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Abstract 15 

At low temperature many insects lose extracellular ion homeostasis and the capacity to mitigate 16 

homeostasis imbalance determines their cold tolerance. Extracellular homeostasis is ensured by the 17 

osmoregulatory organs and recent research has emphasized key roles for the Malpighian tubules and 18 

hindgut in modulating insect cold tolerance. Here we review the effects of low temperature on transport 19 

capacity of osmoregulatory organs and outline physiological processes leading from cold exposure to 20 

disruption of ion homeostasis and cold-injury in insects. We show how cold adaptation and cold acclimation 21 

are associated with physiological modifications to transport capacity in Malpighian tubules and hindgut. 22 

These responses mitigate loss of homeostasis and we highlight how further study of molecular and cellular 23 

mechanisms are critical to fully appreciate the adaptions that facilitate insect cold tolerance.   24 

  25 



Introduction 26 

Most insects have limited ability for physiological regulation of body temperature (but see [1]) and rely 27 

partially on behaviour to avoid extreme environmental temperatures [2,3]. Nevertheless, insects invariably 28 

experience variations in body temperature and there are considerable differences in the ability of species 29 

to resist or tolerate adverse temperature conditions including cold extremes [4-7]. Insect cold tolerance has 30 

historically been associated with the ability to avoid or tolerate ice formation [8,9], however, most insects 31 

from tropical and temperate regions, are “chill-susceptible” and succumb to cold at temperatures above 32 

the freezing temperature of their body fluids [10-12]. The cold tolerance of chill-susceptible species is 33 

therefore determined by their ability to maintain physiological homeostasis at low temperature rather than 34 

their ability to resist or tolerate freezing [9,11,13].  35 

The central physiological processes leading to chill injury and defining the current understanding of 36 

insect chill tolerance is outlined in Fig. 1. Briefly, as temperature decreases, active transport of solutes in 37 

cells and tissues is slowed to a level that is insufficient to counterbalance passive movement of solutes and 38 

water leading to loss of homeostasis (Fig. 1A) [14,15]. Reduced active transport leads to loss of hemolymph 39 

volume and disturbance of ion balance, notably an increase in extracellular [K+] (i.e. hyperkalemia) 40 

triggering cold-induced cellular depolarization (Fig. 1B) [16-19]. This cold depolarization, which is 41 

exacerbated by the loss of electrogenic potential, ultimately leads to the loss of neuronal and muscular 42 

excitability inducing chill coma (Fig. 1C) [20,21]. Cold-induced depolarization may also activate voltage-43 

dependent Ca2+ channels and promote Ca2+-activated apoptosis and necrosis (Fig. 1D), suggesting there is a 44 

mechanistic link between loss of ion balance and cold-induced cell death [22-24].  45 

There are still many outstanding questions in relation to this physiological model of insect chill 46 

tolerance but as evident from Table 1, loss of ion and water balance has consistently been associated with 47 

chill injury in several insect orders which places studies on temperature effects on osmoregulatory organs 48 

(e.g. Malpighian tubule and hindgut) at the centre of our understanding of insect chill tolerance. In this 49 

review, we outline general effects of temperature on the transport capacity of insect osmoregulatory 50 

organs and subsequently discuss how cold adaptation and cold acclimation has been shown to modify this 51 

capacity to secure homeostasis at low temperature. Finally, we discuss putative cellular processes of 52 

importance for these physiological responses and suggest that future research should consider these 53 

cellular and molecular processes in relation to insect cold tolerance.    54 



Figure 1 55 

 56 

Figure 1 – Conceptual model of the physiological processes leading to chill-related injury. The process 57 
leading from critical cold exposure to the development of chill injury starts with (A) low temperature 58 
slowing active transport below what is necessary to counterbalance passive movement of ions and water 59 
(dashed line) (i.e. maintain homeostasis) (adapted from [14]). (B) During prolonged exposure to cold, water 60 
(and Na+; not depicted) will tend to move away from the hemolymph resulting in an up-concentration of K+ 61 
remaining in the hemolymph [16-18]. (C) This hyperkalemia and the slowing of electrogenic pumps cause 62 
depolarization of excitable tissues which is often directly linked to chill coma phenotypes [14,20,25]). (D) 63 
Depolarization of membrane potential (Vm) may also cause opening of voltage-gated Ca2+ channels leading 64 
to cell death via a catastrophic overload of intracellular Ca2+ [22-24]. 65 

  66 



Table 1 67 

Evidence for loss of osmoregulatory capacity linked to chill injury during cold stress in insects.  68 

Physiological consequence of cold Blattodea Coleoptera Diptera Hemiptera Lepidoptera Orthoptera 

Loss of ion balance + + + + + + 
Loss of water balance +  + + - + 

Chill-related injury + + + +  + 
Reference(s) [26] [27] [17,18,28-31] [15,27] [32] [16,33-38] 

The loss of osmoregulatory capacity is here indicated by either a loss of hemolymph ion balance, a loss of 69 
water balance (mostly reported as a loss of hemolymph volume), or both. In this table, chill-related injury 70 
refers to the loss of the ability to move or onset of mortality associated with loss of ion and water balance. 71 
‘+’ indicates evidence that balance is disturbed during cold exposure, ‘-‘ indicates no evidence, and if 72 
nothing is written in the table it has not been directly investigated. Note that the non-significant changes in 73 
Lepidoptera hemolymph volume were qualitatively similar to what has been observed in other insect 74 
families.  75 

