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Annotation

In this study, employing an integrated approach that involves
transcriptomics, metabolomics, and other techniques, we aimed to
understand the mechanistic roles of the cryoprotective system underlying
extreme freeze tolerance in the larvae of the drosophilid fly, Chymomyza
costata. Metabolomics unveiled the complex composition of the seasonally
accumulated larval innate mixture of putative cryoprotectants. This mixture
was predominantly composed of proline and trehalose, supplemented by
minor components (glutamine, asparagine, betaine, sarcosine,
glycerophospho-choline, and ethanolamine). We identified food ingestion as
a significant source for the direct assimilation of amino compounds, while
glycogen and phospholipids served as the primary internal sources for the
biosynthesis of other cryoprotectants.

The utilization of MALDI-MSI to observe cryoprotectants revealed distinct
behaviors of proline and trehalose during ecologically relevant, gradual
inoculative extracellular freezing of larvae. Trehalose exhibited
accumulation in partially dehydrated hemolymph, inducing a transition to
the amorphous glass phase. On the other hand, proline migrated to the
boundary between extracellular ice and dehydrated hemolymph and
tissues, forming a layer of dense viscoelastic liquid.

Finally, through a combination of in vivo and in vitro assays, we found that
cell membranes are likely targets of freezing injury, while their integrity is
sustained by accumulated small cryoprotective molecules and proteins in
cold-acclimated C. costata larvae. Contrary to our expectations, our assays
did not provide support for the hypothesis that proteins (soluble enzymes)
require in vivo stabilization through the accumulation of cryoprotectants.
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1. Introduction



1.1 Insect seasonality and diapause

Insects, as ectothermic organisms, are inherently vulnerable to fluctuations in
environmental temperature, lacking the ability to regulate their internal heat. Changes in
temperature directly impact their survival, fitness, and molecular interactions (Overgaard et al.,
2014). Daily and seasonal temperature fluctuations affect insects, with higher latitudes
experiencing greater seasonal temperature variations, resulting in better adaptations to
withstand temperature extremes (Sunday et al., 2011).

Low seasonal temperatures pose a significant obstacle to the survival and fitness of insects
living in temperate and polar regions. Low temperatures limit the viability of cells, tissues, and
entire organisms, although the exact mechanisms remain unclear due to the complex effects of
low temperatures on living organisms. The effect of low temperatures impacts various
structures, processes, activities, and molecules, making it challenging to discern the hierarchy,
importance, and causal relationship of individual changes. Therefore, the question of what
determines the survival of individual insect species at low temperatures, often below freezing
point, remains unresolved (Storey & Storey, 2013). The seasonal plasticity and thermal limits for
survival and fitness are crucial factors in determining the geographic distribution of insect
species and their response to global climate change (Sunday et al., 2012).

In response to these environmental pressures, insects have evolved complex strategies,
with diapause and cold acclimation emerging as two major adaptive complexes, which include
diverse mechanisms to adapt to challenging conditions, such as producing antifreeze proteins,
accumulating cryoprotectants (CPs), and modifying their metabolism and behavior (Kostal et al.,
2010). The significance of cryoprotectants in cold acclimation and mitigating freeze dehydration
stresses has been emphasized in numerous studies, revealing various types of cryoprotectants
present in different organisms, including insects. Despite these findings, the precise
mechanisms governing their biosynthesis, accumulation, and physiological roles still lack
comprehensive understanding (Storey & Storey, 2013).

Insects living in polar and temperate regions have life cycles that are highly adapted to
seasonality, characterized by active summer phenotypes and dormant winter phenotypes. In
response to changing environmental signals, such as photoperiod and thermoperiod, diapause
is induced prior to the onset of environmental stressors. Diapause is a form of dormancy that is
systemically regulated, whereas quiescence is a type of dormancy that occurs directly in
response to environmental factors that fall below a critical threshold. Any developmental stage
of an insect can potentially enter quiescence triggered by low temperatures (Lees, 1955; Danks,
1987; Kostal, 2006).

During the diapause induction phase, photoperiod and thermoperiod changes are sensed by
specific developmental stages, leading to a deep transformation of the insect's phenotype.
Insect brains and/or eyes contain specialized photoperiodic receptors that transduce the short-
day signal into changes in the synthesis and secretion of developmental hormones, such as
ecdysone and juvenile hormone (JH). The signaling of ecdysone or JH will systematically govern



the phenotypic transformation in all peripheral organs, depending on the stage of development
at which diapause is expressed. Insects engage in intensive foraging activity during the
preparation phase to build up energy reserves for the harsh period to come (Hahn & Denlinger,
2007). During diapause, the reproductive activity of adult insects ceases, and the proliferation
activity in precursor cells stops. As a result, the behavioral activities related to mating, parental
care, and partner location are halted (Kostal et al., 2009).

During the early phase of diapause, insects may still be highly active as they migrate to seek
out overwintering microhabitats and initiate various protective mechanisms (Willmer, 1982;
Masters et al., 1988; Solensky, 2004). These mechanisms include building cocoons (Danks,
1987), increasing the thickness of cuticular hydrocarbon layers (Rinehart et al., 2001; Benoit,
2010), upregulation of heat shock proteins (Rinehart et al., 2006), stimulation of antioxidant
mechanisms (Jovanovi¢-Galovié et al., 2007), and inhibition of proapoptotic pathways
(Villeneuve et al., 2006).

However, during the next phase of diapause, insects become very inactive and experience
deep metabolic suppression to avoid prematurely reaching the next developmental stage,
which would be unable to survive the winter. The gradual drop in temperature during autumn
has two important consequences: the termination of diapause and the induction of cold-
acclimation processes. Transcription profiles, protein expression patterns, and metabolic
pathways undergo deep restructuring during diapause to support the insect's survival during
the winter months (Emerson et al., 2010; Kankare et al., 2010; MacRae, 2010; Ragland et al.,
2010; Poelchau et al., 2013; Teets & Denlinger, 2013; Poupardin et al., 2015; Yocum et al., 2015;
Kostal et al., 2017).

It takes weeks or months of exposure to low temperatures for diapause to end and for
insects to resume their normal activities. The end of diapause typically occurs in December or
January for most insect species. Even after diapause has ended, insects remain in a state of low
temperature-quiescence until the spring, when the rise in temperature allows them to rapidly
resume their behavioral activities and reproduction/development (Tauber et al., 1986; Danks,
1987; Denlinger, 2002).

The topic of the relationship between diapause and cold tolerance in insects has been
debated for a long time (Denlinger, 1991). Although cold hardiness generally increases upon
entering diapause, the greatest increase in cold hardiness usually occurs during the gradual
decrease in ambient temperature during autumn (Slachta et al., 2002). Insects use an adaptive
complex of cold acclimation, which is often linked with diapause, to increase their cold
tolerance. Cold acclimation is based on extensive restructuring of the transcriptome, proteome,
and metabolic pathways and includes number of interconnected mechanisms (Qin et al., 2005;
Sinclair et al., 2007; Zhang et al., 2011; Colinet et al., 2013; Shang et al., 2015; MacMiillan et al.,
2016; Kostal et al., 2017).



1.2 Mechanisms of insect cold acclimation

The literature on insect cold hardiness reveals a comprehensive framework that categorizes
their adaptive responses into three distinct and well-defined strategies. Each strategy is
characterized by the state of body water at temperatures below the melting point of body
fluids (Zachariassen, 1985). When an insect's body temperature dips below the threshold of
fluid melting, three possible outcomes emerge, shaping the fundamental approaches insects
adopt to withstand cold stress:

Freeze avoidance or supercooling strategy: In this strategy, some insects manage to
maintain their body water in a liquid state, even at temperatures below the freezing
point of their bodily fluids. This remarkable ability to supercool enables them to avoid
the formation of ice crystals within their tissues, thus preventing the damaging
consequences of ice formation. The intricate mechanisms that underlie this strategy
involve the suppression of ice nucleation, often achieved through the presence of high
concentrations of various low molecular weight cryoprotectants (LMW CPs) and also
specialized proteins or antifreeze compounds (Zachariassen, 1985; Holmstrup et al.,
2002; Sinclair & Renault, 2010; Rozsypal, 2022).

Freeze tolerance strategy: In contrast to supercooling, other insects have evolved to
embrace the freezing of their body water, manifesting the remarkable capacity to
survive the formation of ice crystals within their tissues. This strategy involves a series of
sophisticated adaptations that protect the insects' cellular structures and prevent lethal
damage during freezing and subsequent thawing. These adaptations include the
accumulation of cryoprotectants, adjustments to cellular physiology, and the
stabilization of membranes and macromolecules (Horwath & Duman, 1984;
Zachariassen, 1985; Holmstrup et al., 2002; Sinclair & Renault, 2010; Rozsypal, 2022).

Cryoprotective dehydration strategy: Some insects take a unique route to cold hardiness
by allowing their body water to vaporize, effectively undergoing a process of
cryoprotective dehydration. This strategy involves the deliberate reduction of body
water content to minimize the risk of ice crystal formation. The remaining small amount
of liquid solution may undergo vitrification, forming an amorphous solid or "glass"
phase, which further contributes to the preservation of cellular integrity and function
(Sformo et al., 2009, 2010; Kostal et al., 2011a).



1.2.1 Mechanisms of cold and freeze-induced injuries

Low temperature is defined as any temperature falling below a species-specific threshold,
beyond which activity, growth, or developmental processes become constrained. In a more
precise context, it can be described as the temperature level that triggers some form of injury,
which may ultimately result in mortality or various sub-lethal outcomes (Lee, 1991). It is crucial
to emphasize that a substantial differentiation exists between cold and freeze-induced injuries,
as these processes are entirely distinct from one another (Rozsypal, 2022).

