, 56:103-121.

6. Enriquez T, Ruel D, Charrier M, Colinet H: Effects of fluctuating
thermal regimes on cold survival and life history traits of the
spotted wing Drosophila (Drosophila suzukii). Insect Sci 2020,
27:317-335.

In this study, the authors tested different FTR parameters such as
temperature, duration, and frequency of warm pulses in Drosophila
suzukii pupae and adults. FTR improved cold tolerance compared with
CLT, with optimal results observed at higher recovery temperatures,

longer durations, and more frequent warming intervals. Exposure to the
optimized FTR protocol in adults significantly reduced mortality during
long-term storage but did not affect female fecundity or male mating
capacity. However, FTR storage of pupae resulted in decreased female
fecundity, relative to CLT. These results suggest that energetic trade-
offs associated with FTR could be life-stage-dependent.

7. Boardman L, Sorensen JG, Terblanche JS: Physiological
responses to fluctuating thermal and hydration regimes in the
chill susceptible insect, Thaumatotibia leucotreta. J Insect
Physiol 2013, 59:781-794.

8. Colinet H, Rinehart JP, Yocum GD, Greenlee KJ: Mechanisms
underpinning the beneficial effects of fluctuating thermal
regimes in insect cold tolerance. J Exp Biol 2018, 221:jeb164806.

9. El-Saadi MI, Ritchie MW, Davis HE, MacMillan HA: Warm periods
*e in repeated cold stresses protect Drosophila against
ionoregulatory collapse, chilling injury, and reproductive
deficits. J Insect Physiol 2020, 123:104055.
This study evaluates different durations of warm periods between cold
stresses in Drosophila melanogaster. The authors found that longer
(120 min) and shorter (15 min) recovery periods could reduce hemo-
lymph [K*] to levels similar to the control. They also observed improved
survival, reduced injury rates, and led to faster chill coma recovery in
flies with longer recovery periods. Counter to the authors’ predictions,
flies with longer recovery periods also produced more offspring, sug-
gesting improved fertility.

10. Grumiaux C, Andersen MK, Colinet H, Overgaard J: Fluctuating

e thermal regime preserves physiological homeostasis and
reproductive capacity in Drosophila suzukii. J Insect Physiol
2019, 113:33-41.

Drosophila suzukii exposed to a FTR experiences slower aging, pre-

served fecundity, and maintained [K*] and water balance compared

with flies kept at CLT. FTR-exposed D. suzukii also exhibited faster chill

coma recovery times when compared with CLT and control flies.

11. Colinet H, Renault D, Javal M, Berkova P, Simek P, Kostal V:
Uncovering the benefits of fluctuating thermal regimes on cold
tolerance of Drosophila flies by combined metabolomic and
lipidomic approach. BBA — Mol Cell Biol Lipids 2016,
1861:1736-1745.

12. Torson AS, Yocum GD, Rinehart JP, Nash SA, Bowsher JH:

*¢  Fluctuating thermal regimes prevent chill injury but do not
change patterns of oxidative stress in the alfalfa leafcutting
bee, Megachile rotundata. J Insect Physiol 2019, 118:103935.

This study tests the hypotheses that chill injury leads to oxidative stress
and that exposure to a FTR leads to increased antioxidant activity and
decreased ROS-induced damage. The authors measured gene ex-
pression, antioxidant capacity, and lipid peroxidation, finding differential
expression of transcripts encoding antioxidants but no evidence of
differences in total antioxidant capacity or lipid peroxidation between
treatments.

13. Cooper BS, Hammad LA, Montooth KL: Thermal adaptation of
cellular membranes in natural populations of Drosophila
melanogaster. Funct Ecol 2014, 28:886-894.

14. MacMillan HA, Findsen A, Pedersen TH, Overgaard J: Cold-
induced depolarization of insect muscle: differing roles of
extracellular K+ during acute and chronic chilling. J Exp Biol
2014, 217:2930-2938.

15. Kostéal V, Renault D, Mehrabianova A, Bastl J: Insect cold
tolerance and repair of chill-injury at fluctuating thermal
regimes: role of ion homeostasis. Comp Biochem Physiol, Part A:
Mol Integr Physiol 2007, 147:231-238.

16. Torson AS, Yocum GD, Rinehart JP, Nash SA, Kvidera KM,
Bowsher JH: Physiological responses to fluctuating
temperatures are characterized by distinct transcriptional
profiles in a solitary bee. J Exp Biol 2017, 220:3372-3380.

17. Kostal V: Cell structural modifications in insects at low
temperature. In Low Temp Biol Insects. Edited by Denlinger DL,
Lee, Jr RE. Cambridge University Press; 2010:116-140.