  76 



The influence of temperature on osmoregulatory capacity 77 

Temperature directly affects the activity of ion pumps and therefore also transepithelial transport by 78 

insects’ osmoregulatory organs. Figure 2 reviews temperature-dependent transport rates measured in 79 

isolated preparations of Malpighian tubules  [17,29,39-46] and hindgut [29,37,39,47-50] (data can be found 80 

in the Supplementary Data). These studies include measurements of secretion (Malpighian tubules) or 81 

reabsorption (hindgut) of fluid, K+, Na+, Cl-, and dye in several insect orders (Blattodea, Diptera, Hemiptera, 82 

Lepidoptera and Orthoptera) and measurements of short-circuit current (ISC) are also included as an 83 

estimation of active transport. The rates reviewed in Fig. 2 often represent bulk (net) transport, making it 84 

difficult to distinguish between active transport and passive movement (that are often opposed [51]) when 85 

they are assessed using in vitro methods such as the Ramsay assay, gut preparations, or SIET 86 

[17,29,37,39,47,49,52-54] . These methods are used to investigate specific aspects of transepithelial 87 

transport and in vitro measurements from isolated preparations can therefore involve “unnatural” 88 

conditions with respect to epithelial ion gradients and hormonal factors [55-57]. This complicates direct 89 

interpretation of transport capacity in relation to in vivo conditions where physiological feed-back 90 

regulation is involved in homeostatic regulation of secretion and reabsorption. To fully understand the 91 

influence of cold on osmoregulatory capacity it is therefore important to consider a multi-faceted 92 

methodological approach, investigating both secretory and reabsorptive tissues and their regulation to 93 

evaluate the in vitro results in relation to the osmoregulatory disturbance observed in vivo (sensu Table 1).  94 

As seen in Fig. 2, the general temperature-response for transport rates in Malpighian tubules fit with 95 

a classical ‘thermal performance curve’ [58,59] with a slow decline towards lower temperature, an 96 

optimum between 20°C and 40°C, and an abrupt decline of transport rates above 40°C (Fig. 2A). Similarly, 97 

reabsorption at the hindgut (and ileum) is optimized between 20°C and 30°C with a slow decline towards 98 

lower temperature (Fig. 2B; rates of reabsorption above 35°C remain to be investigated). Thermal 99 

performance curves of “osmoregulatory capacity” are therefore consistent with those measured for many 100 

other physiological traits that directly or indirectly rely on homeostatic regulation (i.e. metabolic rate, 101 

reproductive capacity, activity, growth, and feeding) [60-63].  102 

With respect to cold, it is clear that a marked reduction in osmoregulatory function may result in 103 

insufficient capacity to maintain homeostasis of extracellular ion balance (see Table 1). Nevertheless, and 104 

as evident from Fig. 2, great variation in the response to cold exists: Some species/transport systems 105 

maintain relatively high transport capacity for solutes at 10°C while others have almost lost all transport 106 

capacity at this temperature. Specifically, studies of dipterans and orthopterans have shown interspecific 107 

(acclimation) and intraspecific (adaptation) variation in transport that relate well to the observed 108 

differences in the capacity to maintain extracellular homeostasis at low temperature.   109 



Figure 2 110 

 111 
Figure 2 – The influence of temperature on osmoregulatory capacity in insects. The direct effect of 112 
temperature on (A) secretion of Malpighian tubules and (B) reabsorption of the hindgut (and ileum) in five 113 
insect orders; Blattodea (green), Diptera (yellow), Hemiptera (orange), Lepidoptera (red), and Orthoptera 114 
(blue). Rates of fluid (circles), Na+ (diamonds), K+ (squares), Cl- (triangles), and dye (inverted triangles) are 115 
normalized to the highest measured value for each species and acclimation regime for each study. 116 
Measurements of reabsorption at the hindgut also include measurements of short-circuit current (Isc,, 117 
crosses) which is an indirect measure of active transport. Different observations within an order/transport 118 
combination may represent interspecific or intraspecific variations. The black, dashed line indicates no 119 
transport, and the points below this line represent reversals of the transport direction. Data stems from 120 
references [17,29,37,39-50], was extracted using WebPlotDigitizer 3.8 software [64], and can be found in 121 
the Supplementary Data.   122 



The influence of thermal acclimation and adaptation on osmoregulatory capacity 123 

It is expected that inter- and intraspecific differences in cold tolerance will be manifested by adaptive 124 

differences in osmoregulatory capacity. Responses that could help to preserve extracellular homeostasis in 125 

the cold include reduced leak and/or changes to active transport systems to counteract the build-up of 126 

hemolymph hyperkalemia. Within the last 10 years a number of studies have investigated this question in 127 

different comparative model systems of cold tolerant and intolerant insects (referenced below). Most of 128 

these studies use the aforementioned in vitro assays and often discuss relative changes in transport (i.e. if 129 

transport generally decreases with low temperature it still remains important if K+ transport changes 130 

relative to Na+ transport). Despite these methodological considerations, it is clear that the experimental 131 

evidence has overwhelmingly confirmed that cold adaptation (evolutionary processes) and cold acclimation 132 

(phenotypic plasticity) elicit critical modifications to osmoregulatory capacity at low temperature to 133 

increase cold tolerance of insects (Fig. 3).  134 

Ion and water leak between the hemolymph and gut is at the centre of the cascade leading to 135 

hyperkalemia and hence cold adaptive responses (Fig. 1). For both Drosophila [39,65,66] and Locusta [67] it 136 

has been shown that epithelial barrier function is reduced at low temperature causing increased leak in 137 

cold sensitive species (Fig. 3A). The adaptive response to cold would include a tighter gut epithelium 138 

