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Cold injury can be divided into two categories: (1) chill 
injury and (2) freeze injury (Storey & Storey, 1988). Chill 
injury is caused by temperatures below optimum but above 
the temperature of crystallization of body fl uids (super-
cooling point, SCP). Chill injury can be further divided 
into acute (cold shock, also referred to as direct chilling 
injury) and chronic/cumulative (indirect chilling injury). 
Acute cold injury occurs in response to a sudden and fast 
temperature change for a short period of time, while chron-
ic cold injury results from longer exposures to low temper-
atures. Freeze injury occurs as a result of ice formation (ex-
tracellular or intracellular) within the organism. The extent 
of cold injury is often assessed in terms of mortality after 
exposure to cold. Cold injury however, does not always 
result in immediate death, but sometimes cold injury can 
be tolerated or repaired (e.g. Košťál et al., 2007; Štětina et 
al., 2018). Depending on the extent of damage and ability 
to repair/tolerate it, cold injury may also manifest through 
sub-lethal effects such as delayed mortality, delayed devel-
opment, shortened lifespan and reduced fi tness (Košťál et 
al., 2019). 

Most studies on insect cold tolerance have focused (al-
though rather indirectly, by determining correlates that in-
crease cold tolerance) on the mechanisms that protect in-
sects from the effects of low temperatures and/or freezing. 
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1. INTRODUCTION

Temperature affects every aspect of the life of insects and 
other organisms, from the rate of biochemical reactions, to 
activity, growth, development and reproduction. A defi ni-
tion of low temperature depends on the species considered 
but also depends on the actual physiological state of the 
organism. Low temperature can be understood as any tem-
perature below the threshold for activity, growth, or devel-
opment, for a given species. More strictly, low temperature 
can be defi ned as the temperature that causes some sort of 
injury, which may result in death or in various sub-lethal 
effects (Lee, 1991). The scope of the present review (Fig. 
1) are the effects of temperatures on organisms below the 
critical thermal minimum (CTmin), which can be considered 
to be the threshold below which cold injury can start to 
occur (MacMillan & Sinclair, 2011). However, the present 
review will focus mostly on the damaging effects of sub-
zero temperatures and of freezing (“cryothermia”), mainly 
at the molecular level. Other effects of relatively low tem-
peratures that occur at or above CTmin will be discussed 
only peripherally (see section 2). The effects of “low” 
temperatures above CTmin mostly result from “impaired 
processes”, causing no physical damage to the organism 
and they may include for example decreased metabolism, 
growth, reproduction, development rate, or chill coma. 
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ion regulatory mechanisms (e.g. Boardman et al., 2011; 
Štětina et al., 2018), or focus on repair mechanisms (e.g. 
Colinet et al., 2010; Štětina et al., 2018). In summary, the 
research on the mechanisms of cold injury in insects and 
other organisms, is mostly limited to higher levels of or-
ganization, specifi cally, the cold/freezing induced changes 
in tissues, cells, subcellular structures, and metabolism. 
Because of the complexity and also inconsistency (differ-
ent cells/tissues appear to be differently prone to damage; 
Watson & Morris, 1987; Marshall & Sinclair, 2011) of 
damage at higher levels of organization, the mechanisms 
responsible for cold injury are often perceived as largely 
unknown.

The present review shows that contrary to the common 
perception, the mechanisms of cold injury in organisms are 
largely known, if we change our perspective and focus on 
the molecular level. The deeper understanding of the pri-
mary (i.e. molecular) causes of cold injury has come from 
the studies of molecular biophysicists. Through experi-
mentation, analytical modelling, and computer simulations 
of the behaviour of macromolecules under various condi-
tions, it has been shown that damage caused by cold/freez-
ing occurs directly to macromolecular structures. Cold in-
jury thus must logically cascade up from macromolecules 
to higher levels of organization and ultimately may affect 
the whole organism. However, although the basic molecu-
lar mechanisms of cold injury are known, their relationship 
to the damage at higher levels of organization is not clear. 
For instance, there are quite a few examples of vitally im-
portant enzymes surviving cold/freezing death of whole or-
ganism (see section 3.1.1.), which indicates that molecular 
and organismal injury may not always be related. The ef-
fect of some factors, commonly considered harmful, also is 
unclear. For example, freeze dehydration is fundamentally 
different from dehydration by drying and thus, contrary to 

Similarly, also reviews in this fi eld mostly concentrate on 
mechanisms of “cryoprotection”, while the mechanisms of 
cold/freezing injury are addressed rather marginally/super-
fi cially (e.g. Zachariassen, 1985; Sømme, 1999; Ramløv, 
2000; Clark & Worland, 2008; Teets & Denlinger, 2013). 
Some reviews have addressed the mechanisms of cold/
freezing injury in considerable detail, however from an 
eco-physiological perspective, concentrating on physio-
logical and ecological consequences rather than on the mo-
lecular/physical causes of the damage (e.g. recent review 
by Toxopeus & Sinclair, 2018). The research mostly fo-
cuses on mechanisms of cryoprotection also in other fi elds, 
such as cold tolerance in plants (Mazur, 1969; Levitt, 1980; 
Smallwood & Bowles, 2002) or cell/tissue cryopreserva-
tion (Meryman, 1974; Gao & Critser, 2000; Peña et al., 
2011), although mechanisms of cold injury are explored in 
more detail than in insects. The mechanisms of cold injury 
thus have received much less attention than mechanisms of 
protection against it.

The research on cold injury in insects and also other or-
ganisms is often only indirect, limited to a search for the 
conditions such as temperature or duration of exposure at 
temperatures under which mortality (an ultimate result of 
cold injury) starts to occur (e.g. Boychuk et al., 2015; Ste-
phens et al., 2015; Rozsypal et al., 2018a). A more direct 
approach to studying cold injury is represented by a num-
ber of studies that assessed tissue/cell viability after lethal 
or non-lethal cold exposure (e.g. Lee et al., 1993; Yi & Lee, 
2003; Marshall & Sinclair, 2011) or focus on macroscopic 
and/or microscopic manifestations of cold injury by com-
paring the structure/ultrastructure of tissues and cells prior 
to and after exposure to cold (e.g. Kayukawa & Ishikawa, 
2009; Des Marteaux et al., 2018; Rozsypal et al., 2018b). 
Other studies have investigated the effects of low tempera-
tures and/or freezing on metabolic function (e.g. Storey & 
Storey, 1985; Sinclair et al., 2004; Michaud et al., 2008), 

Fig. 1. Thermal thresholds in a hypothetical organism. LDT – lower development threshold; Ctmin – critical thermal minimum; Ctmax – critical 
thermal maximum; MP – melting point; SCP – supercooling point.
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the common belief, freeze dehydration may not be suffi -
cient to destabilize macromolecules (see section 4.4.2.). 