18. Melicher D, Torson AS, Anderson TJ, Yocum GD, Rinehart JP,
. Bowsher JH: Immediate transcriptional response to a

Current Opinion in Insect Science 2024, 62:101160

www.sciencedirect.com



Mechanisms of fluctuating thermal regimes Torson, Yocum and Bowsher 7

temperature pulse under a fluctuating thermal regime. Integr

Comp Biol 2019, 59:320-337.
The authors interrupted pupation with either CLT or an FTR. A tran-
scriptome analysis revealed that the brief exposure to warm temperatures
induces the expression of transcripts associated with repairing cell
membrane damage, modifying membrane composition, producing anti-
freeze proteins, restoring ion homeostasis, and responding to oxidative
stress. The findings indicate that even short exposures to FTR could have
significant protective effects and influence the development and phy-
siology of the bees. The transcriptional response to a single FTR cycle
resembles that observed under long-term FTR exposure, highlighting the
rapid and persistent effects of FTR in aiding recovery from chill injury.

19. Maddrell S, O’donnell M: Insect malpighian tubules: V-ATPase
action in ion and fluid transport. J Exp Biol 1992, 172:417-429.

20. Lubawy J, Chowariski S, Adamski Z, Stociriska M: Mitochondria as
a target and central hub of energy division during cold stress in
insects. Front Zool 2022, 19:1-19.

21. Lalouette L, Williams CM, Hervant F, Sinclair BJ, Renault D:
Metabolic rate and oxidative stress in insects exposed to low
temperature thermal fluctuations. Comp Biochem Physiol, Part
A: Mol Integr Physiol 2011, 1568:229-234.

22. Rojas RR, Leopold RA: Chilling injury in the housefly: evidence
for the role of oxidative stress between pupariation and
emergence. Cryobiology 1996, 33:447-458.

23. Joanisse D, Storey K: Oxidative stress and antioxidants in
overwintering larvae of cold-hardy goldenrod gall insects. J Exp
Biol 1996, 199:1483-1491.

24. Joanisse DR, Storey KB: Oxidative stress and antioxidants in
stress and recovery of cold-hardy insects. Insect Biochem Mol
Biol 1998, 28:23-30.

25. Lopez-Martinez G, Elnitsky MA, Benoit JB, Lee RE, Denlinger DL:
High resistance to oxidative damage in the antarctic midge
Belgica antarctica, and developmentally linked expression of
genes encoding superoxide dismutase, catalase and heat
shock proteins. Insect Biochem Mol Biol 2008, 38:796-804.

26. Torson AS, Yocum GD, Rinehart JP, Kemp WP, Bowsher JH:
Transcriptional responses to fluctuating thermal regimes
underpinning differences in survival in the solitary bee
Megachile rotundata. J Exp Biol 2015, 218:1060-1068.

27. Monaghan P, Metcalfe NB, Torres R: Oxidative stress as a
mediator of life history trade-offs: mechanisms, measurements
and interpretation. Ecol Lett 2009, 12:75-92.

28. Kostal V, Korbelova J, Stetina T, Poupardin R, Colinet H,
Zahradnickova H, et al.: Physiological basis for low-temperature
survival and storage of quiescent larvae of the fruit fly
Drosophila melanogaster. Sci Rep 2016, 6:32346.

29. Yocum GD, Greenlee KJ, Rinehart JP, Bennett MM, Kemp WP:
Cyclic co(2) emissions during the high temperature pulse of
fluctuating thermal regime in eye-pigmented pupae of
Megachile rotundata. Comp Biochem Physiol Part A: Mol Integr
Physiol 2011, 160:480-485.

30. Colinet H, Renault D, Roussel D: Cold acclimation allows

*  Drosophila flies to maintain mitochondrial functioning under
cold stress. Insect Biochem Mol Biol 2017, 80:52-60.

In this study, the authors measured mitochondrial respiration and ATP

synthesis in Drosophila melanogaster exposed to CLT stress. Flies that

had not been acclimated to low temperatures exhibited a decline in

survival, mitochondrial respiration, and ATP synthesis, but cold-accli-

mated flies were able to maintain higher rates of ATP synthesis and

survival during cold stress.

31. Colinet H: Disruption of ATP homeostasis during chronic cold
stress and recovery in the chill susceptible beetle (Alphitobius
diaperinus). Comp Biochem Physiol Part A: Mol Integr Physiol
2011, 160:63-67.

32. Melicher D, Wilson AM, Yocum GD, Rinehart JP: Fluctuating
thermal regimes extend longevity and maintain fecundity to
increase shelf-life of Drosophila melanogaster cultures. Physiol
Entomol 2021, 46:179-188.

33. Ismail M, Van Baaren J, Briand V, Pierre J-S, Vernon P, Hance T:
Fitness consequences of low temperature storage of Aphidius
ervi. BioControl 2014, 59:139-148.

34. Bayley JS, Winther CB, Andersen MK, Gronkjaer C, Nielsen OB,
ee Pedersen TH, et al.: Cold exposure causes cell death by
depolarization-mediated Ca2+ overload in a chill-susceptible
insect. Proc Nat/ Acad Sci, USA 2018, 115:E9737-E9744.
This study investigates cold injury in Locusta migratoria and reveals that
the cellular damage is not directly caused by hypothermia or hyperka-
lemia. Instead, the injury stems from the associated cellular depolar-
ization. The authors propose that depolarization-induced injury results
from the opening of voltage-sensitive Ca2 + channels, leading to an in-
flux of intracellular Ca2 +. By manipulating [Ca2 +] and channel con-
ductance, they demonstrate that injury can be prevented by inhibiting
transmembrane Ca2 +flux. This work shows that cold-induced hy-
perkalemia can lead to cellular depolarization and the development of
chill injury through Ca2 + -mediated cell death.