[51,68] and support of reduced leak has been reported for both cold tolerant Drosophila species [39] and 139 

cold-acclimated Drosophila melanogaster [66] during cold exposure (Fig. 3B). Similarly, cold acclimation 140 

increases the electrical resistance across the gut (i.e. rectal) epithelium of Locusta migratoria [48]. 141 

Furthermore, epithelial leak can be prevented by reducing gradients across the gut, which was 142 

demonstrated for cold tolerant Drosophila species, where the Na+ gradient was reduced by “substituting” 143 

Na+ for compatible osmolites in the hemolymph [18,69], and similar evidence has been found in Orthoptera 144 

[70]. Thus, mitigating transepithelial leak is a key adaptation underlying improved cold tolerance in several 145 

insect species.  146 

The osmoregulatory organs balance passive leak and active transport associated with secretion and 147 

reabsorption [71,72]. To prevent cold-induced hyperkalemia, the osmoregulatory organs must maintain K+ 148 

clearance and/or retain Na+ and fluid to preserve haemolymph volume and [K+] at low temperature (sensu 149 

Fig. 1 and 3). Again, cold tolerant insects appear to exhibit the expected adaptive responses: Relative 150 

maintenance of K+ secretion by the Malpighian tubules during cold exposure has been shown in cold-151 

acclimated D. melanogaster and cold-adapted Drosophila species [17,29,39] (Fig. 3B). Interestingly, cold 152 

tolerant drosophilids appear to favour maintenance of K+ clearance over fluid and Na+ retention at the 153 

Malpighian tubules [17], which could be viewed as maladaptive unless balanced with improved fluid and 154 

Na+ reabsorption in the hindgut. However, using a novel hindgut assay, Andersen and Overgaard [47] 155 



recently found that cold tolerance in these drosophilid species was associated with such upregulation of 156 

Na+ and water reabsorption. Furthermore, cold tolerant drosophilids suppress hindgut K+ reabsorption in 157 

the cold [39,47] which will also act to prevent hyperkalemia (Fig. 3B). Similar to Drosophila, cold-acclimated 158 

locusts (Locusta migratoria) maintain active ion and water transport in the hindgut (i.e. reabsorption) 159 

during cold exposure [37,48] and again this reabsorption is associated with a relative increase in Na+ 160 

reabsorption compared to K+, which facilitates fluid balance and prevents hyperkalemia [37]. Another 161 

orthopteran, Gryllus pennsylvanicus, appears to arrest active secretion when cold-acclimated [42], which is 162 

similar to freeze tolerant species going into winter dormancy [73], suggesting that adaptations relating to 163 

ion and water homeostasis maintenance during cold exposure might be species- and cold-tolerance-164 

strategy-specific (i.e. chill vs. freeze tolerant). Thus, it is important to consider that adaptations may differ 165 

for species facing seasonal cold or diurnal cold exposure.  166 

  167 



Figure 3 168 

 169 
Figure 3 – Conceptual model of the differential effects of cold on the osmoregulatory organs of cold 170 
sensitive and cold tolerant insects. (A) In sensitive insects, cold compromises epithelial barrier function 171 
promoting transepithelial leak. Ion secretion at the Malpighian tubules is generally decreased but the ratio 172 
of Na+ and K+ secretion is affected in a manner that favours movement of Na+ into the gut and retention of 173 
K+ in the hemolymph (i.e. Na+ secretion increases relative to K+ secretion). In sensitive insects, cold also 174 
reduces rates of hindgut reabsorption in an unfavourable manner: K+ reabsorption remains relatively 175 
unaffected compared to a major reduction in Na+ reabsorption, contributing to the loss of hemolymph Na+ 176 
and increase in hemolymph [K+]. Thus, cold sensitive species are unable to mitigate/prevent the cascade of 177 
events leading to hyperkalemia and the secondarily depolarization-induced cell death. (B) The increased 178 
cold tolerance of cold-adapted or cold-acclimated insects is generally associated with modified 179 
osmoregulatory function at low temperature. Cold tolerant insects are often able to maintain epithelial 180 
barrier function, limiting transepithelial leak of ions and water. The Malpighian tubules of cold tolerant 181 
insects maintain higher transport rates in general but also balance secretion better such that K+ secretion 182 
remains higher relative to Na+ secretion. Similarly, the hindgut of cold tolerant insects defends active 183 
transport in general and is therefore better able to maintain Na+ reabsorption and, via unknown means, 184 
suppress K+ reabsorption. These hindgut responses mitigate loss of Na+ from the hemolymph and 185 
counteract hemolymph hyperkalemia. Numbers in the figure represent example studies that demonstrate 186 
links between osmoregulatory capacity and the conceptual model for insect chill tolerance; see the full text 187 
for a comprehensive list of references.  188 



Molecular changes underlying increased homeostatic capacity in the cold 189 

Above we reviewed the strong links between insect cold tolerance and the ability to maintain 190 

osmoregulatory (homeostatic) capacity at both the organismal (Table 1, Fig. 1) and tissue level (Fig. 3). 191 

However, to advance our understanding further we also need to identify and understand the cellular and 192 

molecular basis for the ability to maintain osmoregulatory function, and by extension extracellular 193 

homeostasis, in the cold.  194 

It is likely that cold acclimation and adaptation facilitate maintenance of osmoregulatory capacity by 195 

modifications to membrane transport proteins and pathways.  A number of studies have investigated the 196 

transcriptomic and proteomic changes associated with insect cold tolerance (see for example [74] and 197 