The aim of the present review is not to be exhaustive but 
to summarize existing concepts of the molecular mecha-
nisms of cold injury in organisms from a physical point of 
view (within the capabilities of the author as a biologist) 
and to introduce them to insect environmental physiolo-
gists. The review is not intended to be about cold injury 
in insects but about molecular mechanisms of cold injury 
in general, although examples from insect literature are 
used when possible. As all organisms on Earth share the 
same basic macromolecular makeup (they are composed of 
proteins, nucleic acids and phospholipids), most molecular 
mechanisms of cold injury are likely to be common to all 
organisms, including insects. The mechanistic underpin-
nings of cold injury in organisms thus will be discussed 
with particular emphasis on the molecular level. The re-
view will fi rst focus on the effects of low temperatures on 
the structure and function of macromolecules. Then it will 
concentrate on the effects of freezing on cells and macro-
molecules. The last section of the review will focus on the 
mechanisms of damage during thawing and post-thaw. 

2. EFFECTS OF SUBOPTIMAL TEMPERATURES ON 
ORGANISMAL PHYSIOLOGY

Perhaps the most obvious response of insects and other 
organisms to decreasing body temperature is a decline in 
activity. When temperature decreases below a certain limit, 
all movements cease (see schematic diagram of thermal 
thresholds in organisms in Fig. 1). This response of organ-
isms to low temperatures is termed “chill coma” and the 
temperature at which chill coma occurs is referred to as 
critical thermal minimum (CTmin). The CTmin may range 
from temperatures well above 0°C to temperatures below 
the melting point of body fl uids (supercooled state), de-
pending on species and the physiological state of the or-
ganism. Chill coma in insects most likely occurs due to 
disruption of signal transmission through a loss of ion ho-
meostasis in the neuromuscular system, leading to a lack 
of neuro-muscular coordination needed for movement (for 
review see MacMillan & Sinclair, 2011; MacMillan & 
Overgaard, 2017). Chill coma is reversible after rewarm-
ing, however longer exposures and/or lower temperatures 
may increase risk of cold injury through loss of ion homeo-
stasis that can cause apoptosis or necrosis (Yu et al., 2001; 
Bayley et al., 2018).

When an organism is exposed to temperatures below 
optimal/“permissive” (which do not cause any injury), the 
main effect of temperature at the molecular level concerns 
the rate of chemical reactions. In living organisms, chemi-
cal reactions are mediated (catalysed) by enzymes. Some 
chemical reactions (more precisely some components of 
metabolism) are also dependent on the proper functioning 
of biological membranes. The function of both enzymes 
and biological membranes is temperature dependent. A 
decrease in temperature changes the conformation of en-
zymes, which affects the binding affi nity of enzymes for 
substrates (Franks & Hatley, 1991). In the case of mem-

branes, temperature changes their fl uidity, which have ef-
fects on membrane permeability and also on the function 
of membrane bound proteins (Quinn, 1988). These chang-
es affect the rate of metabolism and of other biochemical 
reactions (e.g. those involved in the function of the neu-
romuscular system), which may result, for example, in 
overall decline in organismal activity. In summary, tem-
peratures below optimal or “permissive” levels, but above 
critical thermal minimum basically affect processes (i.e. 
chemical reactions, when considering the molecular level), 
which may have consequences for example for organismal 
performance, reproduction, development, distribution, etc. 
but cause no physical damage (for more information on the 
effects of “mild” low temperatures see for example Gilbert 
& Raworth, 1996; Overgaard & Macmillan, 2017; Mac-
Millan, 2019).

3. INJURY CAUSED BY LOW TEMPERATURES

If temperature is low enough (i.e. below the critical 
thermal minimum or much lower), it may cause damage 
to organisms by disrupting the conformation of macromol-
ecules of which the organisms are composed. Damage to 
macromolecular structures by low temperatures (and by 
freezing) is the main focus of the present review. Fig. 2 
shows a simplifi ed diagram of the factors involved in cold 
injury in organisms and their possible interactions that can 
eventually result in cold injury.

3.1. Effects of low temperatures on macromolecular 
structures
3.1.1. Proteins

The function of proteins depends on their three-di-
mensional structure (conformation), as do the structures 
of other biomolecules, like membrane lipids and nucleic 
acids. Temperature is one of the factors that can strongly 
affect the structure, stability and thus function of mac-
romolecules through changes to their conformation. The 
catalytic function of enzymes depends on their ability to 
(1) maintain conformation in order to bind to a substrate 
and (2) change conformation in order to process and re-
lease a substrate (Teilum et al., 2011; Karshikoff et al., 
2015). In other words, an enzyme must be stable enough to 
keep its functional conformation, but also fl exible enough 
to keep its catalytic function. Thus, the optimal function 
of enzymes is a trade-off between stability and fl exibil-
ity. The primary structure of proteins is defi ned by the se-
quence of amino acids linked with peptide bonds (covalent 
interactions) and is relatively stable at the wide range of 
temperatures normally occurring in nature (Tattersall et 
al., 2012). The higher levels of structure, which defi ne the 
three-dimensional conformation, are maintained by nonco-
valent interactions, such as hydrogen bonds, hydrophobic 
interactions and salt bridges (Richardson, 1981). Since 
noncovalent interactions are about an order of magni-
tude weaker than covalent interactions, the higher levels 
of protein structure are more sensitive to temperature and 
other factors. The hydrophobic effect is considered to be 
the main force responsible for folding and stability of pro-
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teins at physiological temperatures. The hydrophobic ef-
fect causes the hydrophobic parts of polypeptide chain to 
fold inside a three-dimensional protein structure, while the 
hydrophilic parts are exposed on the surface and interact 
with water molecules surrounding the protein (Privalov 
& Gill, 1988). The hydrophobic effect is based on proper-
ties of water, specifi cally the ability of water molecules to 
hydrogen-bond with each other and also with other hydro-
philic substances. Hydrophobic and non-polar substances 
are displaced from the hydrogen-bonded structure of water 
and tend to aggregate, thus facilitating protein folding.