Low temperature-induced injuries are generally categorized into two distinct types: cold (or
chill) injury and freeze injury, as outlined by Storey and Storey (1988). Cold injury occurs when
temperatures fall below optimal levels but remain above the crystallization point of bodily
fluids, known as the supercooling point (SCP). Cold injury can be further subdivided into acute
cold injury, occurring in response to rapid and brief temperature fluctuations, and chronic or
cumulative cold injury, arising from prolonged exposures to low temperatures. Freeze injury, on
the other hand, ensues due to the formation of ice within the organism, either extracellularly or
intracellularly. Evaluating the extent of cold injury commonly involves assessing mortality
following cold exposure. It is important to note that cold injury does not invariably lead to
immediate fatality; instead, organisms may exhibit varying degrees of tolerance or repair
capabilities (e.g., Kostal et al., 2007; Stétina et al., 2018). Depending on the extent of damage
and the organism's ability to tolerate or repair it, cold injury may also manifest as sub-lethal
effects, such as delayed mortality, impaired development, reduced lifespan, and compromised
fitness (Kostal et al., 2019).When organisms experience temperatures below their optimal or
"permissive" range (which do not cause immediate injury), it primarily affects chemical
reactions at the molecular level. Enzymes, which catalyze these reactions, are highly sensitive
to temperature changes. Lower temperatures alter enzyme conformation, affecting their
affinity for substrates (Franks & Hatley, 1991). Additionally, temperature impacts the fluidity of
biological membranes, influencing membrane permeability and the function of membrane-
bound proteins (Quinn, 1988). These alterations in enzyme activity and membrane function can
result in an overall decline in organismal activity and may have consequences for various
biological processes, including performance, reproduction, development, and distribution
(Gilbert & Raworth, 1996; Overgaard & Macmillan, 2017; MacMillan, 2019).

Injury caused by low temperatures primarily involves the disruption of macromolecular
structures. This includes the denaturation of proteins, changes in membrane properties, and
potential damage to nucleic acids. The hydrophobic effect, a critical force in maintaining protein
structure, weakens at lower temperatures, leading to protein denaturation (Privalov, 1990; Dias
et al.,, 2010).

Proteins play a critical role in metabolism and form vital intracellular structures such as the
cytoskeleton. While it is generally believed that proteins are particularly vulnerable to damage
by low temperatures and require relatively high concentrations of cryoprotectants to protect
them against cold denaturation, evidence suggests that such a "rule" may not be universal



(Rozsypal, 2022). Some proteins may be resistant to cold denaturation under physiological
conditions, or they may denature reversibly (Kunugi & Tanaka, 2002). Membranes composed of
phospholipids undergo phase transitions at different temperatures, affecting their fluidity and
barrier function. Lateral phase separation and the formation of pores can result from these
transitions, leading to membrane damage (Quinn, 1985; Hazel, 1995). Nucleic acids, such as
DNA and RNA, can also be affected by low temperatures, potentially resulting in breaks or
degradation (Linfor & Meyers, 2002; Huang et al., 2017). While cold-induced damage to nucleic
acids is not fully understood, it may involve changes in the structure of histones and other
factors (Tatone et al., 2010; Fraser et al., 2011).

The rate at which temperatures change, both during cooling and warming, plays a
significant role in cold injury. Rapid cooling can lead to the formation of small ice crystals, while
slow cooling helps prevent intracellular freezing. Rapid warming is used to avoid
recrystallization during thawing (Seki & Mazur, 2008).

Freezing injury is a combination of the effects of low temperatures and ice formation.
Supercooling can occur when a solution remains in a liquid state below its freezing point, but
ice nucleation eventually leads to freezing. The extent of supercooling depends on various
factors, including solution volume, solute concentration, and the presence of ice nucleators
(Lee, 1991; Lee et al., 1996; Zhao, 1997). This freeze-induced injury is a complex phenomenon
associated with the need to withstand a series of challenges. These challenges include exposure
to severe cold, mechanical stress caused by the growth of ice crystals, loss of liquid water,
elevated osmolality, increased concentrations of protons, metal ions, and other potentially
harmful compounds, disruption of vital processes such as anoxia and ischemia, increased
compaction of cellular components, and cell shrinkage (Sinclair et al., 2003).

1.2.2 General suppression and specific regulation of metabolic pathways

During cold acclimation, temperature has a direct effect on enzyme kinetics and
biological processes leading to metabolic suppression. However, this suppression is often
deeper than expected, as many processes are completely inhibited rather than slowed down
(Hochachka, 1986). In supercooled insects, protein stability and lifespan are limited in a liquid
environment, necessitating a slow continuation of processes such as gene transcription and
protein turnover. Regulated metabolism is required to maintain basal cellular homeostasis,
including transmembrane ion gradients, which consumes energy in the form of ATP (Kostal et
al., 2004a). On the other hand, frozen insects are likely to save energy since they most likely do
not continue regulated metabolism, though insects frozen at ecologically relevant temperatures
display signs of anaerobic metabolism, such as slow lactate accumulation (Storey & Storey,
1985).

Interestingly, glycogen degradation serves as an example of a specific metabolic
pathway paradoxically upregulated at low temperatures, stimulated below +5°C (Storey &



Storey, 1991). The liberated glucose from glycogen contributes to the synthesis and
accumulation of diverse cryoprotectants, encompassing glycerol, sorbitol, and ribitol. The
reduction of sugars into their corresponding polyols necessitates the involvement of NADPH,
which is primarily generated in the pentose cycle—a process that must also undergo
upregulation to facilitate this metabolic transformation (Storey & Storey, 1991; Kostal et al.,
2004b). Understanding intricate metabolic shifts was highly important, as metabolic
restructuring was one of the aims of my study.

1.2.3 Restructuring of biological membranes

Sinensky's (1974) pioneering study elucidated the connection between membrane lipid
composition, fluidity, and biological functions, while Cossins (1994) extended this insight to
explore the interplay of membrane fluidity and temperature adaptation. Cold acclimation
induces significant changes in membrane composition, such as increased fatty acyl
unsaturation, enhancing fluidity at low temperatures, coupled with decreased fatty acyl chain
length (Hazel, 1995; Kostal, 2010). Moreover, membrane restructuring during cold acclimation
involves shifts in phospholipid and sterol ratios; Kostal et al. (2013) observed elevated sterol
levels in insects adapted to low temperatures, possibly contributing to membrane stability in
cold environments.

Crucial to membrane functionality and integrity in supercooled and frozen insects,
membrane restructuring is vital for maintaining protein functionality, including ion transport
systems (McElhaney, 1984; Hazel, 1995). While specific fluidity prevents membrane leakiness
during supercooling, protection of membrane integrity is pivotal during extracellular ice crystal
growth and cell dehydration in frozen insects (Hazel, 1995). Cellular dehydration during
extracellular freezing makes the phospholipid bilayer susceptible to unregulated transitions to
hexagonal phase compromising the membrane barrier function. In addition, membrane fusions
may occur due to closely packed membranes (Uemura et al., 1996; Hincha et al., 1998).

Furthermore, oxidative stress, a notable cause of harm, can also inflict damage upon
membranes, particularly as a result of heightened metabolism and the generation of free
oxygen radicals during the recovery process (Colinet et al., 2016). Insects enact cellular
protective adjustments during diapause and cold acclimation, developing a winter phenotype
to counteract oxidative stress (Storey & Storey, 2012). Among supercooling and freeze-tolerant
species, adaptive regulation of enzymatic and non-enzymatic systems is observed, including the
upregulation of heat shock proteins (HSPs), which stabilize protein complexes, bind
hydrophobic domains, and prevent protein aggregation due to cold or freeze-dehydration
stress (Rinehart et al., 2006; King & MacRae, 2015; Toxopeus et al., 2019a). Also, HSPs play a
pivotal role in repairing damaged proteins and contribute to recovery from cold stress (Richter
et al., 2010; Goto & Kimura, 1998; Sinclair et al., 2007; Kostal & Tollarova-Borovanska, 2009;
Stétina et al., 2015).



1.2.4 Accumulation of low molecular weight cryoprotectants (CPs)

Organisms have various ways of responding to environmental stress, including the
accumulation of small protective molecules known as compatible osmolytes (Yancey, 2005).
Although first discovered in organisms that cope with osmotic stress, these molecules have
been found to have protective functions in many forms of life (Yancey & Siebenaller, 2015).
Insects, in particular, accumulate cryoprotectants in response to cold stress. CPs are often
represented by sugars, polyols, and free amino acids (Storey & Storey, 1988; Kostal et al.,
2011a). These molecules protect the insects from the effects of low temperatures by affecting
the water phase behavior, metabolic protection, and stabilization of macromolecules (protein,
nucleic acid, lipid bilayer) (Storey & Storey, 1988).

Freeze-avoiding insects have high concentrations of CPs, which suppress the
temperature of supercooling point and stabilize the metastable supercooled phase of water,
making the biological solution unfreezable under ecologically-relevant conditions (Zachariassen,
1985). In contrast, freeze-tolerant insects prefer to freeze at relatively high subzero
temperatures and accumulate low to medium concentrations of various CPs (Storey and Storey,
1988). This way, accumulated CPs can reduce the amount of ice generated at any given subzero
temperature and reduce the osmotic outflow of water from cells, thus reducing cell shrinkage
(Meryman, 1971; Rozsypal & Kostal, 2018; Rozsypal et al., 2018). Insects that undergo
cryoprotective dehydration or freeze-induced cellular dehydration can transit highly
concentrated solutions into an amorphous glass phase, which may be adaptive (Rudolph &
Crowe, 1986; Sformo et al., 2010; Kostal et al., 2011a; Rozsypal et al., 2018).

The CP concentrations in insects can reach very high levels, up to 3M or even 5M in
some cases of supercooling insects (Gehrken, 1984; Salt, 1961). However, the accumulation of
very high concentrations of CPs would be counterproductive for freeze-tolerant insects, whose
general role of accumulated CPs is to reduce ice generation and cell shrinkage rather than
prevent freezing altogether (Storey & Storey, 1988). The accumulation of CPs can have an
impact on the redox balance, as the metabolism of polyols consumes NADPH, which is also
required for the re-reduction of oxidized glutathione. However, many CPs, such as trehalose
(Reyes-DelaTorre et al., 2012) and proline (Kaul et al., 2008), have antioxidant capacity and can
theoretically protect overwintering insects against oxidative damage.

The stability of macromolecules and integrity of macromolecular complexes are directly
threatened by low temperature. A number of polymeric proteins will depolymerize already at
moderately low temperatures around zero degrees Celsius (Privalov, 1990). While
depolymerized proteins lose their activity (enzymes, signaling molecules) or structural function
(cytoskeleton), the depolymerization is usually reversible upon return of normal conditions and,
therefore, need not negatively affect the viability of cold-stressed insects (Des Marteaux et al.,
2018). In liquid environments at very low temperatures (supercooled state), proteins may also
denature, i.e., exposed their internal hydrophobic domains. The occurrence of cold and heat
denaturation of proteins is similarly probable at extremely low and high, respectively,



temperatures (Dias et al., 2010; Sanfelice & Temussi, 2016). Denatured proteins may aggregate,
i.e., tightly interact via their exposed hydrophobic regions. As the aggregation is hardly
reversible, it will negatively affect the viability of an insect after cold stress. Phospholipid
bilayers undergo a phase transition to a non-functional gel phase at low temperatures. In
supercooled insects, the accumulated CPs can protect native protein structures as well as the
functional liquid crystalline bilayer phase via a mechanism known as preferential exclusion
(Arakawa & Timasheff, 1985; Timasheff, 1992a). Many CPs have been found to behave as
kosmotropes in aquatic solutions, i.e., compounds highly soluble in water that prefer
interactions with water molecules over interactions with proteins or phospholipid headgroups.
Consequently, kosmotropic CPs are preferentially excluded from macromolecular vicinities,
rendering the macromolecules preferentially hydrated and thermodynamically more stable (Xie
& Timasheff, 1997; Timasheff, 1998; Jensen et al., 2004; Ball, 2008).