[75]). However, most studies have used a whole-organism approach and few accounted for tissue-198 

specificity, making interpretation difficult. We argue that organ-specific approaches could help to identify 199 

key proteins and regulatory mechanisms associated with thermal acclimation and adaptation. For example, 200 

cross-referencing whole-organism transcriptomic data from cold-acclimated D. melanogaster [76] with 201 

organ-specific enrichment data from FlyAtlas [77-79] indicates differential expression of a number of 202 

transporters and ion channels in the Malpighian tubule and/or hindgut that could be involved (V-type H+ 203 

ATPase, Na+/K+ ATPase, K+ channels, Na+/H+ exchangers, aquaporins, and Cl- channels). From tissue-specific 204 

studies there is also evidence for differential roles of septate junction proteins in promoting epithelial 205 

tightness [66], and for a Na+/Cl- co-transporter in facilitating hindgut fluid reabsorption [80]. In another 206 

tissue-specific transcriptomic study of G. pennsylvanicus, cold acclimation was found to downregulate 207 

genes related to Malpighian tubule secretion (carbonic anhydrase, V-type H+ ATPase) and upregulate genes 208 

associated with hindgut reabsorption (Na+/K+ ATPase) [81]. However, the specific mechanisms by which 209 

protein up- or downregulation modulates tolerance remains largely unknown, and we encourage future 210 

studies to investigate this using an integrative approach combining physiological measurements of 211 

transport with transcriptomic analysis as well as pharmacological and/or genetic interventions (e.g. 212 

knockout flies).  213 

Neuroendocrine regulators (diuretic and antidiuretic factors) and other signaling molecules can also 214 

exert control over the transport rates of the osmoregulatory organs [82,83], and therefore also cold 215 

tolerance. Currently, there is evidence that members of the capability neuropeptide family (CAPA) 216 

modulate cold tolerance via effects on the Malpighian tubules [56] and that this effect is dose-dependent; 217 

high amounts of CAPA improve cold tolerance by stimulating K+ secretion and vice versa [55]. However, 218 

cellular and molecular effects mediated by peptides at low temperature remain unexplored, with one 219 

exception: By measuring active transport across the L. migratoria rectum, Gerber et al. [48] demonstrated 220 

that cold-acclimated locusts were able to maintain active transport in the cold via continued stimulation of 221 



cGMP-signaling pathways (a secondary messenger in ion transport peptide signal transduction [84], for 222 

which genes were upregulated in the hindgut of cold-acclimated G. pennsylvanicus [81]). These results 223 

suggest that neuroendocrine factors could play a critical role in insect cold tolerance, but more research is 224 

needed.  225 

Lastly, it is well-known that thermal adaptation results in modifications of the cell membrane 226 

phospholipid composition (i.e. homeoviscous adaptation), that act to defend the physical properties of the 227 

membrane and function of the membrane-imbedded proteins [85]. These responses have been repeatedly 228 

demonstrated in whole-insect studies in response to cold (reviewed in [86]), but to our knowledge the only 229 

tissue-specific study on osmoregulatory organs found no support for homeoviscous adaptation in the 230 

rectum of cold-acclimated L. migratoria [48]. Even so, we argue that more lipidomic studies could assess 231 

membrane modifications of osmoregulatory tissues by cold acclimation and adaptation.  232 

In summary, we find strong evidence that chill injury in insects is linked to osmoregulatory failure and 233 

loss of extracellular homeostasis at low temperature. In support of this “paradigm” we show how beneficial 234 

modifications in epithelial leak, secretion and reabsorption of osmoregulatory organs are consistently 235 

found in association with cold adaptation and cold acclimation of insects. These findings are backed by 236 

emerging molecular and cellular studies and we therefore argue that further integrative studies of cold 237 

tolerance and osmoregulatory capacity (combining molecular, cellular, organ and organismal responses) 238 

will be critical to understand the physiology dictating insects cold tolerance, distribution and performance. 239 

 240 



References 241 
1. Heinrich B: Bumblebee economics: Harvard University Press; 2004. 242 
2. Dillon ME, Wang G, Garrity PA, Huey RB: Thermal preference in Drosophila. Journal of thermal biology 243 

2009, 34:109-119. 244 
3. May ML: Insect thermoregulation. 1979. 245 
4. Denlinger DL, Lee Jr RE: Low temperature biology of insects: Cambridge University Press; 2010. 246 
5. Sinclair BJ, Vernon P, Klok CJ, Chown SL: Insects at low temperatures: an ecological perspective. Trends 247 

in Ecology & Evolution 2003, 18:257-262. 248 
6. Koštál V, Grgac R, Korbelová J: Delayed mortality and sublethal effects of cold stress in Drosophila 249 

melanogaster. Journal of insect physiology 2019, 113:24-32. 250 
7. Sunday JM, Bates AE, Kearney MR, Colwell RK, Dulvy NK, Longino JT, Huey RB: Thermal-safety margins 251 

and the necessity of thermoregulatory behavior across latitude and elevation. Proceedings of the 252 
National Academy of Sciences 2014, 111:5610-5615. 253 

8. Zachariassen KE: Physiology of cold tolerance in insects. Physiological reviews 1985, 65:799-832. 254 
9. Bale J: Insect cold hardiness: freezing and supercooling—an ecophysiological perspective. Journal of 255 