The way temperature infl uences the conformation of 
proteins and of other macromolecular structures is by its 
effect on the strength of noncovalent interactions. The 
main mechanism responsible for cold denaturation of pro-
teins is thought to be a relatively weaker hydrophobic ef-
fect at low temperatures (Privalov, 1990; Dias et al., 2010). 
The hydrophobic parts of proteins and nonpolar solvents 
do not hydrogen-bond with water, and so water molecules 
must accommodate (“bypass”) such structures by form-
ing clathrates. Clathrate is a cage-like structure formed 
by water molecules around a hydrophobic object (Teeter, 
1991; Dill et al., 2005). The formation of clathrates (or-
dered structures) signifi cantly reduces the entropy of the 
system. At temperatures optimal for normal function of 
proteins, the water molecules have higher energy, which 
makes formation of clathrate structures less favourable 
and thus the hydrophobic effect is stronger at high tem-
peratures. At low temperatures, water molecules have less 
energy, which favours the formation of clathrate structures 
and thus the hydrophobic effect is weaker at low tempera-
tures (Franks, 1995; Chi et al., 2003; Dias et al., 2010). 

Simply put, the hydrophobic effect is not strong enough 
at low temperatures to keep hydrophobic parts of proteins 
folded inside their structure. The hydrophobic parts can 
then be exposed on the surface and the protein unfolds (de-
natures). Unfolded proteins may further aggregate through 
interactions between their respective exposed hydrophobic 
parts. The likelihood of a protein refolding (renaturation) 
depends on temperature and time of exposure to the tem-
perature, which affects the size of the aggregates and large 
aggregates are less likely to refold (Das et al., 2007; Wang 
et al., 2010). Thus, the formation of large aggregates could 
be one of the causes of injury during prolonged exposures 
to low temperatures (“chronic” chilling injury).

Although protein damage is often considered to be one 
of the main causes of cold injury, evidence against this 
exist as many enzymes can actually regain their functional 
conformation after cold denaturation at or near 0°C (see 
Privalov, 1990 for examples). On the other hand, many 
enzymes are multimeric and exposure to low temperature 
might only cause the dissociation of their subunits (dis-
ruption of quaternary structure). Dissociation of subunits 
(depolymerisation) upon exposure to cold is known also 
in structural proteins constituting cytoskeletal structures 
(Schwarzerová et al., 2003). The experimental study of 
protein cold denaturation is, however, problematic simply 
because water tends to freeze at 0°C. To achieve sub-zero 
temperatures, higher pressures are applied to prevent water 
from freezing. Even under freezing temperatures (and high 
pressures), some proteins denature reversibly (for exam-
ple RNAse A or egg white lysozyme) (Kunugi & Tanaka, 
2002). Most studies on protein temperature denaturation 
have been done in in-vitro systems, however there is also 

Fig. 2. Factors involved in cold injury and their interactions. A simplifi ed diagram showing the factors involved in cold injury in organisms 
and their interactions. The brown area marks mechanical stress resulting from direct mechanical action of ice crystals (direct effects of 
ice formation). The green area marks physico-chemical stress, which results from indirect (secondary) effects of ice formation and low 
temperatures. Blue colour indicates other stresses and red colour injury.
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evidence of proteins surviving at low temperatures in-vi-
vo. Štětina et al. (2020) report that citrate synthase from 
warm-acclimated larvae of the drosophilid fl y Chymo-
myza costata shows near-normal function upon freezing at 
–30°C, although the larvae do not survive such treatment. 
Evidence exist for some enzymes also survive exposure to 
high temperatures. Heinrich at al. (2017) found that protein 
complexes of the mitochondrial electron transport chain of 
several insect species (Drosophila melanogaster, Culex 
pipiens, Tenebrio molitor, Acheta domesticus and Grom-
phadorhina portentosa) survive thermal death of the whole 
organism. As the insects studied by Štětina et al. (2020) 
and Heinrich at al. (2017) were reared under normal breed-
ing conditions (they were “warm acclimated” and thus 
probably had no elevated levels of potentially protective 
compounds), one could speculate that the proteins studied 
may not require extra protection and physiological levels 
of protective compounds (normally present in the organ-
ism) can protect them from cold/heat denaturation. Storey 
& Storey (1991) report that Glucose-6-phosphate dehydro-
genase (G6PDH) extracted from Eurosta solidaginis and 
Epiblema scudderiana is fully protected from freezing at 
–77°C by concentrations of cryoprotectants as low as 50 

mM. The fact that these insects were fl ash-frozen in liquid 
nitrogen and then stored at –77°C prior to enzyme extrac-
tion makes the fi nding even more interesting. These exam-
ples raise questions about the role of proteins in cold injury: 
(1) How often is cold denaturation of proteins reversible? 
(2) Is potential cold-induced damage to proteins really a 
critical factor involved in cell/organism survival? and (3) 
Do (all) proteins really need extra protection against the 
effects of low/high temperatures?

Proteins are critical for metabolism as well as forming 
vital intracellular structures such as cytoskeleton. Cold-
induced protein denaturation thus is a factor potentially af-
fecting cell survival. However, despite the general belief 
that proteins are particularly vulnerable to damage by low 
temperatures and require relatively high concentrations of 
(cryo)protectants to protect them against cold denatura-
tion, there is evidence that such a “rule” may not be uni-
versal and that at least some proteins may be resistant to 
cold denaturation under physiological conditions or they 
may denature reversibly.

3.1.2. Biological membranes
Biological membranes can also be damaged by low tem-

peratures. Biological membranes (Fig. 3) consist of a phos-

Fig. 3. Properties of biological membranes. The diagram shows how temperature, hydration and phospholipid composition affects the 
properties of biological membranes. PE – phosphatidylethanolamines; PC – phosphatidylcholines; Lα – liquid crystalline phase; Lβ – gel 
phase; HII – hexagonal phase; cis/trans – confi guration of fatty acid chains; unsaturated/saturated – presence/absence of multiple bonds 
in fatty acid chains.
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pholipid bilayer that also contains other molecules such as 
sterols, carbohydrates and embedded proteins. Similar to 
protein folding, biological membranes are formed by an 
aggregation of their components that occurs due to a hy-
drophobic effect when hydrophobic fatty acid chains are 
sequestered away from water and interact with each other 
inside the bilayer structure while hydrophilic headgroups 
are exposed on the membrane surface and interact with 
water molecules (Tanford, 1988). 