When it comes to freeze-tolerant insects, their cells are subjected to not only low
temperatures, but also two other stressors: a near lack of liquid bulk water and the presence of
ice crystals. Consequently, freezing stress is much riskier than simply supercooling at the same
temperature. This stress affects four different levels of biological organization all at once. At the
molecular level, freezing stress causes a reduction in the kinetic energy and reactivity of all
molecules, such as enzymes and signaling cascades. The reduction in molecular mobility poses a
significant threat to the functional conformation, stability, and complex integrity of
macromolecules (Carpenter & Crowe, 1988; Franks & Hatley, 1991; Muldrew et al., 2004; Des
Marteaux et al., 2018). Low water activity can cause nucleic acids to shift from their biologically
relevant B-form to nonfunctional A-form (Brovchenko & Oleinikova, 2008). Furthermore,
euchromatin DNA loops may break when subjected to mechanical stress (Lubawy et al., 2019).
These molecular dysfunctions can impair metabolic processes and inhibit biochemical and
cellular functions, leading to energy depletion and toxic buildup (Storey & Storey, 1985;
Joanisse & Storey, 1996).

At the cellular and tissue levels, osmotic fluxes of water and growing ice crystals exert
osmotic and direct mechanical stresses on organelles, cells, and extracellular matrices, which
may lead to a loss of physical integrity (Lovelock, 1954; Mazur, 1984). Injured molecules,
structures, cells, and organs may fail to interact properly during repair of freezing injury and
resumption of life functions after freezing stress, leading to organismal collapse or loss of
fitness (Portner, 2002; MacMillan, 2019). Despite these severe effects, some ectotherm
vertebrates and invertebrates have independently evolved freeze tolerance mechanisms (Salt,
1961; Asahina, 1970; Storey & Storey, 1988, 1992). This is a surprising phenomenon given the
significant combination of deleterious effects associated with internal freezing.

Several specific cryoprotective proteins have been suggested to provide protection
against denaturation and aggregation of native protein structures caused by freeze dehydration
(Inoue & Timasheff, 1972; Tamiya et al., 1985; Wang, 1999; Bolen & Baskakov, 2001; Kaushik &
Bhat, 2003; Toxopeus & Sinclair, 2018). During freeze dehydration, 50-70% of cellular water is



removed, and the cell interior becomes more viscous, leading to a failure of the mechanism of
preferential exclusion. Most kosmotropic (stabilizing) CPs are unable to provide protection
beyond a hydration threshold of 0.3 g of water per gram of dry mass (Hoekstra et al., 2001).
However, some disaccharides and oligosaccharides, including trehalose, have been shown to
stabilize membranes during desiccation by forming hydrogen bonds with polar residues on
phospholipid headgroups and replacing the missing water molecules (Crowe et al., 1984;
Thompson, 2003). Therefore, this mechanism is known as water replacement (Crowe et al.,
2001; Crowe, 2007). Among all amino acids, proline and arginine are very specific in their ability
to directly interact with partially denatured proteins resulting from freezing stress and stabilize
them in a molted globule phase, thus preventing further denaturation and aggregation (Samuel
et al., 1997; Das et al., 2007; Lange & Rudolph, 2009; Schneider et al., 2011). Moreover, proline
and arginine are the only two amino acids that display, at high concentrations and low water
activities, a high propensity to self-associate and form supramolecular clusters (stacked
columns) with hydrophobic surfaces that interact with hydrophobic surfaces of partially
unfolded proteins (Rudolph & Crowe, 1986; Das et al., 2007). Notably, proline and arginine are
the two most potent cryoprotective compounds in a large screening bioassay of 31 different
native amino acids in Drosophila melanogaster (Kostal et al., 2016a). Additionally, high
concentrations of proline can alter the temperature of bilayer phase transitions and reduce the
tendency for fusion in closely packed membranes through hydrophobic interactions of proline
imino-groups with the hydrocarbon chains of the bilayer phospholipids (Anchordoguy et al.,
1987).

Cellular freeze dehydration can result in crowded cytoplasmic components, close
contact between organelles, and possible membrane fusion (Uemura et al., 1996). To prevent
unwanted interactions between tightly adjacent phospholipid bilayers or proteins, a variety of
CPs have been proposed to act as a molecular shield (Bryant et al., 2001; Hoekstra et al., 2001;
Ball, 2008). Furthermore, highly concentrated CPs like trehalose and proline can stimulate the
transition of highly concentrated body solutions into the amorphous phase, which can further
stabilize structures and protect them against thermomechanical stress (Rudolph & Crowe,
1986; Rubinsky et al., 1980).

1.2.5 Production of high molecular weight cryoprotectants

In preparation for winter, certain insect species accumulate two classes of proteins
associated with ice crystal regulation: anti-freeze proteins (AFPs) and protein ice nucleators
(PINs) (Zachariassen & Kristiansen, 2000; Duman, 2001; Duman et al., 2010; Duman, 2015). In
sub-zero temperatures, AFPs attach to embryonic ice crystals, inhibiting water molecule binding
and suppressing crystal growth, lowering freezing points by -2°C to -8°C compared to melting
points (thermal hysteresis, magnitude species-dependent). Paradoxically, AFPs also function in
some freezing insects with high-temperature initiation, limiting ice recrystallization (Capicciotti
et al., 2013). PINs, unlike AFPs, catalyze ice crystallization near freezing points, preventing
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supercooling and accelerating ice formation in the extracellular space (Zachariassen &
Kristiansen, 2000).

Highly conserved heat shock proteins stabilize protein complexes, e.g., cytoskeleton
(Russotti et al., 1997; Des Marteaux et al., 2018), aiding during cold stress or freeze
dehydration. Cold-exposed insects regulate HSP gene expression in early diapause/cold
acclimatization, adapting for future thermal stress (Rinehart et al., 2006; Toxopeus et al.,
2019a). Increased HSP gene expression primarily follows cold/frost shock, associated with
protein repair (Goto & Kimura, 1998; Colinet et al., 2010a). However, HSP mRNA may not
correlate with protein activity (Feder & Walser, 2005; Nielsen et al., 2005; Tollarova et al.,
2005). Silencing small HSP genes (hsp22, hsp23) prolongs Drosophila recovery from cold coma
(Colinet et al., 2010b). RNAI against hsp70 decreases cold tolerance in Sarcophaga crassipalpis
(Rinehart et al., 2007) and reduces survival in Pyrrhocoris apterus after cold stress (Kostal &
Tollarova-Borovanskd, 2009). Absence of hsp70 negatively impacts extreme supercooling
survival in Drosophila (Stétina et al., 2015).

1.2.6 Cold acclimation and recovery after cold stress

The assessment of insect cold hardiness varies among researchers, with survival
following cold exposure being a direct and fundamental metric of cold hardiness. Typically,
lower lethal temperature (LT50) and lethal time at low temperature (Lt50) are analyzed in
population samples to gauge the lethality of various cold exposures. While direct analysis of
cold hardiness through lethality seems straightforward, practical limitations arise from the need
for large insect populations and the challenge of determining accurate survival criteria that
align with ecologically meaningful outcomes (Nedvéd et al., 1998).

Cold acclimation is a crucial strategy employed by insects to enhance their ability to
withstand freezing stress. Various physiological changes, such as alterations in membrane
composition, metabolic pathways, and gene expression, contribute to the development of
enhanced cold hardiness (Hazel, 1995; Kostal et al., 2013). However, the assessment of cold
hardiness often neglects the consideration of delayed mortality and sublethal effects that can
impact an insect's overall fitness and survival. Delayed mortality, observed in different
ontogenetic stages not directly subjected to cold stress, has been reported in various insect
species (Turnock et al., 1983, 1985; Pullin & Bale, 1988; Bale et al., 1989; Yocum et al., 1994;
Marshall & Sinclair, 2015; Stétina et al., 2018; Kostal et al., 2019). Such sublethal effects,
encompassing physiological and behavioral changes, may significantly influence an insect's
ability to cope with cold stress and can have profound implications for population dynamics and
ecological interactions (Coulson & Bale, 1992; Hutchinson & Bale, 1994; Kelty et al., 1996;
Marshall & Sinclair, 2010).

Understanding the complex interplay between resistance and tolerance mechanisms in
response to cold stress is essential for a comprehensive grasp of insect cold hardiness.

11



Resistance mechanisms involve reducing or avoiding cold stress injury to maintain high survival
rates and fitness, while tolerance mechanisms focus on an insect's ability to survive or repair
injuries incurred during cold stress, albeit potentially at a fitness cost. In this context, analyzing
fitness parameters such as reproductive output, developmental transitions, and longevity can
shed light on the relative contributions of resistance and tolerance mechanisms in different
insect species (Simms & Triplett, 1994; Nunez-Farfan et al., 2007; Raberg et al., 2007).

1.3 Model species

My research focuses on exploring the biosynthesis, physico-chemical properties, and
protective functions of low molecular weight CPs in Chymomyza costata (Zetterstedt, 1838)
(Diptera, Drosophilidae). This species is an important model for studying the bionomics of the
genus Chymomyza, which comprises around 60 described species. Chymomyza costata is
distributed across the Holarctic region and is one of the northernmost species in the
Drosophilidae family, with a range extending beyond the Arctic Circle (Hackman et al., 1970;
Toda, 1985). The Drosophilidae family has more than 1,500 species, and they are predominantly
distributed in tropical regions. These species typically exhibit limited diapause expression and
have low cold tolerance. Only a few species are adapted to polar or temperate regions
(Strachan et al., 2011).

Temperate vinegar fly species typically enter adult reproductive dormancy during winter
through diapause or quiescence. However, pupal diapause has been observed in one species,
Drosophila alpina (Lumme, 1978), while Chymomyza species (including C. costata) and
Scaptodrosophila deflexa are reported to undergo larval diapause (Basden, 1954).