Insect Physiology 1987, 33:899-908. 256 
10. Kellermann V, Loeschcke V, Hoffmann A, Kristensen T, Flojgaard C, David J, Svenning J-C, Overgaard J: 257 

Phylogenetic constraints in key functional traits behind species' climate niches: patterns of 258 
desiccation and cold resistance across 95 Drosophila species. Evolution; international journal of 259 
organic evolution [P] 2012, 66:3377-3389. 260 

11. Overgaard J, MacMillan HA: The integrative physiology of insect chill tolerance. Annual Review of 261 
Physiology 2017, 79:187-208. 262 

12. Gibert P, Moreteau B, Pétavy G, Karan D, David JR: Chill-coma tolerance, a major climatic adaptation 263 
among Drosophila species. Evolution 2001, 55:1063-1068. 264 

13. MacMillan HA: Dissecting cause from consequence: a systematic approach to thermal limits. Journal 265 
of Experimental Biology 2019, 222. 266 

14. MacMillan HA, Sinclair BJ: Mechanisms underlying insect chill-coma. Journal of Insect Physiology 2011, 267 
57:12-20. 268 

15. Koštál V, Vambera J, Bastl J: On the nature of pre-freeze mortality in insects: water balance, ion 269 
homeostasis and energy charge in the adults of Pyrrhocoris apterus. Journal of Experimental 270 
Biology 2004, 207:1509-1521. 271 

16. MacMillan HA, Sinclair BJ: The role of the gut in insect chilling injury: cold-induced disruption of 272 
osmoregulation in the fall field cricket, Gryllus pennsylvanicus. The Journal of experimental 273 
biology 2011, 214:726-734. 274 

17. MacMillan HA, Andersen JL, Davies SA, Overgaard J: The capacity to maintain ion and water 275 
homeostasis underlies interspecific variation in Drosophila cold tolerance. Scientific reports 2015, 276 
5. 277 

18. MacMillan HA, Andersen JL, Loeschcke V, Overgaard J: Sodium distribution predicts the chill tolerance 278 
of Drosophila melanogaster raised in different thermal conditions. American Journal of 279 
Physiology-Regulatory, Integrative and Comparative Physiology 2015, 308:R823-R831. 280 

19. Andersen MK, Overgaard J: The central nervous system and muscular system play different roles for 281 
chill coma onset and recovery in insects. Comparative Biochemistry and Physiology Part A: 282 
Molecular & Integrative Physiology 2019, 233:10-16. 283 

20. Hosler JS, Burns JE, Esch HE: Flight muscle resting potential and species-specific differences in chill-284 
coma. Journal of Insect Physiology 2000, 46:621-627. 285 

21. Andersen MK, Jensen NJS, Robertson RM, Overgaard J: Central nervous system shutdown underlies 286 
acute cold tolerance in tropical and temperate Drosophila species. Journal of Experimental Biology 287 
2018, 221. 288 



22. Bayley JS, Winther CB, Andersen MK, Grønkjær C, Nielsen OB, Pedersen TH, Overgaard J: Cold exposure 289 
causes cell death by depolarization-mediated Ca2+ overload in a chill-susceptible insect. 290 
Proceedings of the National Academy of Sciences 2018:201813532. 291 

23. Boutilier RG: Mechanisms of cell survival in hypoxia and hypothermia. Journal of Experimental Biology 292 
2001, 204:3171-3181. 293 

24. Hochachka P: Defense strategies against hypoxia and hypothermia. Science 1986, 231:234-241. 294 
25. Andersen JL, MacMillan HA, Overgaard J: Muscle membrane potential and insect chill coma. Journal of 295 

Experimental Biology 2015, 218:2492-2495. 296 
26. Koštál V, Yanagimoto M, Bastl J: Chilling-injury and disturbance of ion homeostasis in the coxal muscle 297 

of the tropical cockroach (Nauphoeta cinerea). Comparative Biochemistry and Physiology Part B: 298 
Biochemistry and Molecular Biology 2006, 143:171-179. 299 

27. Koštál V, Renault D, Mehrabianova A, Bastl J: Insect cold tolerance and repair of chill-injury at 300 
fluctuating thermal regimes: role of ion homeostasis. Comparative Biochemistry and Physiology 301 
Part A: Molecular & Integrative Physiology 2007, 147:231-238. 302 

28. MacMillan HA, Schou MF, Kristensen TN, Overgaard J: Preservation of potassium balance is strongly 303 
associated with insect cold tolerance in the field: a seasonal study of Drosophila subobscura. 304 
Biology letters 2016, 12:20160123. 305 

29. Yerushalmi GY, Misyura L, MacMillan HA, Donini A: Functional plasticity of the gut and the Malpighian 306 
tubules underlies cold acclimation and mitigates cold-induced hyperkalemia in Drosophila 307 
melanogaster. The Journal of Experimental Biology 2018, 221. 308 

30. Grumiaux C, Andersen MK, Colinet H, Overgaard J: Fluctuating thermal regime preserves physiological 309 
homeostasis and reproductive capacity in Drosophila suzukii. Journal of insect physiology 2019, 310 
113:33-41. 311 

31. Jass A, Yerushalmi GY, Davis HE, Donini A, MacMillan HA: An impressive capacity for cold tolerance 312 
plasticity protects against ionoregulatory collapse in the disease vector Aedes aegypti. Journal of 313 
Experimental Biology 2019, 222. 314 