Temperature is one of the main factors that infl uences 
the function of biological membranes through changes 
in fl uidity. Temperature also affects membrane phase be-
haviour. Lipids in biological membranes may assume 
one of the three basic confi gurations (Fig. 3): (1) under 
optimal/“permissive” temperatures biological membranes 
exist in a fl uid liquid crystalline phase (Lα); (2) at tempera-
tures lower than optimal/permissive, membrane may tran-
sition to a highly ordered gel phase (Lβ); and (3) at temper-
atures higher than optimal/“permissive”, a membrane may 
transition into a non-bilayer reversed hexagonal phase (HII) 
and loose its integrity (Chapman, 1975). The transition to 
the HII phase may also occur at low hydration (Kirk et al., 
1984), which may be relevant for freeze tolerant organisms 
and will be discussed in section 4. 

Membrane phase behaviour is also affected by phospho-
lipid composition. For example, the two main classes of 
phospholipids, phosphatidylcholines (PC) and phosphati-
dylethanolamines (PE), have quite different effects on 
properties of biological membranes. At permissive temper-
atures, PC favour the formation of bilayer structures, while 
PE favour the formation of non-bilayer structures such as 
HII. For each temperature range there is an optimal ratio of 
PC : PE, which can keep membrane fl uid and functioning 
well (Hazel, 1995). The incorporation of components that 
do not form tight bi-layers, such as PEs, also facilitates in-
tegration of membrane proteins and local fl uidity can even 
modulate the activity of membrane-associated proteins (de 
Kruijff, 1997; van Meer et al., 2008). Unregulated transi-
tion to HII, on the other hand, may compromise membrane 
integrity. Other factors that affect membrane properties are 
the length of fatty acid chains and presence of multiple 
bonds within the constituent fatty acids in phospholipids 
when shorter fatty acid chains and multiple bonds contrib-
ute to higher membrane fl uidity (Gennis, 1989). Changes 
in the PC : PE ratio as well as changes in the proportion 
of unsaturated fatty acids in phospholipid chains in mem-
branes is a common acclimatory response of organisms 
(Košťál, 2010).

At temperatures optimal for formation and proper func-
tion of membranes, phospholipid molecules have more 
energy (compared to temperatures below optimal) and 
lipid chains may assume either a trans or cis confi gura-
tion (Hazel, 1995). At optimal temperatures biological 
membranes are highly fl uid, which results from their more 
disordered state (higher portion of cis) when lipids move 
faster, arranging and rearranging randomly. As temperature 
decreases, more lipids assume energetically favoured trans 
confi guration and become more laterally ordered, which 

results in lower membrane fl uidity. Membrane fl uidity also 
infl uences the function of membrane associated enzymes 
as lipid-protein interactions affect protein conformation 
(McMurchie & Raison, 1979; Lenaz, 1987). With decrease 
in temperature membrane thickness also increases as phos-
pholipids become more organized (Kučerka et al., 2011). 
It is reported that hydrophobic mismatch (difference in the 
length of hydrophobic fatty acid chains between phospho-
lipids and also between phospholipids and hydrophobic 
parts of membrane proteins; Fig. 4) infl uences the prop-
erties of membranes, with effects on membrane protein 
function (Killian, 1998; Wallace et al., 2006). The changes 
in membrane thickness, induced by temperature, are thus 
another factor potentially affecting the function of mem-
branes and of membrane bound proteins (Hazel, 1989).

Probably the most common cause of membrane damage 
at low temperatures is the loss of the barrier function due 
to lateral phase separation (Hays et al., 2001; Tablin et al., 
2001). When membranes reach the phase transition tem-
perature, the membrane can transition from fl uid to a gel 
phase (Lβ), although this state would generally occur only 
in a membrane composed of a single class of phospholipids. 
Membranes of living organisms however, are composed of 
variety of classes of phospholipids and of other molecules 
that make membrane behaviour even more complex than 
simple models based on a single phospholipid class. At 
phase transition temperature only, a portion of a membrane 
may transition to the gel phase (Lβ) while the rest remains 
in the fl uid liquid crystalline phase (Lα). The existence of 
two phases of phospholipids with different thicknesses in 
the same section of membrane causes a hydrophobic mis-
match between the membrane components that can lead 
to lateral phase separation (Fig. 4) when separate domains 
of the fl uid liquid crystalline phase (Lα) and gel phase (Lβ) 
coexist in close contact (Quinn, 1985; Wallace et al., 2006; 
Heberle & Feigenson, 2011). The co-existence of phospho-
lipid domains with different phases disrupts the function 
of a membrane as a semi-permeable barrier because at the 
interface of the two phases the membrane becomes leaky 
(Quinn, 1985; Mouritsen, 1991). In addition, the domains 
enriched with non-bilayer forming lipids (i.e. Lα; non-bi-
layer forming lipids move to Lα domains during phase sep-
aration) may, after rewarming, form inverted HII structures 
within the bilayer, which compromise membrane integrity. 
Hydrophobic mismatch, lateral phase separation and re-
lated effects that directly compromise the functioning of 
the membrane as a barrier appear to be the most important 
causes of membrane low temperature damage. 

Biological membranes can be damaged also by the for-
mation of pores (Fig. 4). The main mechanism responsible 
for pore formation appears to be lateral tension (Karal & 
Yamazaki, 2015; Akimov et al., 2017). When membrane 
tension reaches a critical level, a pore may form, which 
leads to the loss of semipermeable barrier function and 
leaking of solutes. The tension induced formation of pores 
in biological membranes could occur under freezing condi-
tions when they are subject to mechanical stress caused by 
ice formation (for more details on the effects of ice forma-
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tion see section 4. Injury due to freezing). Another way 
a pore can form (specifi cally in the inner mitochondrial 
membrane) is via a so-called mitochondrial permeabil-
ity transition pore (Fig. 4). Although the exact nature of 
these pores is still unknown (it is probably a multi-protein 
complex interacting with the membrane) (Halestrap, 2009; 
Carraro et al., 2020), it appears to be one of the main fac-
tors responsible for mitochondrial damage during reperfu-
sion (reintroduction of oxygen after a period of hypoxia/
anoxia) and oxidative stress.

Another way in which membranes are damaged is by 
rupture, which may occur as a result of mechanical stress 
caused directly or indirectly by the formation of ice (mem-
brane rupture is discussed in more detail in section 4. In-
jury due to freezing).