The taxonomic classification of the species can be found on the following websites:

e NCBI Taxonomy browser, ID 76946:
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=76946
e NCBI Life map:
https://lifemap-ncbi.univ-lyon1.fr/?tid=7271

1.3.1 Larval diapause in Chymomyza costata

Overwintering of C. costata larvae in a diapause state has been described for both Finnish
and Japanese populations (Lakovaara et al., 1972; Enomoto, 1982). In the 1980s, a joint Finnish-
Japanese group began to study the mechanism of diapause in more detail. Most of their
research was conducted on a fly line that originated from several individuals captured in 1983
near the city of Sapporo, Hokkaido Island, Japan (43.06°N, 141.35°E). The research was
stimulated by the isolation of a non-diapausing fly line, which spontaneously appeared in
laboratory culture in the first few years after capture in the wild. This line did not respond to
the short-day signal that otherwise reliably induces diapause in virtually all wild-type larvae
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(Riihimaa & Kimura, 1988). Further genetic analysis suggested that the loss of photoperiod
sensitivity in larvae was likely caused by a mutation of a single recessive allele of an unknown
gene (locus) located on autosomes. The gene locus was named NPD (Non-Photoperiodic
Diapause), reflecting the fact that larvae can enter a dormant (quiescent) state if exposed to
low temperatures (<LDT, <11°C), but the photoperiodic signal itself applied at relatively high
temperatures (18°C) does not induce diapause (Riihimaa & Kimura, 1989). The NPD line thus
became a suitable model for studying the genetic and molecular basis of photoperiodism in
insects.

Debates about the nature of the so-called photoperiodic calendar have been ongoing for
decades (Pittendrigh, 1960), and recently, the prevailing view is that the photoperiodic calendar
(the ability to recognize day length and respond to it with a complex phenotypic change, such
as entering diapause) is based on specific interactions in the neural network of so-called “clock
neurons” in the insect brain (Saunders, 2002; Kostal, 2011). Research conducted on the NPD C.
costata model line has contributed to support this view. First, using formal experiments
(monitoring the response to photoperiods with a total length of >24 h; experiments with long
nights interrupted by short flashes of light, etc.), it was found that the measurement of day (or
night) length is attended by a factor with circadian rhythmicity in C. costata larvae that is not
specified in more detail (Yoshida & Kimura, 1995; Lankinen & Riihimaa, 1997; Kostal et al.,
2000). Analysis of the clock gene period revealed that it exhibits daily and circadian rhythms in
expression in the wild line of larvae, whereas its expression is low and arrhythmic in the NPD
line of larvae (Kostal & Shimada, 2001). Transcripts of another clock gene, timeless (tim), were
not detectable in the NPD line, whereas in the wild line, they again exhibited the typical daily
rhythm of expression. At the same time, disruption of timeless gene expression by RNAi led to a
loss of photoperiodic sensitivity in larvae (Pavelka et al., 2003). The protein TIM was localized to
two neurons in the larval brain in each hemisphere, where it exhibited a daily rhythm in the
wild line. In the NPD line, the TIM protein was not detected at all (Stehlik et al., 2008). These
results suggest that the dysfunction of circadian clocks in the brain of NPD larvae may be
related to the loss of photoperiodic calendar function. Sequencing of the tim gene locus
revealed that the recessive allele of this gene in the NPD line carries a long deletion (1,855 base
pairs) in the 5'-UTR region. This deletion removed the transcription start and regulatory
elements called E-boxes and TER-boxes (Stehlik et al., 2008). Gradual artificial shortening of the
sequence revealed that insect S2 cells transfected with shortened constructs require precisely
those promoter regions that are removed by the mutation in the NPD line to express the tim
gene (Kobelkova et al., 2010). It is therefore possible that the NDP locus is occupied by the tim
gene, and this clock gene may represent a molecular link between clock and calendar functions.

The larvae of C. costata have also been used as a model for detailed characterization of
factors inducing diapause in insects (Kostal et al., 2016b). It is often incorrectly stated in
literature that diapause in insects is induced by low temperature (or primarily by low
temperature). However, the main inducing factors are signals from the environment that have a
rhythmic character and thus encode calendar time - photoperiod and also thermoperiod. These
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rhythmic signals can safely induce diapause in C. costata larvae even when applied individually
or independently. If both are applied simultaneously, the larvae are governed only by the
photoperiodic information. Other factors (temperature, population density, food access) play a
secondary role and modify the response to primary rhythmic factors. Furthermore, diapause of
C. costata larvae has been used as a model for characterizing individual ecophysiological phases
of insect diapause development (Poupardin et al., 2015; Kostdl et al., 2016b, 2017). The
simplified notion of diapause as a static state has been replaced by a model of dynamic changes
in gene expression and physiology, which run spontaneously (endogenously, without changing
external conditions) while also responding to (exogenous) changes in external conditions,
leading to gradual termination of diapause during the winter season.

1.3.2 Cold hardiness in Chymomyza costata

The initial investigation into C. costata larvae's cold tolerance identified freeze-avoidance as
the primary strategy for subzero survival (Enomoto, 1982). This classification relied on
supercooling point (SCP) measurements, which were relatively low (around -20°C). However,
it's now understood that the same SCP value is also observed in tropical drosophilids, including
the vinegar fly larvae, D. melanogaster, which possess low cold tolerance and perish rapidly at
0°C exposure (Kostal et al., 2011b). Consequently, the mere presence of a low SCP does not
necessarily correlate with high cold tolerance.

Subsequently, the strategy classification shifted to freeze-tolerance (Riihimaa, 1988), when
it was recognized that C. costata larvae exhibit high sensitivity to surrounding ice inoculation,
likely common in their hibernation sites. Inoculative freezing initiates at mild subzero
temperatures between -1°C and -3°C (Rozsypal et al., 2018). Early inoculation and slow freezing
rates enable survival of frozen larvae down to -100°C (Shimada, 1990). The same authors
highlighted another survival condition - prior entry into diapause and cold acclimation (4°C, 1-
month, constant darkness). Furthermore, larvae undergoing photoperiodic diapause displayed
a slightly heightened freeze-tolerance compared to their quiescing counterparts. Cold
acclimation also triggered the accumulation of two potentially cryoprotective substances:
proline (up to 175 nmol.mg* FW) and trehalose (up to 37 nmol.mg™* FW).

In 1996, it was discovered that frozen larvae could endure cooling to the temperature of
liquid nitrogen (-196°C) (Moon et al., 1996). This revelation rendered C. costata larvae a
compelling model for cryopreservation studies involving complex animal organisms. While
current cryobiology effectively stores cells and simple embryos in liquid nitrogen, significant
challenges arise when dealing with basic tissues (ovaries, kidneys), and cryopreserving entire
organs or organisms was long deemed nearly impossible (Fahy & Wowk, 2015). It's important to
mention that these organisms, like C. costata larvae, are well-hydrated, distinguishing them
from anhydrobiotic organisms that experience loss of water before freezing, such as plant
seeds, various invertebrate embryos, and tardigrades.
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Kostal et al. (2011a) affirmed larvae's resilience to liquid nitrogen exposure and validated
proline and trehalose accumulation during cold acclimation of diapausing larvae through
metabolomic profiling. Moreover, they established that diapause entry and cold acclimation
coincide with an overall rise in hemolymph osmotic concentration up to 700 mOsmol.kg™, a loss
of osmotically active (freezable) water, and heightened susceptibility to traverse the glass
transition during freezing. Similar changes were evident in non-diapausing larvae fed a proline-
enriched diet. Heat-acclimated, non-diapausing larvae can't withstand freezing or
cryopreservation, but proline-enriched diet consumption bestowed this ability. A subsequent
study (Kostdl et al., 2012) employed relatively simple methods to "transform" D. melanogaster,
a tropical and cold-sensitive fruit fly larva, into a -5°C freeze-tolerant organism. Survival post-
freezing necessitated preliminary cold acclimation, halting development via cold quiescence,
proline-enriched diet intake, early ice inoculation, and slow freezing.

Diverse microscopic approaches were employed to unveil micro-morphological alterations
arising from the freezing of C. costata larvae, pinpointing vulnerable tissues and structures.
Employing light and confocal microscopy, cytoskeletal structures like tubulin and actin
experienced breakdown, especially in larval fat tissue (Des Marteaux et al. 2018).
Simultaneously, the freezing-induced cytosol dehydration led to the pronounced coalescence of
lipid droplets. Whether this coalescence instigated the secondary disruption of radial tubulin
fiber structures or was enabled by tubulin breakdown remains ambiguous. Additionally, actin
microfilaments aggregated within the adipose cell cortical layer. Freeze-tolerant larvae
demonstrated less pronounced cytoskeletal damage than their freeze-sensitive counterparts
(non-diapausing and warm-acclimated). Remarkably, feeding sensitive larvae a proline-enriched
diet significantly mitigated cytoskeletal damage.

The utilization of electron microscopy provided even deeper insights into the micro-
morphology of frozen C. costata larval tissues (Stétina et al., 2020). Sensitive larvae exhibited a
prominent inclination toward pathological mitochondrial changes, ranging from enlargement
and rounding to the disruption of cristae structures on the inner membrane. Both inner and
outer membrane ruptures occurred, leading to the release of mitochondrial contents into the
cytosol. The intensity of these changes exhibited an adverse correlation with larval survival, and
these alterations were evident in adipose, hindgut (St&tina et al., 2020), and later also in
muscular tissues (Stétina et al., unpublished data). Intriguingly, while respiratory tissue capacity
decreased, the activity of the citrate synthase enzyme, typically sensitive to cold and frost
damage, paradoxically persisted. As seen in prior research, mitochondria's pathological changes
were absent in resistant larvae and notably suppressed in sensitive larvae nourished with a
proline-rich diet. Collectively, these experiments highlight the substantial, microscopically
discernible influence of proline incorporation into the metabolism of C. costata larvae on
freezing damage repair and larval tissue development.
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1.4 Objectives of the dissertation

According to the doctoral study plan, the main objective of my dissertation was to carry out
a functional examination of the cryoprotectant system in C. costata. The plan was modified
throughout a four-year period in response to the results of specific experiments, and more
precise goals were established:

Diversity and biosynthesis of cryoprotectants (CPs)

The primary objective of our study was to determine an exhaustive compilation of
potential CPs of C. costata using global comparative metabolomics of tissues in
differently acclimated larvae (GC-LC/MS). Next, we aimed to distinguish whether the
CPs are synthesized from internal larval reserves or assimilated from diet. We
approached this goal by mapping the metabolomics and gene transcriptomics profiles
on CPs’ biosynthetic pathways and combined this approach with key enzyme activity
assays and feeding assays.