32. Andersen MK, Jensen SO, Overgaard J: Physiological correlates of chill susceptibility in Lepidoptera. 315 
Journal of Insect Physiology 2017, 98:317-326. 316 

33. Andersen MK, Folkersen R, MacMillan HA, Overgaard J: Cold acclimation improves chill tolerance in 317 
the migratory locust through preservation of ion balance and membrane potential. Journal of 318 
Experimental Biology 2017, 220:487-496. 319 

34. Coello Alvarado LE, MacMillan HA, Sinclair BJ: Chill-tolerant Gryllus crickets maintain ion balance at 320 
low temperatures. Journal of insect physiology 2015, 77:15-25. 321 

35. Des Marteaux LE, Sinclair BJ: Ion and water balance in Gryllus crickets during the first twelve hours of 322 
cold exposure. Journal of insect physiology 2016, 89:19-27. 323 

36. Findsen A, Andersen JL, Calderon S, Overgaard J: Rapid cold hardening improves recovery of ion 324 
homeostasis and chill coma recovery time in the migratory locust, Locusta migratoria. The Journal 325 
of experimental biology 2013, 216:1630-1637. 326 

37. Gerber L, Overgaard J: Cold tolerance is linked to osmoregulatory function of the hindgut in Locusta 327 
migratoria. Journal of Experimental Biology 2018:jeb. 173930. 328 

38. MacMillan HA, Findsen A, Pedersen TH, Overgaard J: Cold-induced depolarization of insect muscle: 329 
Differing roles of extracellular K+ during acute and chronic chilling. The Journal of Experimental 330 
Biology 2014:jeb. 107516. 331 

39. Andersen MK, MacMillan HA, Donini A, Overgaard J: Cold tolerance of Drosophila species is tightly 332 
linked to epithelial K+ transport capacity of the Malpighian tubules and rectal pads. Journal of 333 
Experimental Biology 2017:jeb. 168518. 334 

40. Anstee J, Bell D, Fathpour H: Fluid and cation secretion by the Malpighian tubules of Locusta. Journal 335 
of Insect Physiology 1979, 25:373-380. 336 

41. Bresler V, Belyaeva E, Mozhayeva M: A comparative study on the system of active transport of organic 337 
acids in Malpighian tubules of insects. Journal of Insect Physiology 1990, 36:259-270. 338 



42. Des Marteaux LE, Khazraeenia S, Yerushalmi GY, Donini A, Li NG, Sinclair BJ: The effect of cold 339 
acclimation on active ion transport in cricket ionoregulatory tissues. Comparative Biochemistry 340 
and Physiology Part A: Molecular & Integrative Physiology 2017. 341 

43. Maddrell S: Excretion in the blood-sucking bug, Rhodnius prolixus Stål: II. The normal course of 342 
diuresis and the effect of temperature. Journal of Experimental Biology 1964, 41:163-176. 343 

44. Nicolson SW: Diuresis in the cabbage white butterfly, Pieris brassicae: fluid secretion by the 344 
Malpighian tubules. Journal of Insect Physiology 1976, 22:1347-1356. 345 

45. Nicolson SW, Isaacson LC: Mechanism of enhanced secretion in the warmed Malpighian tubule of the 346 
tsetse fly, Glossina morsitans morsitans. Journal of insect physiology 1996, 42:1027-1033. 347 

46. Patton R, Gardner J, Anderson AD: The excretory efficiency of the American cockroach, Periplaneta 348 
americana L. Journal of Insect Physiology 1959, 3:256-261. 349 

47. Andersen MK, Overgaard J: Maintenance of hindgut reabsorption during cold exposure is a key 350 
adaptation for Drosophila cold tolerance. Journal of Experimental Biology 2020, 223. 351 

48. Gerber L, Kresse J-C, Šimek P, Berková P, Overgaard J: Cold acclimation preserves hindgut reabsorption 352 
capacity at low temperature in a chill-susceptible insect, Locusta migratoria. Comparative 353 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 2021, 252:110850. 354 

49. Houlihan D, Sell D: The effects of temperature on the energetics of rectal fluid transport. Journal of 355 
insect physiology 1984, 30:137-143. 356 

50. Williams DL: Ion transport and short circuit current in the rectum of the desert locust, Schistocerca 357 
gregaria. Edited by: University of British Columbia; 1976.  358 

51. Beyenbach KW, Piermarini PM: Transcellular and paracellular pathways of transepithelial fluid 359 
secretion in Malpighian (renal) tubules of the yellow fever mosquito Aedes aegypti. Acta 360 
Physiologica 2011, 202:387-407. 361 

52. Donini A, O'Donnell MJ: Analysis of Na+, Cl-, K+, H+ and NH4
+ concentration gradients adjacent to the 362 

surface of anal papillae of the mosquito Aedes aegypti: application of self-referencing ion-363 
selective microelectrodes. Journal of Experimental Biology 2005, 208:603-610. 364 

53. Ramsay J: Active transport of water by the Malpighian tubules of the stick insect, Dixippus morosus 365 
(Orthoptera, Phasmidae). Journal of Experimental Biology 1954, 31:104-113. 366 

54. Dow J, Maddrell S, Görtz A, Skaer N, Brogan S, Kaiser K: The malpighian tubules of Drosophila 367 
melanogaster: a novel phenotype for studies of fluid secretion and its control. Journal of 368 
Experimental Biology 1994, 197:421-428. 369 