3.1.3. Nucleic acids
Nucleic acids are polymers composed of subunits – 

bases. The bases polymerize into strands that form higher 
order structures such as a double helix. The conformation 
of the higher structures of nucleic acids is maintained by 
hydrogen bonds between complementary base pairs inside 
the structure. Perhaps an even more important factor con-
tributing to stability of nucleic acids is the hydrophobic ef-
fect that stabilizes the structure from the outside (Feng et 
al., 2019). As already discussed in the case of proteins, the 
strength of these interactions (hydrogen bonds and hydro-
phobic effect) is temperature dependent and thus tempera-
ture is likely to infl uence the stability of the structure also 
in nucleic acids. 

Although information on the mechanisms resulting in 
damage to nucleic acids by low temperatures is rather 
sparse in the literature, there is evidence that low tempera-
tures affect the integrity of DNA and RNA. For example, 
there is evidence for possible DNA breaks in equine sper-
matozoa exposed to low temperatures (–20°C) (Linfor & 
Meyers, 2002), or degradation of RNA and also DNA in 
blood samples stored at low/freezing temperatures (Huang 
et al., 2017). There is also evidence for cold damage to DNA 
in insects (Lubawy et al., 2019). The effect of low tempera-
tures on the structure of nucleic acids is best understood in 
ribozymes, specifi cally, hammerhead ribozyme . Hammer-
head ribozyme catalyses reversible endonucleotic cleavage 
and ligation reactions at a specifi c site in RNA molecules 
in a variety of taxa, from viruses to mammals, including 
humans (Hammann et al., 2012). Mikulecky & Feig (2002, 
2004) analysed hammerhead ribozyme structure by means 
of circular dichroism spectroscopy and report an almost 
total loss of tertiary and secondary structures in the tem-
perature range between –10°C and –30°C. The spectra of 
the cold-denatured ribozymes resemble those of heat-dena-
tured ribozymes. DNA denaturation by high temperatures 
occurs due to melting of double-stranded DNA, which 
separates into two single strands due to breaking of hy-
drogen bonds between bases in the duplex (Ussery, 2001). 
Some studies, however, indicate that oxidative stress could 
be a more important factor in DNA/RNA damage during 
cold exposure than low temperature and/or freezing alone 
(Tatone et al., 2010; Fraser et al., 2011).

Fig. 4. Damage to biological membranes and membrane proteins. The diagram shows different kinds of damage to biological membranes 
and membrane proteins caused by low temperature/freezing. Lα – liquid crystalline phase; Lβ – gel phase. The pale orange object is a 
mitochondrial permeability transition pore. The pale red object is a membrane protein that may undergo conformational alterations due to 
hydrophobic mismatch, leading to impaired function or denaturation of the protein.
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Although the mechanism by which nucleic acids are 
damaged by cold is not completely known it is possible 
that protein components (i.e. histones) of higher structures 
of DNA are also damaged by low temperatures. Damage to 
histones (even if reversible) could disturb the structure of 
chromatin and loosen DNA strands that could subsequent-
ly be more susceptible to denaturation and brakes.

3.2. Effects of the rate of temperature change 
on cold injury

The rate of temperature change (rates of cooling and 
warming) is another factor involved in cold injury in or-
ganisms. The damage to organisms by a rapid decline in 
temperature is termed “cold shock” (also “direct chilling 
injury” in plants). Cold shock appears to affect all cells, 
although there are probably differences in susceptibility 
between different types of cells (Watson & Morris, 1987). 
The main factor responsible for damage due to cold shock 
is thought to be the transition of cell membranes to the gel 
phase (and consequent phase separation), which compro-
mises the semipermeable barrier function and renders it 
leaky to solutes (Drobnis et al., 1993). Denaturation of pro-
teins could also be involved in cold shock damage (Watson 
& Morris, 1987). 

Cooling rate also affects the formation of ice at freezing 
temperatures as rapid cooling results in the formation of 
small ice crystals (Bald, 1986; van der Sman, 2016). Rapid 
cooling, on the other hand, increases the risk of lethal intra-
cellular freezing by promoting supercooling of intracellu-
lar solutions (Seki et al., 2009). Slow cooling enables cells 
to maintain osmotic equilibrium with freezing extracellular 
solutions and avoid intracellular freezing (Mazur, 1977). 
Rapid warming, on the other hand, is used to avoid recrys-
tallization (see section 5 for more details on recrystalliza-
tion) during thawing (Seki & Mazur, 2008).

4. INJURY DUE TO FREEZING

Cold injury by freezing is (logically) a combination of 
the effects of low temperatures and of ice formation (Fig. 
2). The effects of temperature on biological systems are 
discussed in previous paragraphs. The formation of ice 
may occur either outside cells (extracellular freezing) or 
inside cells (intracellular freezing). The effects of ice for-
mation on cells and tissues can be divided into direct and 
indirect, based on the mechanism of damage (direct me-
chanical action of ice crystals vs. secondary effects, such as 
freeze dehydration and concentration of solutes).

4.1. The freezing process
When a solution (e.g. insect haemolymph) is cooled it 

does not necessarily freeze at its equilibrium melting point, 
but may remain liquid. A solution that remains in a liquid 
state at temperatures below its melting point is called super-
cooled. The supercooled state, however, is metastable and 
with decreasing temperature the probability of ice nuclea-
tion increases (Matsumoto et al., 2002). Ice nucleation can 
be either homogenous or heterogeneous, wherein homog-
enous nucleation occurs when a certain number of water 
molecules spontaneously form an ice lattice structure. In 

contrast, heterogeneous nucleation occurs on surfaces that 
can organize water molecules into an ice lattice, such as 
ice nucleating proteins or other heterogeneous nucleators 
– possibly dust particles (Zachariassen, 1992; Matsumoto 
et al., 2002). When an initial ice crystal (nucleus) reaches 
a critical mass, surrounding water molecules join it very 
rapidly, which can result in freezing of the remaining solu-
tion. The heat of crystallization released during freezing 
temporarily increases the temperature. Lowest temperature 
before freezing exotherm is released is the real freezing 
point (supercooling point, SCP) of the solution (Wilson et 
al., 2003; Sinclair et al., 2015). The extent of supercool-
ing of a solution is affected by the volume (large volume 
= high probability of ice nucleation) of the solution, and 
also by the presence and concentration of solutes (solutes 
help to stabilize the supercooled state) and of potential ice 
nucleators (Lee, 1991; Lee et al., 1996; Zhao, 1997).