Physico-chemical behavior of CPs in vivo during slow inoculative freezing

The study’s secondary objective was to determine (using differential scanning
calorimetry) the thermal phase transition properties of artificial mixtures of CPs
mimicking the composition of the hemolymph of cold-acclimated C. costata larva. We
aimed to test the hypothesis that such mixtures possess physico-chemical properties of
NADES (natural deep eutectic systems). Next, using MALDI mass spectrometry imaging,
we aimed to track the localization of CPs to larval tissues and, mainly, whether and how
this localization changes during the process of extracellular ice formation and cell
freeze-dehydration.

Protective roles of CPs during extracellular freezing and cell freeze dehydration

The final objective of our study was to test the coupled hypotheses: that irreversible
denaturation of proteins and loss of biological membrane integrity are two ultimate
molecular mechanisms of freezing injury in freeze-sensitive insects and that seasonally
accumulated CPs stabilize proteins and membranes against injury in freeze-tolerant
insects. We approached this goal by a combination of in vivo and in vitro assays of
selected enzyme activities and membrane permeability in differently acclimated larvae
and tissues incubated in different mixtures of CPs and exposed to different freezing
stresses.
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2. Results
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Abstract: Many cold-acclimated insects accumulate high concentrations of low molecular weight
cryoprotectants (CPs) in order to tolerate low subzero temperatures or internal freezing. The sources
from which carbon skeletons for CP biosynthesis are driven, and the metabolic reprogramming
linked to cold acclimation, are not sufficiently understood. Here we aim to resolve the metabolism
of putative CPs by mapping relative changes in concentration of 56 metabolites and expression of
95 relevant genes as larvae of the drosophilid fly, Chymomyza costata transition from a freeze sensitive
to a freeze tolerant phenotype during gradual cold acclimation. We found that C. costata larvae may
directly assimilate amino acids proline and glutamate from diet to acquire at least half of their large
proline stocks (up to 55 pg per average 2 mg larva). Metabolic conversion of internal glutamine
reserves that build up in early diapause may explain the second half of proline accumulation, while
the metabolic conversion of ornithine and the degradation of larval collagens and other proteins
might be two additional minor sources. Next, we confirm that glycogen reserves represent the
major source of glucose units for trehalose synthesis and accumulation (up to 27 ug per larva),
while the diet may serve as an additional source. Finally, we suggest that interconversions of
phospholipids may release accumulated glycero-phosphocholine (GPC) and -ethanolamine (GPE).
Choline is a source of accumulated methylamines: glycine-betaine and sarcosine. The sum of
methylamines together with GPE and GPC represents approximately 2 pg per larva. In conclusion,
we found that food ingestion may be an important source of carbon skeletons for direct assimilation
of, and/or metabolic conversions to, CPs in a diapausing and cold-acclimated insect. So far, the
cold-acclimation- linked accumulation of CPs in insects was considered to be sourced mainly from
internal macromolecular reserves.

Keywords: cryoprotectant metabolites; metabolic pathways; transcriptomics; metabolomics; proline;
trehalose; betaine

1. Introduction

Convergent evolution repeatedly ‘discovered’ benefits of accumulation of a stereo-
typic family of cytoprotectant molecules (sugars and polyols, amino acids and derivatives,
methylamines) in various organisms from archaea and bacteria to animals responding
to different environmental stressors such as heat, cold, freezing, drought, hypersalinity,
or high hydrostatic pressure [1-4]. For instance, the insects that invaded temperate and
polar habitats have evolved accumulation of low molecular weight cryoprotectants (CPs)
as one of principal tenets of their complex adaptive strategies for survival at subzero tem-
peratures [5-8]. Some insects avoid internal freezing by extensive supercooling of their
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body liquids, others tolerate extracellular ice formation, and still others avoid freezing
by losing most of their body water [5,9-12]. Whatever strategy the insect uses, the ac-
cumulation of CPs is considered to be one of the major mechanisms that protects insect
cells against damage exerted by low temperatures (supercooling), growing ice crystals and
freeze-dehydration (freeze tolerance), or evaporative loss of body water (cryoprotective
dehydration) [5-8]. The metabolic origin of insect CPs is relatively well understood for the
class of sugars and polyols [13-18] but was not sufficiently studied for the classes of amino
acids and methylamines. Here we contribute by tracing the sources of carbon skeletons
and the pathways for biosynthesis of all three CP classes in the extremely freeze-tolerant
drosophilid fly, Chymomyza costata. The larvae of this fly survive winter in cold-temperate
and sub-arctic climate zones in a state of deep dormancy (diapause), during which they
acquire extremely high levels of freeze tolerance. In the laboratory, the diapause cold
acclimated larvae can even survive long-term cryopreservation in liquid nitrogen (LN3),
which makes them an interesting model for cryobiology [19-22].

Most insects accumulate CPs seasonally. Their metabolic pathways are hormonally
diverted from support of active life toward preparation for winter dormancy during the
relatively warm end of summer or autumn [23-26]. In autumn, insects start to accumulate
macromolecular substrates such as glycogen, proteins and lipids [27]. Later in the season,
usually upon cold acclimation during the coming winter, the macromolecular substrates
may serve as sources for CP biosynthesis [28,29]. This general mechanism is best exempli-
fied by degrading glycogen reserves in order to produce various sugars and polyols such as
glucose, trehalose, glycerol, sorbitol and ribitol in different cold-hardy animals, including
insects [13-18]. Primary control over this process is at the level of glycogen breakdown
via direct triggering of glycogen phosphorylase activity by a drop of temperature below
5°C[28,30]. Cold-activation of glycogen phosphorylase goes hand in hand with concerted
changes in expression and allosteric modulation of activity in many other enzymes of inter-
mediary metabolism, which finally results in accumulation of sugars and polyols [31-34].
Similarly to animals, cold-hardy plants also accumulate soluble sugars [35] by degrading
their macromolecular reserves of starch [36].

Some insects seasonally accumulate high concentrations of free amino acids, especially
proline [37-40]. The cryoprotective effects of proline are well documented [19,20,41-45]
but the metabolic origin of proline in cold-hardy insects was not previously studied. We
speculated that collagens in the extracellular matrix (ECM) may represent macromolecular
depots of relatively ‘dispensable” proteins from which proline, and other amino acids,
can be obtained upon need [20,40]. Collagens are known to make up a large part of total
proteins in animals, and are characterized by a high content of proline and hydroxyproline
in their structure [46,47]. For example, massive degradation of ECM collagens is known
to supply proline as an alternative energy source for rapid metabolism of proliferating
or cancerous animal cells [48]. Proline appears to be one of the most widely distributed
cytoprotectants accumulated under various stress conditions not only in insects and marine
invertebrates [3] but also in eubacteria, protozoa, algae and plants [49,50]. The strong
evidence for the role of proline in plant freeze tolerance comes from genetic manipulations
of Arabidopsis [51]. Plants and eubacteria synthesize proline from glutamate and ornithine
precursors in response to stress [49].

In addition, we found recently that cold-acclimated larvae of C. costata accumulate
glycerophosphocholine (GPC), glycerophosphoethanolamine (GPE) and methylamines
such as glycine betaine (betaine henceforth), and sarcosine [22]. Accumulation of betaine is
well documented in plants and halophilic prokaryotes under various types of environmen-
tal stress [52,53], and genetic proofs for betaine contributing to freeze tolerance exist [54,55].
Betaine and GPC also provide osmoprotection of mammalian kidney cells exposed to
high salt concentrations [56,57]. Animals, plants, and bacteria synthesize betaine from
choline via a two-step oxidation pathway [56,58] and may further convert betaine to DMG
(dimethylglycine) and sarcosine. Some halophilic prokaryotes, however, can synthesize
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betaine from glycine via a three-step methylation, which requires activity of two specific
methyltransferases [59].

Here, we explore adaptive adjustments in metabolism as the larvae of C. costata
transit from freeze-sensitive to freeze-tolerant phenotype during entry into winter dia-
pause and subsequent cold acclimation. We map onto metabolic pathways the changes
in relative quantities of 56 metabolites (analyzed using liquid chromatography and high
resolution mass spectrometry, LC-HRMS), and relative expression of 95 key genes coding
key metabolic enzymes and transport systems (analyzed using reverse transcription quanti-
tative PCR, RT-qPCR). We cover metabolic pathways representing all three major chemical
groups of putative CPs. We focus on distinguishing between alternative sources of carbon
skeletons for the CPs’ biosynthesis, as follows. (i) Proline (and also other amino acids): is it
derived from stored macromolecular reserves such as collagens and total proteins or from
metabolic precursors such as glutamine, glutamate and ornithine, or rather assimilated
from diet as an external source? (ii) Trehalose (and other sugars and polyols): derived from
glycogen reserves or dietary starch and glucose? (iii) Methylamines: choline coming from
interconversions of phospholipids or glycine which can be massively released during the
breakdown of collagens?

2. Results and Discussion

We conducted experiments using four acclimation/phenotypic variants of 3rd instar
C. costata larvae that were generated according to previously published acclimation pro-
tocols [19-21] and widely differed in freeze tolerance and cryopreservability in LN,. All
acclimation variants are described in detail in the Materials and Methods and presented in
Table 1. Briefly, the variants SD3, SD6, and SD11 represent successive stages of diapause
maintenance (3, 6, and 11 weeks old larvae, respectively) under constant warm conditions
(18 °C). During diapause maintenance, relatively weak freeze tolerance gradually develops.
The variant SDA represents the 11 weeks old larvae that undergo a gradual cold-acclimation
process (11 °C for 1 week, followed by 4 °C for 4 weeks), which results in development of a
maximal level of freeze tolerance.

Table 1. Freeze-tolerance phenotypes of Chymonyza costata larvae.

Phenotype Acclimation Variant/ Freeze Tolerance at —30 °C * Survival in LN, *
Phenotype [% Larvae Surviving to Adulthood] [% Larvae Surviving to Adulthood]
SD3 Diapause entry 0 0
SDé Early diapause maintenance 65.0 77
SD11 Late diapause maintenance 415 10.1
SDA Diapause, cold-acclimated 75.9 42.5

* Data taken from [19-21].