35. Carrington J, Andersen MK, Brzezinski K, MacMillan HA:

e Hyperkalaemia, not apoptosis, accurately predicts insect
chilling injury. Proc Biol Sci 2020, 287:20201663.

This study examines the activation of cell death pathways during chill

injury using a caspase-3-specific assay. The authors found that muscle

tissue has high caspase-3 activity during chill injury, while nervous and

gut tissues remain relatively unaffected. The study highlights the cor-

relation between chilling injury and hyperkalemia, indicating that cell

death is triggered by such imbalances. Surprisingly, apoptosis is not the

main cause of cell damage in response to cold exposure.

36. Saunders DS: Dormancy, diapause, and the role of the circadian
system in insect photoperiodism. Annu Rev Entomol 2020,
65:373-389.

37. Versteven M, Ernst K-M, Stanewsky R: A robust and self-

* sustained peripheral circadian oscillator reveals differences in
temperature compensation properties with central brain
clocks. iScience 2020, 23:101388.

In this study, the properties of circadian clocks in Drosophila, are ex-

amined. Peripheral clocks in Drosophila slow down with higher tem-

peratures, while central clock neurons in the brain can compensate for
temperature. The findings suggest that neural network properties con-
tribute to temperature compensation, and the circadian neuropeptide

Pigment Dispersing Factor is not essential for temperature compensa-

tion in brain clock neurons. This work reveals a fundamental distinction

between central and peripheral clocks.

38. Fulgham CV, Dreyer AP, Nasseri A, Miller AN, Love J, Martin MM,
et al.: Central and peripheral clock control of circadian feeding
rhythms. J Biol Rhythms 2021, 36:548-566.

39. Martino TA, Oudit GY, Herzenberg AM, Tata N, Koletar MM, Kabir
GM, et al.: Circadian rhythm disorganization produces profound
cardiovascular and renal disease in hamsters. Am J Physiol-
Regul, Integr Comp Physiol 2008, 294:R1675-R1683.

40. Padmanabhan K, Billaud M: Desynchronization of circadian
clocks in cancer: a metabolic and epigenetic connection. Front
Endocrinol 2017, 8:136.

41. Yocum GD, Zdarek J, Joplin KH, Lee RE Jr, Smith DC, Manter KD,
et al.: Alteration of the eclosion rhythm and eclosion behavior in
the flesh fly, Sarcophaga crassipalpis, by low and high
temperature stress. J Insect Physiol 1994, 40:13-21.

42. Maguire SE, Schmidt PS, Sehgal A: Natural populations of
Drosophila melanogaster reveal features of an uncharacterized
circadian property: the lower temperature limit of rhythmicity. J
Biol Rhythms 2014, 29:167-180.

43. Maguire SE, Sehgal A: Heating and cooling the Drosophila
melanogaster clock. Curr Opin Insect Sci 2015, 7:71-75.

44. Yocum GD, Rinehart JP, Yocum IS, Kemp WP, Greenlee KJ:
Thermoperiodism synchronizes emergence in the alfalfa
leafcutting bee (Hymenoptera: Megachilidae). Environ Entomol
2016, 45:245-251.

45. Manenti T, Serensen J, Moghadam N, Loeschcke V: Predictability
rather than amplitude of temperature fluctuations determines
stress resistance in a natural population of Drosophila
simulans. J Evolut Biol 2014, 27:2113-2122.

www.sciencedirect.com

Current Opinion in Insect Science 2024, 62:101160



8 Molecular physiology

46.

47.

48.

Malan A: Is the torpor-arousal cycle of hibernation controlled by
a non-temperature-compensated circadian clock? J Bio/
Rhythms 2010, 25:166-175.

Ruf T, Giroud S, Geiser F: Hypothesis and theory: a two-process
model of torpor-arousal regulation in hibernators. Front Physiol
2022, 13:901270.

Colinet H, Hance T: Male reproductive potential of Aphidius
colemani (Hymenoptera: Aphidiinae) exposed to constant or
fluctuating thermal regimens. Environ Entomol 2009, 38:242-249.

49.

50.

Ismail M, Van Baaren J, Hance T, Pierre JS, Vernon P: Stress
intensity and fitness in the parasitoid Aphidius ervi
(Hymenoptera: Braconidae): temperature below the
development threshold combined with a fluctuating thermal
regime is a must. Ecol Entomol 2013, 38:355-363.

Ismail M, Vernon P, Hance T, van Baaren J: Physiological costs of
cold exposure on the parasitoid Aphidius ervi, without
selection pressure and under constant or fluctuating
temperatures. BioControl 2010, 55:729-740.

Current Opinion in Insect Science 2024, 62:101160

www.sciencedirect.com



	Molecular mechanisms and trade-offs underlying fluctuating thermal regimes during low-temperature storage
	Introduction
	Physiological support for -omics inferences
	Is there a cost to fluctuating thermal regimes?
	New directions for research on fluctuating thermal regimes
	Conclusions
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