4.2. Extracellular vs. intracellular freezing
In organisms, freezing can be distinguished either as ex-

tracellular or intracellular. 
Although intracellular freezing is considered almost in-

variably lethal for organisms, there is at least one example 
of survival of intracellular freezing at the organism level 
– the nematode Panagrolaimus davidi (Wharton & Ferns, 
1995). Survivable intracellular freezing is also reported oc-
curring in some types of insect cells. Survival of intracel-
lular freezing occurs for example in fat body cells of Euro-
sta solidaginis (Salt, 1962; Lee et al., 1993), Sarcophaga 
crassipalpis (Davis & Lee, 2001) and Celatoblatta quin-
quemaculata (Worland et al., 2004). 

The formation of intracellular ice osmotically drives 
water inside cells to join intracellular ice that might in-
crease the mechanical stress on the cell membrane (i.e. 
swelling and subsequent rupture, Fig. 4). The intracellu-
lar ice may form either spontaneously (if cells are allowed 
to supercool enough) or it is seeded from outside the cell. 
Although the cell membrane is generally considered im-
permeable to ice, it has been shown that ice can propagate 
through pores in aquaporins (Seki et al., 2011) or through 
gap junctions (Acker et al., 2001). One possible route for 
ice penetration through cell membranes includes disrup-
tion of the membrane by exceeding a critical gradient in 
osmotic pressure across the membrane (Muldrew & Mc-
Gann, 1990). Another hypothesis assumes that ice can pen-
etrate through membranes after the membrane is disrupted 
by an electric potential that may be induced at the water-
ice interface during freezing (Wolfe & Bryant, 2001). For 
review/opinion on intracellular freezing in insects see Sin-
clair & Renault (2010).

In most freeze tolerant organisms freezing is thought to 
be extracellular. Extracellular freezing leads to an increase 
in the concentration of extracellular fl uids as solutes are 
excluded from ice lattices. The increased concentration of 
extracellular fl uids osmotically draws water from cells (op-
posite to intracellular freezing). The cells shrink as they 
dehydrate and also the concentration of solutes in the in-
tracellular fraction of unfrozen water increases (Storey & 
Storey, 1988; Block, 2002). Both cellular freeze dehydra-
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tion and increased concentration of intracellular solutes 
can be harmful to cells, which is discussed in more detail 
in section 4.4.

4.3. Direct effects of ice formation
Direct effects of ice formation are most likely the cause 

of damage at higher levels of organisation, such as, cel-
lular and tissue. Damage occurs by direct mechanical ac-
tion of ice crystals and increase in volume accompanying 
freezing, both extracellular and intracellular. In the case 
of intracellular freezing the mechanical forces exerted 
by growing intracellular ice (volumetric expansion) may 
cause cell membranes to rupture (Muldrew et al., 2004). 
In the case of extracellular freezing, the resulting cellu-
lar freeze dehydration may cause mechanical collapse of 
cells (cells shrink). Mazur and his colleagues (Mazur et 
al., 1981; Mazur & Cole, 1985) propose that the reduc-
tion in the unfrozen fraction of water may be indirectly 
responsible for damage to cells. The proposed mechanism 
of damage is crushing of cells in the narrow liquid-fi lled 
spaces between masses of extracellular ice and forced cell 
to cell contacts. Although this concept was criticized at the 
time of publication, more recently it has been recognized 
as one of the possible causes of cellular damage by freez-
ing (Pegg, 2010). There is more evidence in the literature, 
supporting mechanical damage to cells and tissues caused 
by growing ice crystals. Such evidence is reported, for ex-
ample, in frozen liver sections (Frederik & Busing, 1981), 
in suspensions of red blood cells (Ishiguro & Rubinsky, 
1994) and mechanical damage to cells and tissues by ice 
crystals is very well established also in “frozen foods re-
search” literature (Petzold & Aguilera, 2009; Kiani & Sun, 
2011). Mechanical damage by ice crystals also occurs 
during thawing through a process called recrystallization, 
which is discussed in section 5. 

4.4. Indirect effects of ice formation
Indirect effects of ice formation include mechanisms 

other than the direct mechanical action of ice crystals. 
Such mechanisms include the physico-chemical effects of 
ice formation, mostly freeze concentration of intracellular 
solutes and cellular freeze dehydration. 

4.4.1. Freeze concentration of solutes 
During extracellular freezing, water is osmotically drawn 

out of cells into extracellular ice that results in a poten-
tially harmful increase in the concentration of intracellular 
solutes. Solutes can be distinguished as compatible (also 
referred to as kosmotropes or “structure making”) and as 
incompatible (also referred to as chaotropes or “structure 
breaking”). The categorization is based on how the solute 
interacts with water molecules (Russo, 2008). In general, 
compatible solutes are predominantly hydrophilic mol-
ecules and ions that interact with water and form hydro-
gen bonds with water molecules. Incompatible solutes are 
predominantly hydrophobic, which reduces their interac-
tion with water molecules. Incompatible solutes may cause 
damage to macromolecular structures by weakening the 
stabilizing hydrophobic effect and/or by directly interact-

ing with hydrophobic parts of macromolecules that help to 
defi ne their higher-order structure (Salvi et al., 2005). The 
compatible solutes, by interacting strongly with water mol-
ecules, can neutralize potentially dangerous hydrophobic 
particles (incompatible solutes) by decreasing their solu-
bility in water and promoting these hydrophobic particles 
to aggregate with themselves rather than disrupting other 
macromolecules (Moelbert et al., 2004). Compatible sol-
utes are preferentially excluded from the surface of macro-
molecules, thus preferentially hydrating (stabilizing) them, 
while incompatible solutes interact with macromolecules 
in a way that draws out their hydrophobic parts, thus desta-
bilizing them (Timasheff, 2002; Shimizu & Smith, 2004). 

The effects of solutes on biological systems depends on 
their quality and quantity (concentration), and these inter-
actions are also affected by temperature (Moelbert & De 
Los Rios, 2003). Molecules with both hydrophilic and hy-
drophobic residues may act as both compatible and incom-
patible solutes depending on temperature and their con-
centration. At low temperatures and/or low concentrations 
these molecules act as compatible solutes (cryoprotectants) 
and stabilize macromolecules. At high temperatures and/or 
high concentrations the hydrophobic nature of such mol-
ecules predominates and they act as incompatible solutes, 
destabilizing macromolecules. These properties are driven 
by a hydrophobic effect that is strongest at high tempera-
tures (and weakest at low temperatures), and on the effect 
of these molecules on tension and dielectric properties of 
water (for more details see Arakawa et al., 1990; Elliott et 
al., 2017). A molecule that “normally” acts as cryoprotect-
ant may, thus upon reaching a certain concentration (e.g. 
during freeze dehydration) or during rewarming, become 
toxic and cause damage to macromolecules. Typical exam-
ples of such molecules are ethylene glycol and dimethyl 
sulfoxide (DMSO) (Arakawa et al., 1990). As for biologi-
cally more relevant molecules, for example, the amino acid 
proline appears to have similar qualities (Verbruggen & 
Hermans, 2008). Evidence exists also for some cryopro-
tectants and their mixtures acting as pro-oxidants at high 
concentrations, causing (although probably indirectly) oxi-
dative damage to biological membranes and proteins (Best, 
2015).