We restricted analyses to changes occurring within diapause larval phenotypes, focus-
ing on the transition from freeze sensitivity (SD3) to extreme freeze tolerance including
the ability to survive long-term cryopreservation in LN (SDA). We omit metabolic recon-
structions for non-diapause larvae as they exhibit intense locomotive activity, voracious
feeding, and rapid growth and development; a stark contrast to diapausing larvae which
are characterized by metabolic suppression and hormonally arrested development [26,60].
Such deep phenotypic differences between non-diapause and diapause could overwhelm
or obscure the metabolic changes associated with cold acclimation and the acquisition of
freeze tolerance. We mapped changes in 56 metabolites (Table S1) and 95 genes (Table S2)
onto three schematic pathways (proline, trehalose, betaine) and will discuss them one
by one. It is important to note that our schematic maps do not represent any specific
cell type though they show plasmatic membranes and distinguish between cytosolic and
extracellular spaces. As the metabolomic analyses were conducted using whole larvae,
resolution to tissue level is not possible. The metabolomics results presented in this study
are based on relative quantification (comparing chromatographic peak areas). We will refer
to our earlier studies [20,22] for absolute quantities of select metabolites.
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2.1. Proline and Other Amino Acids

Complete results of metabolomics and transcript analysis are presented in Table S3
while the differences between diapause maintenance (transition from SD6 to SD11) and cold
acclimation-linked metabolisms (transition from SD6 to SDA) are graphically presented
in Figure 1.
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Figure 1. Changes in metabolism of proline during diapause maintenance vs. cold acclimation
in C. costata larvae. The maps show logy-fold changes in relative concentrations of metabolites
(circles) and gene expression (arrows) according to numerical results (Table S4) during diapause
maintenance (a) and gradual cold acclimation (b). Three different thresholds for change were
reflected in the size of symbols used (circles and arrows): absolute log,-fold change >0.58 (1.5-fold
change); >1.00 (2-fold change); and >2.00 (4-fold change). Red indicates upregulation, blue indicates
downregulation, grey indicates log,-fold changes between —0.58 to 0.58. Genes are coded by numbers
(see Table S3). Thick grey double lines symbolize the plasma membrane with embedded transport
systems. a-KG, ketoglutarate; GSA (glutamate-5-semialdehyde) and pyrroline 5C are tautomers and
their interconversions are spontaneous.

Larvae undergoing cold acclimation exhibited more intense up- or down-regulations
of proline-associated metabolites and transcripts compared to those in diapause main-
tenance (compare Figure 1a vs. Figure 1b). The chromatographic peak area of proline
increased 1.6-fold during cold acclimation, and we observed concomitant peak area in-
creases for glycine (2.2-fold) and hydroxyproline (2.1-fold) (Figure 1b, Table S3). The
synchronous accumulation of glycine, proline, and hydroxyproline suggests that degra-
dation of collagens—which are characterized by a high content of just these three amino
acids [46]—is a potential source of accumulated proline. For example, the C. costata col-
lagen IVl (Seq33535, Table S2) contains approximately twice as many glycine residues
as proline residues (it has 1782 aa-residues and a molecular mass of 174,993 kDa; 497
residues (27.9%) are glycines; 244 residues (13.7%) are prolines and hydroxyprolines in
an unknown ratio). Hydroxyproline is synthesized by proline hydroxylases (genes no. 1
and 2 in Figure 1) as a post-translational modification of proline residues bound to nascent
collagen chains [61], so it is unlikely that the accumulated hydroxyproline originated from
sources other than collagen-like proteins. However, other pieces of evidence speak clearly
against the probability that collagens are the major source of accumulated proline, which
we discuss in detail below.

First, the absolute concentration of glycine in SDA larvae is at least two orders lower
than the concentration of proline [20,22]. Degradation of collagens, however, should release
approximately twice as many glycine residues as proline residues. Should the proline be
released from collagens, the massive flow of concomitantly released glycine would have

22



Metabolites 2022, 12, 163

50f18

Total protein [ug mg™' DM]

to be catabolized or, potentially, converted to betaine (we discuss this possibility later).
Second, a stoichiometric calculation shows that C. costata larvae do not carry stores of
degradable protein sufficient to account for the amount of free proline accumulated by the
SDA phenotype. We may consider that: (i) the average SDA-larva accumulates proline at
a concentration of 339 mmol.kg 1 of body water while an average SD11-larva has only
162 mmol.kg~! of proline [20], which corresponds to a total pool of 475 nmoles (54.6 ng)
or 227 nmoles (26.1 pg) of proline per larva, respectively (considering larval FM as 2 mg
and water content as 1.4 mg); (ii) in order to produce 475 — 227 = 248 nmoles of proline,
the average larva would need to degrade at least 178 ug of collagen IV«1 (considering
that degradation of 1 mole, i.e., almost 175 kg, of collagen IVx1 produces 244 moles of
proline and hydroxyproline residues); (iii) the average SD6-larva, however, carries only
ca. 270 pg of total protein (450 pug mg~! DM), and only 38 pg of total protein is depleted
during cold acclimation (Figure 2a). Third, the overall content of collagens increased
during cold acclimation (Figure 2b), while a decrease would be expected if proline was
released by degradation of collagens. Paradoxically, the activity of collagen-degradation
enzymes (matrix metalloproteinases; MMPs) increased significantly (albeit slightly) during
cold acclimation as well (Figure 2¢). Fourth, using analysis of total proteins on PAGE,
we verified that dominant protein bands show stable patterns across phenotypic variants
suggesting that proteins are not massively degraded (Figure S1). Fifth, transcriptomic
analysis suggested that proline transport is bolstered in SDA larvae as we observed sig-
nificant (1.9-fold) increase in the relative expression of the gene coding for amino acid
nutrient transporter NAAT1 (no. 11, Figure 1b, Table S3) which shows high specificity
for proline [62]. Nevertheless, the origin of proline from collagen was not supported by
transcriptomics as there were: (i) 3.3-fold decrease in relative expression of the gene coding
for collagen IVx1 (no. 3, Figure 1b, Table S3); (ii) 1.8-fold decrease in one of two genes
coding for MMPs (MMP2, no. 6, Figure 1b, Table S3); countered by (iii) 1.7-fold increase in
Timp (no. 4, Figure 1b, Table S3) which is coding for an inhibitor of MMPs [63].
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Figure 2. Total protein, collagens and MMPs. Changes in (a) total protein content, (b) total content
of collagens estimated based on 4-hydroxyproline released upon acidic hydrolysis of larval total
proteins, and (c) activity of general metalloproteinases (MMPs, collagenases). All analyses were
performed on extracts of whole body larvae of different variants (diapause maintenance: SD3,
SD6, SD1 (red columns); cold acclimation: SDA (blue column); see Table 1)) and each column is
a mean of 3 biological replicates. Means were compared using one-way ANOVAs followed by
Bonnferoni’s multiple comparison tests (different letters indicate significantly different means). Note
that nanomolar amounts of hydroxyproline were released from collagens upon acidic hydrolysis (c),
while the total pool of free hydroxyproline in larval tissues is three orders lower—approximately
4-8 femtomoles [22].

Similarly as in plants under stress [49], proline in C. costata may be sourced from
its nearest metabolic precursors, glutamine, glutamate and ornithine. We found that
relatively large reserves of glutamine build up in early diapause (transition from SD3
to SD6), while they are partially depleted during subsequent cold acclimation (Figure 1b,
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Table S3). In absolute terms, total glutamine content may reach up to 180 nmoles in
the average SD11-larva while only 38 nmoles are found in the average SDA-larva [20].
Hence, the conversion of 180 — 38 = 142 nmoles of glutamine may help to explain the
origin of almost one half of the proline molecules accumulated in SDA-larvae, while the
second half remains unexplained. The activation of glutamine conversion via the glutamate
pathway is supported by upregulated glutamate synthetase (no. 30) and P5C reductase
(no. 24) expressions during cold acclimation (Figure 1b). The glutamate synthetase activity,
however, requires a supply of additional carbon skeletons from ketoglutarate, which might
be limited due to general suppression of glycolysis and TCA metabolism in diapausing,
cold-acclimated larvae (see discussion on trehalose metabolism). Stimulation of ornithine
conversion via upregulated expression of ornithine aminotransferase (no. 35) may also
contribute to accumulation of proline (Figure 1b). However, the total pools of glutamate
(ca. 8 nmoles) and ornithine (ca. 0.5 nmoles) are relatively low throughout the acclimation
variants [20], which suggests that these compounds are metabolic intermediates rather than
sources from which the accumulation of proline would drive the carbon skeletons.

Since internal sources (either proteins or metabolic precursors) are obviously not
sufficient to fully explain a massive accumulation of proline, the larval diet should be
another source. Previously, we had not considered the diet as a source of proline be-
cause diapausing insects are known to drastically suppress their feeding, digestion, and
metabolic rates [27,64]. The larvae of C. costata, for instance, gradually lose weight during
diapause [65]. However, examining the feeding activity of diapausing C. costata larvae, we
found that they consume food not only during diapause maintenance at a relatively high
temperature of 18 °C but also during cold acclimation to 4 °C (Figure 3).
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Figure 3. Diet consumption in diapause, of cold-acclimated larvae of C. costata. (a) shows the times
when larvae were transferred to BB-augmented diets (grey triangles) and for how many days (grey
font). Each column in (b) shows the percentage of larvae (1 = 20 each) with blue gut contents. SD6
larvae exposed to BB diet for 3 d (all guts blue-colored) were returned to a standard diet to show
that the blue coloration disappears in 80% of individuals within 1 d, and in all individuals within
2 d (gut evacuation). Most of the diapausing, cold-acclimated larvae (SDA7 and SDAY) exhibit blue
guts within a few days of exposure to the BB diet. (c) shows examples of BB diet-fed larvae: left, an
SDAJY larva exposed to BB diet for 14 d at 4 °C; right, a non-diapause (LD) larva exposed to BB diet
for 1 h at 18 °C. (d) shows a gut dissected from an SDA larva exposed to the BB diet. Gut segments
are described according to the gut morphology of D. melanogaster larvae: pv, proventriculus; A, M, P,
anterior, middle, and posterior midgut; Iron, iron cells segment; py, pylorus; mt, Malpighian tubules;
il, ileum; re, rectum.
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Next, we analyzed the composition of the larval diet (Table 54) and found that
proline was the highest in concentration of all the amino acids (2.7 mmol.kg~! FM or
25.6 1'1'1_1‘1101.1<g’1 DM). The amount of dietary proline that is directly ‘assimilated” from food
depends on the amount of food ingested and the food assimilation efficiency, both un-
known for C. costata larvae. At 100% assimilation efficiency, the average larva of C. costata
would need to ingest 37 mg of diet FM in order to accumulate 100 nmoles of proline.
At a more realistic assimilation efficiency of 16% as demonstrated for larvae of the black
soldier fly Hermetia illucens [66] this amount would increase to 231 mg of diet FM. Be-
cause the fresh mass of C. costata larvae gradually decreases during diapause at low
temperatures [65], the calculations suggest that larvae must be able to absorb proline
from the ingested diet without assimilating many of the other nutrients. The high ability
of C. costata larvae to ‘harvest’ dietary proline is supported by two earlier observations:
(i) the non-diapause larvae were able to increase their whole body concentration of proline
almost 7-fold (from 39 to 268 mmol.kg~! FM) within just three days of feeding on proline
augmented diet [22]; (ii) when feeding Drosophila melanogaster larvae the same proline-
augmented diet as C. costata, we found that D. melanogaster accumulated about one order
less proline relative to C. costata [41]. In addition, glutamate is the second most concen-
trated amino acid in larval food (2.6 mmol.kg~! FM or 24.9 mmol.kg ™! DM) (Table 54) and,
hence, may serve as additional dietary precursor for biosynthesis of proline.