55. MacMillan HA, Nazal B, Wali S, Yerushalmi GY, Misyura L, Donini A, Paluzzi J-P: Anti-diuretic activity of a 370 
CAPA neuropeptide can compromise Drosophila chill tolerance. Journal of Experimental Biology 371 
2018:jeb. 185884. 372 

56. Terhzaz S, Teets NM, Cabrero P, Henderson L, Ritchie MG, Nachman RJ, Dow JA, Denlinger DL, Davies S-373 
A: Insect capa neuropeptides impact desiccation and cold tolerance. Proceedings of the National 374 
Academy of Sciences 2015, 112:2882-2887. 375 

57. Hanrahan J, Meredith J, Phillips J, Brandys D: Methods for the study of transport and control in insect 376 
hindgut. In Measurement of ion transport and metabolic rate in insects. Edited by: Springer; 377 
1984:19-67.  378 

58. Schulte PM, Healy TM, Fangue NA: Thermal performance curves, phenotypic plasticity, and the time 379 
scales of temperature exposure. Integrative and comparative biology 2011:icr097. 380 

59. Angilletta MJ: Thermal adaptation: a theoretical and empirical synthesis. 2009. 381 
60. Kellermann V, Chown SL, Schou MF, Aitkenhead I, Janion-Scheepers C, Clemson A, Scott MT, Sgrò CM: 382 

Comparing thermal performance curves across traits: how consistent are they? Journal of 383 
Experimental Biology 2019, 222. 384 

61. MacLean HJ, Sørensen JG, Kristensen TN, Loeschcke V, Beedholm K, Kellermann V, Overgaard J: 385 
Evolution and plasticity of thermal performance: an analysis of variation in thermal tolerance and 386 
fitness in 22 Drosophila species. Philosophical Transactions of the Royal Society B 2019, 387 
374:20180548. 388 



62. Kingsolver JG, Woods HA: Thermal sensitivity of growth and feeding in Manduca sexta caterpillars. 389 
Physiological Zoology 1997, 70:631-638. 390 

63. Klepsatel P, Gáliková M, De Maio N, Huber CD, Schlötterer C, Flatt T: Variation in thermal performance 391 
and reaction norms among populations of Drosophila melanogaster. Evolution 2013, 67:3573-392 
3587. 393 

64. Rohatgi A: WebPlotDigitizer. URL http://arohatgi. info/WebPlotDigitizer/app 2011. 394 
65. Livingston DB, Patel H, Donini A, MacMillan HA: Active transport of brilliant blue FCF across the 395 

Drosophila midgut and Malpighian tubule epithelia. Comparative Biochemistry and Physiology 396 
Part A: Molecular & Integrative Physiology 2020, 239:110588. 397 

66. MacMillan HA, Yerushalmi GY, Jonusaite S, Kelly SP, Donini A: Thermal acclimation mitigates cold-398 
induced paracellular leak from the Drosophila gut. Scientific reports 2017, 7:8807. 399 

67. Brzezinski K, MacMillan HA: Chilling induces unidirectional solute leak through the locust gut epithelia. 400 
Journal of Experimental Biology 2020, 223:jeb215475. 401 

68. Jonusaite S, Donini A, Kelly SP: Occluding junctions of invertebrate epithelia. Journal of Comparative 402 
Physiology B 2016, 186:17-43. 403 

69. Olsson T, MacMillan HA, Nyberg N, Stærk D, Malmendal A, Overgaard J: Hemolymph metabolites and 404 
osmolality are tightly linked to cold tolerance of Drosophila species: a comparative study. Journal 405 
of Experimental Biology 2016, 219:2504-2513. 406 

70. Lebenzon JE, Des Marteaux LE, Sinclair BJ: Reversing sodium differentials between the hemolymph 407 
and hindgut speeds chill coma recovery but reduces survival in the fall field cricket, Gryllus 408 
pennsylvanicus. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 409 
Physiology 2020, 244:110699. 410 

71. Beyenbach KW, Piermarini PM: Osmotic and ionic regulation in insects. Osmotic and ionic regulation: 411 
cells and animals 2008:231-293. 412 

72. Phillips J: Comparative physiology of insect renal function. American Journal of Physiology-Regulatory, 413 
Integrative and Comparative Physiology 1981, 241:R241-R257. 414 

73. Yi S-X, Lee RE: Changes in gut and Malpighian tubule transport during seasonal acclimatization and 415 
freezing in the gall fly Eurosta solidaginis. Journal of experimental biology 2005, 208:1895-1904. 416 

74. Colinet H, Nguyen TTA, Cloutier C, Michaud D, Hance T: Proteomic profiling of a parasitic wasp 417 
exposed to constant and fluctuating cold exposure. Insect biochemistry and molecular biology 418 
2007, 37:1177-1188. 419 

75. Teets NM, Peyton JT, Ragland GJ, Colinet H, Renault D, Hahn DA, Denlinger DL: Combined 420 
transcriptomic and metabolomic approach uncovers molecular mechanisms of cold tolerance in a 421 
temperate flesh fly. Physiological Genomics 2012, 44:764-777. 422 

76. MacMillan HA, Knee JM, Dennis AB, Udaka H, Marshall KE, Merritt TJ, Sinclair BJ: Cold acclimation 423 
wholly reorganizes the Drosophila melanogaster transcriptome and metabolome. Scientific 424 
Reports 2016, 6:28999. 425 

77. Chintapalli VR, Wang J, Dow JA: Using FlyAtlas to identify better Drosophila melanogaster models of 426 
human disease. Nature genetics 2007, 39:715. 427 