4.4.2. Freeze dehydration
Freeze dehydration is believed to be one of the main 

causes of freezing injury in organisms. However, when 
compared with the more severe dehydration by drying, its 
role appears rather unclear, at least in terms of macromo-
lecular damage. The water in cells can be distinguished as 
either osmotically active (OAW) or as osmotically inac-
tive (OIW). The OAW (also referred to as “free water” or 
“freezable water”) is the fraction of water that can freeze 
or can be lost through desiccation/drying. The OIW (also 
referred to as “hydration water”, “bound water”, or “un-
freezable water”) is the water that constitutes the hydration 
shells of macromolecules (and solvents) and enables their 
normal functioning by maintaining their functional confor-
mation (Ball, 2008; Brovchenko & Oleinikova, 2008). Loss 
of hydration water thus may have serious consequences for 
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the structure and function of macromolecules (Crowe et 
al., 1990). The fraction of OIW however, under normal 
conditions (temperatures and pressures normally occurring 
in biosphere), does not freeze (Crowe et al., 1990, Wolfe 
et al., 2002). Freeze dehydration therefore must be signifi -
cantly different from dehydration by drying (desiccation), 
where a signifi cant portion of the OIW can be removed 
(Dolman et al., 1997). In the light of the “unfreezable” 
nature of OIW, it is thus questionable how signifi cant the 
role of freeze dehydration per se is in causing damage to 
macromolecules. Whether or not freeze dehydration is a 
critical factor for the structure of at least some macromol-
ecules, freezing of a portion of body water may cause dam-
age to organisms. Some insects and also other organisms 
die as soon as certain portion of OAW freezes (Rozsypal & 
Košťál, 2018). This suggests that even partial removal of 
OAW (partial dehydration without actually “touching” the 
OIW) may cause damage.

Dehydration appears to have the most profound effects 
on biological membranes that may be damaged as soon as 
OAW (or signifi cant portion of OAW) is removed (Gordon-
Kamm & Steponkus, 1984). Interestingly, computer simu-
lations of membranes suggest that partial removal of OIW 
is required to signifi cantly affect the integrity of biologi-
cal membranes (Marrink & Mark, 2004). In other words, 
simulations suggest that freezing/removal of OAW should 
not disrupt biological membranes, although experiments 
on real membranes show that it does. Under low hydration 
biological membranes are more susceptible to phase transi-
tion to the inverted hexagonal phase (HII), which may lead 
to irreversible loss of the barrier function of membranes 
(Crowe & Crowe, 1987). However, as mentioned above, it 
remains unclear if dehydration that occurs during freezing 
is suffi cient to disrupt the hydration shells of macromol-
ecules to cause damage. Simulations of water behaviour 
in biological systems suggest that OIW is very diffi cult to 
remove by freezing. Although OIW eventually freezes, the 
freezing process is supposed to take a signifi cant amount 
of time, perhaps even a human life-time or longer (Wolfe 
et al., 2002). 

Less severe levels of cellular freeze dehydration can 
be damaging, mostly at cellular level through membrane 
fusions (Crowe & Crowe, 1982), which can even com-
promise the viability of cells. A hypothesis of Steponkus 
& Wiest (1978) assumes that freeze dehydration induces 
membrane fusions that may reduce the membrane area (as 
dehydrated cells shrink, their membranes become “wrin-
kled” and close contact between the wrinkles may result 
in membrane fusions, reducing the membrane area). Then, 
during rehydration, the membrane may rupture because it 
can no longer accommodate the original amount of water. 
Thus, although the causes of damage occur during freez-
ing, the damage per se occurs during thawing. 

Membrane rupture, however, may occur even without 
membrane fusions. Muldrew et al. (2000) assume that ex-
posure of a cell to a hypertonic solution (i.e. during extra-
cellular freezing) leads to uptake of ions that may, during 
thawing, cause the cell to swell beyond its elastic limits 

and consequently rupture. Cells must accommodate more 
water than the original amount in order to be in osmotic 
equilibrium with an extracellular solution. Different causes 
of membrane rupture are proposed by the “Osmotic rupture 
hypothesis” (Muldrew & McGann, 1994). The Osmotic 
rupture hypothesis assumes that during rapid extracellular 
freezing the osmotically driven water effl ux from cells ex-
erts friction on membranes, which may result in membrane 
rupture (and eventually in intracellular freezing). 

Dehydration, on the other hand, appears to have less seri-
ous consequences for the structure and function of proteins. 
Although dehydration may cause proteins to denature, de-
naturation in proteins is reversible and many proteins can 
regain their functional conformation upon rehydration 
(Prestrelski et al., 1993).

5. INJURY DURING THAWING AND POST-THAW

Whether it occurs naturally or under controlled labora-
tory conditions, freezing is eventually followed by thaw-
ing. In the previous paragraphs the mechanisms of cold 
injury due to low temperatures and freezing are discussed. 
However, cold injury also may occur or become manifest 
during thawing and post-thaw. One of the mechanisms of 
damage during thawing is recrystallization when large ice 
crystals grow at the expense of smaller ice crystals (Har-
tel, 1998). Recrystallization may occur during longer ex-
posures to constant temperatures, but recrystallization is 
most pronounced during repeated cycles of partial melting 
and refreezing. Recrystallization causes damage by direct 
mechanical action of growing ice crystals and could affect 
the survival of organisms exposed to freeze-thaw events 
(Lee, 1991). Recrystallization is also an important limit-
ing factor in successful cryopreservation (Meryman, 2007; 
Pegg, 2010) and signifi cantly affects the quality of frozen 
foods, such as animal and plant tissues (Martino & Zaritz-
ky, 1988; Ullah et al., 2014).