Overall, our results suggest that high concentrations of proline in SDA larvae of
C. costata originate from different sources: (i) direct assimilation of ingested dietary proline,
together with metabolic conversion of dietary glutamate (a proline precursor), can explain
about one half of the proline accumulation; (ii) metabolic conversion of larval glutamine
reserves formed in early diapause can explain the second half of proline accumulation;
(iii) two other minor sources can be the metabolic conversion of ornithine and the degrada-
tion of larval ECM collagens and other proteins.

2.2. Trehalose and Other Sugars and Polyols

Complete results of metabolomics and transcript analysis are presented in Table S5, while
the differences between diapause maintenance and cold-acclimation-linked metabolisms are
graphically presented in Figure 4. Trehalose consists of two glucose molecules [67] and its
non-reducing nature allows for safe ‘storage’ in large amounts in larval hemolymph. No
trehalose accumulation was observed in C. costata during diapause maintenance (Figure 4a,
Table S5) but the chromatographic peak area of trehalose increased 2.2-fold during cold accli-
mation (Figure 4b, Table S5). In support of upregulated trehalose biosynthesis in SDA larvae,
the expression of a gene coding for two synthetic enzymes, trehalose 6-phosphate synthase
(gene no. 20) and phosphatase (no. 21) increased substantially (4.1- and 10.1-fold, respec-
tively), while the expression of a gene coding for the catabolic enzyme trehalase (no. 23)
decreased 4.1-fold during cold acclimation (Table S5).

The metabolic map of trehalose further suggests that the glycolytic flux toward TCA
was suppressed during late diapause maintenance and especially during cold acclimation
(Figure 4, Table S5). In SDA-larvae, the genes coding for glycolytic enzymes nos. 5, 6, 7,
and 8 were downregulated as were intermediates of the fermentation and TCA cycle:
pyruvate, lactate, citrate, ketoglutarate, and fumarate. In addition, ATP concentrations
increased whereas the concentrations of ADP and AMP decreased (Figure 4b), which is
consistent with a relatively low demand for energy turnover during diapause and even
less at low temperatures [27,64]. Glucose metabolism was redirected from glycolysis to:
(i) trehalose biosynthesis (discussed above); (ii) sorbitol biosynthesis (no. 9 aldoketoreduc-
tase was upregulated 4.2-fold, resulting in a 2.1-fold increase in sorbitol); (iii) conversion
to gluconolactone (no. 11 glucose 6-phosphate dehydrogenase was upregulated 3.5-fold,
resulting in a 5.1-fold higher accumulation of 6-P gluconate). The conversion in (iii) is
associated with the production of reducing equivalents in the form of NADPH. This re-
ducing power is required, for example, for syntheses of proline from P5C and sorbitol
from glucose.
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Figure 4. Changes in metabolism of trehalose during diapause maintenance vs. cold acclimation in
C. costata larvae. The maps show log,-fold changes in relative concentrations of metabolites (circles)
and gene expressions (arrows) during diapause maintenance (a) and gradual cold acclimation (b) (see
Table S5). Other descriptions are as in Figure 2. TCA, tricarboxylic acid cycle; x-KG, ketoglutarate.

The map of trehalose metabolism shows that glucose was also accumulated during
cold acclimation (Figure 4b). Note, however, that glucose reached absolute molar concen-
trations two orders lower than trehalose [20]. Glycogen might be an important source
of glucose units as suggested by a trend of total glycogen accumulation during early di-
apause, followed by its partial depletion during cold acclimation (Figure 5a). A similar
depletion trend has been stereotypically observed in many diapausing insects, and glyco-
gen is thought to be the major source for accumulation of various sugar-derived CPs in
insects [13,28,30]. The total pool of trehalose is approximately 79 nmoles (27 ug) in an
average SDA-larva, while only 34 nmoles 9 (11.6 ug) are found in an SD11-larva [20]. The
accumulation of 79 — 34 = 45 nmoles of trehalose can be explained if only breakdown of
glycogen is considered. We may assume that: (i) the cold-acclimation-linked depletion of
glycogen represents 34.3 pg.mg~! DM (Figure 5a i.e., 17.1 pg per larva); (ii) this amount of
glycogen can release about 145 nmoles of glucose, from which about 72 nmoles of trehalose
can be synthesized. The gene coding for a key enzyme of glycogen degradation, glycogen
phosphorylase (no. 17) showed little change in expression upon cold acclimation (a 1.3-fold
decrease, Table S5) and the total enzymatic activity of glycogen phosphorylase was sig-
nificantly lower in SDA-larvae compared to other phenotypes. At least, we observed a
relatively high contribution of the active ‘a’ form to total glycogen phosphorylase activity in
cold-acclimated SDA larvae (Figure 5b). This is in accordance with the well-described pro-
cess of cold activation of glycogen phosphorylase that initiates synthesis of sugar-derived
CPs in insects [32].

In addition to the internal source of glucose units (glycogen), large amounts of glucose
are available in the larval diet (11.6 mmol.kg ! FM or 109.9 mmol.kg~! DM; Table S4).
Thus, the ingested diet may serve as an additional source of glucose for diapausing, cold-
acclimated larvae. The diet also contains starch and maltose (maltose in concentration of
3.6 mmol.kg~! FM or 33.9 mmol.kg~! DM; Table S4), and the transcriptomic data suggest
that digestion of starch and maltose might be enhanced in SDA larvae (see the increasing
expression of amylases and maltase, nos. 1 and 3 in Figure 4b). However, this was not
confirmed by direct assay of enzyme activities; the combined activity of general amylases
and maltases decreased sharply during cold acclimation (Figure 5c). Overall, our results
suggest that glycogen is the main source of glucose units for trehalose synthesis and
accumulation, whereas the diet may serve as an additional source.
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Figure 5. Glycogen, glycogen phosphorylase, amylases and maltases. Changes in (a) the total
glycogen content, and the activities of (b) glycogen phosphorylase (white portions of the columns
represent active form ‘a” and colored portions inactive form ‘b’), and (c) amylases and maltases. All
analyses were performed in extracts of whole body larvae of different acclimation variants (diapause
maintenance: SD3, SD6, SD1 (red columns); cold acclimation: SDA (blue column); see Table 1)). Each
column is a mean of 3 biological replicates. Means were compared using one-way ANOVAs followed
by Bonnferoni’s multiple comparison tests (different letters indicate significantly different means; in
panel b: the capital letters show differences between total activities, while the lower-case letters show
differences between activities of the inactive (red font) and active (black font) forms of the glycogen
phosphorylase).

2.3. Betaine, Other Methylamines and Related Compounds

Complete results of metabolomics and transcript analysis are presented in Table S6,
while the differences between diapause maintenance and cold acclimation-linked metabolisms
are graphically presented in Figure 6. During cold acclimation, the chromatographic peak
area of betaine increased 1.6-fold and the gene coding for betaine transporter (no. 12) was
upregulated 2-fold (Figure 6b, Table S6). In contrast, betaine decreased slightly (by 1.3-fold)
and no change in transporter expression was observed during diapause maintenance
(Figure 6a, Table S6). The absolute concentration of betaine in hemolymph of SDA-larvae
6 mmol L1, [22] ) was relatively low compared to that observed in plants under various
types of environmental stress: tens to hundreds of mmol.kg’1 [52]; or halophilic prokary-
otes: over 1 mol.kg’1 [53]. Nevertheless, genetic manipulations of Arabidopsis metabolism
show that accumulations of just millimolar concentrations of betaine significantly improve
plant tolerance to various stresses including cold and freezing [54,55].

Animals, plants, and bacteria synthesize betaine from choline via a two-step oxi-
dation pathway [56,58] and may further convert betaine to DMG (dimethylglycine) and
sarcosine (methylglycine) by activities of BHMT and DMGDH enzymes (see Figure 6 for
more details). Only some halophilic prokaryotes can synthesize betaine from glycine via
a three-step methylation, which requires specific activity of two methyltransferases (EC
2.1.1.156 and EC 2.1.1.161) [57]. Because the potential degradation of collagens would
produce a large excess of glycine (discussed above) and because cold acclimation is accom-
panied by concerted increases in sarcosine (methylglycine), dimethylglycine, and betaine
(trimethylglycine) concentrations (Figure 6b), we investigated whether a ‘halophile-like”
three-step methylation pathway contributes to betaine biosynthesis in C. costata larvae.
Using fluxomics LC-HRMS analysis of 1*C-labelled compounds, we found no support for a
halophile pathway in C. costata i.e., conversion of 13C-g1ycine beyond sarcosine was not
possible in whole non-diapause (LD) larvae (Figure 7) or in isolated fat body and muscle
dissected from non-diapause and diapause (SDA) larvae (Figure S2). In contrast, we found
good support for the classical animal pathway; i.e., 13C-choline was converted not only to
betaine but also to DMG, sarcosine, and glycine (Figure 7 and Figure S2).
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Figure 6. Changes in metabolism of betaine during diapause maintenance and cold acclimation.
The maps show log2-fold changes in relative concentrations of metabolites (circles) and gene ex-
pressions (arrows) during diapause maintenance (a) and gradual cold acclimation (b) (see Table S6).
Other descriptions are as in Figure 2. TCA, tricarboxylic acid cycle; DMG, dimethylglycine; SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine; (m)THE, (methyl-) tetrahydrofolate; (lyso)PC,
(lyso) phosphatidylcholine; GPC, glycerol 3-phosphocholine; BHMT (EC 2.1.1.5), betaine homocys-
teine methyltransferase; DMGDH (EC 1.5.8.4), DMG dehydrogenase; EC 2.1.1.156, sarcosine DMG

methyltransferase; EC 2.1.1.161, DMG betaine methyltransferase.
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Figure 7. Fluxomics of potential metabolic precursors of betain in C. costata larvae. The map shows
the metabolic destiny of two '*C-labelled compounds (**C-glycine, brown circles; 1,2-1*C2 choline
chloride, green circles) added to the diet of 15 d-old non-diapause (LD) larvae. The larvae were fed
on these diets for 6 h, 24 h, or 48 h (6 h is the smallest and lightest circle on the left of the triplet) after
which they were processed and analyzed using LC-HRMS metabolomic platform (for more detail,
see Materials and Methods). The results are expressed for each metabolite as a percentage of the peak
area of 13C-form (subtracting the native occurrence of '*C-carbon) relative to '2C-form (100% is the