78. Chintapalli VR, Wang J, Herzyk P, Davies SA, Dow JA: Data-mining the FlyAtlas online resource to 428 
identify core functional motifs across transporting epithelia. BMC genomics 2013, 14:518. 429 

79. Leader DP, Krause SA, Pandit A, Davies SA, Dow JAT: FlyAtlas 2: a new version of the Drosophila 430 
melanogaster expression atlas with RNA-Seq, miRNA-Seq and sex-specific data. Nucleic acids 431 
research 2017, 46:D809-D815. 432 

80. Luan Z, Quigley C, Li H-S: The putative Na+/Cl−-dependent neurotransmitter/osmolyte transporter 433 
inebriated in the Drosophila hindgut is essential for the maintenance of systemic water 434 
homeostasis. Scientific reports 2015, 5:7993. 435 

81. Des Marteaux LE, McKinnon AH, Udaka H, Toxopeus J, Sinclair BJ: Effects of cold-acclimation on gene 436 
expression in Fall field cricket (Gryllus pennsylvanicus) ionoregulatory tissues. BMC genomics 437 
2017, 18:357. 438 

http://arohatgi/


82. Coast GM, Orchard I, Phillips JE, Schooley DA: Insect diuretic and antidiuretic hormones. 2002. 439 
83. Dow JA: The essential roles of metal ions in insect homeostasis and physiology. Current Opinion in 440 

Insect Science 2017, 23:43-50. 441 
84. Audsley N, Jensen D, Schooley DA: Signal transduction for Schistocerca gregaria ion transport peptide 442 

is mediated via both cyclic AMP and cyclic GMP. Peptides 2013, 41:74-80. 443 
85. Hazel JR: Thermal adaptation in biological membranes: is homeoviscous adaptation the explanation? 444 

Annual review of physiology 1995, 57:19-42. 445 
86. Koštál V: Cell structural modifications in insects at low temperature. Low temperature biology of 446 

insects 2010:116-140. 447 

 448 

Highlighted references 449 

* of special interest 450 
** of outstanding interest 451 

1. [11]* Literature review detailing the conceptual model of insect chill tolerance. Of particular 452 
interest is the proposition that cold is linked to loss of ion balance and injury through interactions 453 
on the membrane potential.   454 

2. [15]** The first study to link the onset of chill-related injury to the loss of ion and water balance at 455 
low temperature. This study further demonstrated that prolonged cold resulted in hemolymph 456 
hyperkalemia and that this could be mitigated by prior cold acclimation.  457 

3. [16]** This study demonstrated that hemolymph hyperkalemia was caused by loss of hemolymph 458 
volume during cold exposure as a consequence of water and Na+ leak towards the gut.  459 

4. [17]** Using a comparative Drosophila model system this study demonstrates the link between 460 
cold tolerance, ion and water homeostasis, and secretion capacity of Malpighian tubules at low 461 
temperature. Cold tolerant Drosophila species are capable of maintaining ion transport rates and 462 
ratios during cold exposure which is strongly correlated with their ability to maintain ion balance 463 
and survive cold exposure.  464 

5. [29]* This study reveals links between transport capacity of the osmoregulatory organs and cold 465 
tolerance in cold- and warm-acclimated Drosophila melanogaster. Cold-acclimated flies maintain 466 
ion secretion rates and ratios at the Malpighian tubules and hindgut, and the study link these 467 
modifications to changes in ion transporter activity and morphology of the Malpighian tubules.  468 

6. [37]* Using ‘everted gut sac’ preparation of the locust hindgut this study links cold-induced loss of 469 
ion and water homeostasis to a loss of reabsorptive capacity of the hindgut. It further 470 
demonstrates that cold-acclimated locusts maintain superior hindgut reabsorption at low 471 
temperature which promotes cold tolerance.  472 

7. [39]* Using the SIET technique in a comparative Drosophila species model system this study 473 
evaluates the effects of cold adaptation on K+ transport of both Malpighian tubules and hindgut. 474 
Cold tolerant Drosophila species are characterised by maintained K+ secretion and reduced K+ 475 
reabsorption as well as reduced epithelial leak during cold exposure.  476 

8. [47]** This study introduces a novel assay for quantitative measurement of ion  reabsorption rates 477 
in hindgut of Drosophila. Using this assay the study shows that cold tolerant drosophilids better 478 
maintain hindgut reabsorption rates and ratios in the cold.  479 



9. [55]* This study shows that different concentrations of the CAPA neuropeptide have opposing 480 
effects on secretion at the Malpighian tubules. By injecting CAPA into flies, this study further 481 
demonstrates that CAPA’s effects on the Malpighian tubules directly impacts cold tolerance.  482 

10. [56]* This study uses targeted silencing of the capa gene in transgenic Drosophila lines in 483 
combination with in vitro measurements of Malpighian tubule transport rates to demonstrate links 484 
between insect cold tolerance, osmoregulatory function, and neuroendocrine regulation.  485 

11. [66]* This study demonstrates that cold exposure causes transepithelial leak of solutes across the 486 
gut in Drosophila melanogaster. Cold acclimation improved cold survival via differential expression 487 
of septate junction proteins which mitigate transepithelial leak and increases epithelial tightness.  488 

12. [81]* This study investigates tissue-specific changes in gene expression and identify candidate 489 
genes associated with insects cold tolerance in the osmoregulatory organs. Of particular interest 490 
are changes associated with increased epithelial tightness, suppression of secretion by the 491 
Malpighian tubules, and improved hindgut reabsorption.  492 

 493 
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