Another signifi cant factor involved in cold injury during 
thawing is osmotic stress that is caused by differences in 
the concentrations of intracellular and extracellular solutes 
that occurs during both freezing and thawing. As discussed 
in section 4.2., during freezing, the increased concentra-
tion of extracellular fl uids osmotically draws water from 
cells into extracellular ice. The processes are reversed dur-
ing thawing, meaning that water is drawn from extracel-
lular spaces back into cells. Osmotic stress during thawing 
could compromise the integrity of the cell membrane, as 
discussed in the previous section. 

Disruption of ionic balance through reduced/no active 
transport (caused by impaired function of membrane pro-
teins) at low and/or freezing temperatures may result in 
cell membrane depolarization. Loss of the trans-membrane 
potential can lead to the opening of ion channels and subse-
quent increase in the cytosolic concentration of Ca2+. Then, 
Ca2+ can activate enzymes responsible for cell death and 
thus eventually apoptosis or necrosis (Yu et al., 2001; Lang 
et al., 2005; Bayley et al., 2018; Overgaard et al., 2021). 
Although disruption of the ionic balance could be a signifi -
cant cause of cold and freezing injury, some cold tolerant 
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insects (and probably also other cold tolerant organisms) 
can restore trans-membrane potentials relatively quickly 
after thawing and thus avoid the negative effects of losing 
ionic balance (Kristiansen & Zachariassen, 2001; Board-
man et al., 2011). 

Another cause of injury (especially during thawing and 
post-thaw) is oxidative stress. The metabolism of cold 
tolerant insects and other organisms exposed to low tem-
peratures (including supercooling and freezing conditions) 
is slower but it does not cease completely (Irwin & Lee, 
2002). The suppressed metabolism continues to consume 
energy and may produce reactive oxygen species (La-
louette et al., 2011), which can cause oxidative damage. 
In a frozen state, the availability of oxygen is restricted, 
resulting in hypoxia (ischemia) and an accumulation of 
products of anaerobic metabolism. During thawing and/
or post-thaw, oxygen is reintroduced to cells (reperfusion). 
The sudden increase in the availability of oxygen leads to 
a burst of mitochondrial activity and production of reac-
tive oxygen species (ROS) by the mitochondrial electron 
transport chain (Du et al., 1998). Molecular oxygen is con-
verted to superoxide and other reactive forms of oxygen. 
The build-up of reactive oxygen species and other pro-
oxidants, such as lipid peroxides, can then cause oxida-
tive damage to numerous macromolecular structures (for a 
review on oxidative damage due to freezing in insects see 
Storey & Storey, 2010).

6. CONCLUSIONS AND FUTURE DIRECTIONS

Temperature, through its systemic effect, appears to 
play a major role in cold injury in organisms by directly 
affecting the structure and function of macromolecules. 
Cold injury by freezing results from both the effect of low 
temperatures and of ice formation. The formation of ice 
causes injury either directly by mechanical forces exert-
ed by growing ice crystals or indirectly through various 
physico-chemical effects. The indirect effects of ice for-
mation include osmotic stress, increased concentration of 
solutes and cellular freeze dehydration. Cold injury also 
occurs during thawing by recrystallization, disruption of 
ionic balance and oxidative stress upon reintroduction of 
oxygen to the organism. 

The present review shows that cold injury occurs as a re-
sult of the interaction of many factors during cold exposure 
and/or the freeze-thaw cycle. The damage basically affects 
only three kinds of macromolecular structures: proteins, 
nucleic acids and biological membranes. The molecular 
nature of cold injury implies that damage may occur any-
where and everywhere within an organism (to the macro-
molecules) and then cascade up to the cellular, tissue and 
eventually organismal level. 

Although the molecular mechanisms of cold injury are 
basically known, there are gaps to be fi lled in our under-
standing of the nature of cold injury in organisms. For 
example, the nature of cold/freezing damage to nucleic 
acids is not well understood. The role of freeze dehydra-
tion (which is signifi cantly different from desiccation) in 
cold/freezing injury, although frequently cited as fact in 

insect literature, is also unclear. The role of proteins in 
cold/freezing injury also appears to be problematic. Some 
fi ndings even suggest that molecular and organismal in-
jury may not be related, at least in the case of proteins, as 
quite a few enzymes are reported to survive cold/freezing 
death of whole organisms. While some proteins may de-
nature reversibly, other proteins appear to be resistant to 
low temperatures and/or freezing while protected “only” 
by physiological concentrations of cryoprotectants or by 
concentrations even much lower than physiological. Thus, 
one could ask are there any proteins that denature irreversi-
bly at low temperatures under physiological concentrations 
of metabolites? If proteins do not require extra protection, 
why do many organisms accumulate such high levels of 
cryoprotectants? Is it to protect biological membranes and/
or DNA? Last but not least, it is also not well understood 
how damage to macromolecules cascades up and affects 
higher levels of organization.

Research on the most fundamental physico-chemical 
principles of cold injury at the molecular and perhaps even 
atomic levels appears rather beyond the reach of biological 
disciplines and may be better left to biophysicists. Biolo-
gists on the other hand may focus on testing the anticipated 
roles of known mechanisms in cold injury and cryoprotec-
tion at higher levels of organization but, to an extent, also 
at the molecular level. So how can research in the fi eld of 
insect environmental physiology and cold tolerance con-
tribute to fi lling the gaps in our knowledge on the causes of 
cold injury? For example, activity measurements of vari-
ous enzymes from a variety of species cooled/frozen under 
different conditions and concentrations of cryoprotectants 
could shed more light on the role of proteins (enzymes) 
and of cryoprotectants in cold injury in organisms. Dam-
age but also protection of biological membranes can be as-
sessed for example by dye exclusion assays. Comet assay 
can be used to assess the integrity of DNA after cold/freez-
ing stress. Differential scanning calorimetry, by measuring 
the amount of osmotically active and inactive water and 
fraction of ice within organisms, can contribute to a better 
understanding of the effects of freeze dehydration in cold 
injury. Another way to contribute to a better understanding 
of the nature of cold injury in organisms could be the inte-
gration of new knowledge acquired in the fi eld of biophys-
ics (which is not always easy to understand for a biologist) 
to biological disciplines and vice versa, from which both 
fi elds could benefi t. 

Research on the mechanisms of cold injury in organisms 
is likely to take a long time. Although our understanding of 
the mechanisms of cold injury in organisms has greatly im-
proved over the past few decades, many gaps in our knowl-
edge remain to be fi lled. Better understanding of the nature 
of cold injury in organisms is important and may aid, for 
example, the development of techniques that will enable 
cryopreservation of not only cells but also tissues, organs 
and eventually perhaps even whole organisms.
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