0 h small circle in the legend). The size of circles is proportional to the percentage of the *C-form.
For reference to enzymes (arrows), see Figure 6.
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The origin of choline itself, however, remains unclear. It was shown that insects cannot
synthesize choline and this must be supplied by the diet [68,69]. Nevertheless, the presence
of an ortholog of GPC phosphodiesterase gene in genomes of D. melanogaster (CG2818) or
C. costata (no. 9 in Figure 6, Table S6) suggests that flies can release choline from GPC,
similarly to its release in mammals [70].

The consistently increasing concentrations of GPC and GPE during diapause mainte-
nance and cold acclimation (Table S6) are likely related to the remodeling of membrane
phospholipids that accompanies the entry into diapause and cold acclimation of C. costata
larvae [71]. The increases in GPC an d GPE concentrations were consistent during transition
from SD3 to SDA but often <0.58 log>-fold (Table S6) during each step of acclimation, which
is why they do not appear in red symbols in the metabolic map (Figure 6b). GPC together
with sorbitol, betaine, and myo-inositol are believed to play a role as compatible osmolytes
in kidney medulla cells, counteracting the high interstitial concentrations of perturbing
Na* ions and urea [70,72,73]. The GPC concentrations in the inner kidney medulla of
various mammals reach tens of mmol.kg ! FM [74]. The absolute concentrations of GPC
(2.9 mmol.L 1) and GPE (4.0 mmol.L 1) in SDA-larval hemolymph [22] are much lower
than in mammalian kidney.

We have not measured the absolute concentrations of GPC, GPE and methylamines in
larval whole body in our earlier work [20]. Based on hemolymph and tissue concentrations,
however, we can estimate sum mass of accumulated GPC, GPE, betaine, and sarcosine
as representing approximately 10 moles per SDA larva (corresponding to approximately
2 pg). Though these absolute amounts are relatively low compared to proline or trehalose,
the role of GPC, GPE and methylamines in cryoprotective mixtures deserves further inves-
tigation in future. Collectively, our results suggest that GPC and GPE are metabolized and
accumulated in C. costata larvae in association with membrane phospholipid conversions.
Betaine is synthesized, as in other animals, from choline via a two-step oxidation pathway.

3. Materials and Methods
3.1. Insects

A colony of C. costata, Sapporo strain (Rithimaa and Kimura, 1988) was reared on
an artificial diet in MIR 154 incubators (Sanyo Electric, Osaka, Japan) as described previ-
ously [75,76]. Four phenotypic variants (SD3, SD6, SD11, and SDA, Table 1) of the 3rd instar
larvae were generated according to our earlier acclimation protocols [19,20] as described
in Figure 8.

3.2. Extraction of Metabolites and LC-HRMS Platform

Analyses were performed for whole C. costata larvae (pools of 5 larvae taken in
4 replicates). The larvae were weighed to obtain fresh mass, plunged into LN, and
stored at —80 °C until analysis. Frozen samples were melted on ice and homogenized in
400 pL of extraction buffer: methanol:acetonitrile:deionized water mixture (2:2:1, v/v/v).
The methanol and acetonitrile (Optima™ LC/MS) were purchased from Fisher Scientific
(Pardubice, Czech Republic) and the deionized water was prepared using Direct Q 3UV
(Merck, Prague, Czech Republic). Internal standards, p-fluoro-DL-phenylalanine, methyl
a-D-glucopyranoside (both from Sigma-Aldrich, Saint Luis, MI, USA) were added to
the extraction buffer, both at a final concentration of 200 nmol.mL~!. Samples were
homogenized using a TissueLyser LT (Qiagen, Hilden, Germany) set to 50 Hz for 5 min
(with a rotor pre-chilled to —20 °C). Homogenization and centrifugation (at 20,000 x g for
5 min at 4 °C) was repeated twice and the two supernatants were combined.
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Figure 8. Phenotypic/acclimation variants of Chymomyza costata. C. costata flies were reared from eggs
(time 0) to 3rd larval instars (time 3 weeks) at 18 °C under long-day photoperiod (LD; L16h:D8h, which
allows direct non-diapause development to pupa and adult; orange line) or short-day photoperiod
(SD; L12h:D12h, which induces diapause). Diapausing larvae then either remained at 18 °C and
SD to maintain diapause (SD3, SD6, SD11; red line) or were transferred to constant darkness and
progressively cold acclimated over five weeks (SDA; blue line). Note that non-diapause larvae (LD)
were not used in this study except as controls for BB-food intake experiments and for 3C-precursor
fluxomics. Filled circles indicate sample points for LC-HRMS metabolomics analyses and RNA
extraction for RT-qPCR analysis of relative gene expression.

In the whole-body extracts, we performed relative quantification analyses of 56 select
metabolites (listed in Table S1) using the LC-HRMS platform on the Q Exactive Plus high
resolution Orbitrap mass spectrometer coupled to a Dionex Ultimate 3000 liquid chro-
matograph and a Dionex open autosampler (all from ThermoFisher Scientific, Waltham,
MA, USA). Full scan LC-HRMS positive and negative ion mass spectra were recorded in
separate runs with a mass range of 70-1000 Da at 70,000 resolution (at mass #1/z 200). The
LC-HRMS settings were: scan rate at +£3 Hz, 3 x 106 automatic gain control (AGC) target,
and maximum ion injection time (IT) 100 ms. Source ionization parameters were as follows:
(£) 3000 kV spray voltage, 350 °C capillary temperature, sheath gas at 60 au, aux gas at
20 au, spare gas at 1 au, probe temperature 350 °C, and S-Lens level at 60 au. For accurate
mass identification, we used lock masses of 622.0290 Da for the positive ion mode and
301.9981 Da for the negative ion mode. Chromatographic separation of metabolites was
carried out on the SeQuant ZIC-pHILIC (150 mm x 4.6 mm i.d., 5 um, Merck, Darmstadt,
Germany), the mobile phase flow rate was 450 pL/min; the injection volume, 5 pL; column
temperature, 35 °C. The mobile phase: A = acetonitrile (ThermoFisher Scientific, Waltham,
MA, USA). B = 20 mM aqueous ammonium carbonate (pH = 9.2 adjusted by NH;OH,
Sigma-Aldrich); gradient: 0 min, 20% B; 20 min, 80% B; 20.1 min, 95% B; 23.3 min, 95% B;
23.4 min, 20% B; 30.0 min 20% B. Data were acquired and metabolites identified using an
in-house Metabolite Mapper platform equipped with an internal metabolite database in con-
junction with Xcalibur™ software (v2.1, ThermoFisher Scientific, Waltham, MA, USA). All
56 metabolites were quantified relatively using the areas under respective chromatographic
peaks normalized to fresh mass of larval samples.

3.3. Target Gene Sequences and Gene Expression Analysis

Sequences putatively coding for 95 target genes (listed in Table S2) involved in CP
metabolism, and five reference genes, were retrieved from a C. costata Illumina RNAseq
database (ArrayExpress accession E-MTAB-3620) published earlier [77]. Using the Geneious
R9.1.8 platform (Biomatters Ltd., Auckland, New Zealand), we used the BLASTn tool
to align the C. costata target gene sequences with those most similar to sequences of
D. melanogaster (Table S2). Next, we designed optimal oligonucleotide PCR primer pairs for
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all sequences using Geneious, observing uniform criteria such as small PCR product size
(70-200 bp), optimal size of primer (20 bp), optimal primer Ty, (61 °C), optimal percentage
of GC (50%), etc. (all primer pairs given Table S2).

We used RT-qPCR to compare the relative gene expressions of four diapause larval
phenotypes (SD3, SD6, SD11, SDA) as described earlier [77]. LD larvae were excluded
from these comparisons, as substantial differences in their gene expression relative to SD
larvae [26] would obscure our ability to detect differences among SD variants. We extracted
total RNA from larvae (pools of 30 larvae were taken in 3 biological replicates) using RNA
Blue (Top-Bio, Vestec, Czech Republic), levelled to exactly 1 ug.uLfl sterile water and
treated with DNase I (Invitrogen, ThermoFisher Sci., Prague, Czech Republic). We then
converted 5 ug of total RNA to cDNA using Superscript IlI (Invitrogen, Carlsbad, CA, USA).
The cDNA products (20 pL) were diluted 25 times with sterile water. We performed qPCR
with a CEX Connect PCR Cycler (BioRad, Philadelphia, PA, USA), using the oligonucleotide
primers shown in Table S3 [21]. Relative ratios of the target gene mRNA to the geometric
mean of the levels of five reference gene mRNAs were calculated as ddCr [26,78].

3.4. Supplementary Assays to Clarify the Metabolism of CPs
3.4.1. A Brilliant Blue Larval Food Intake Assay

A Brilliant Blue Larval Food Intake Assay [79] was used to assess whether larvae in
diapause ingest food. In a preliminary assay, we verified that 100% of non-diapause (LD)
larvae (n = 25) will intake larval diet mixed with 0.1% Brilliant Blue R dye (Sigma) (BB diet).
The LD larvae were transferred to BB diet for 1 h at constant 18 °C, after which they were
observed and photographed under a dissecting microscope. Food intake was apparent as
blue coloration of the gut. Next, the larvae of different diapause acclimation variants (SD6,
SDA7, and SDA9) were used for the BB assay as shown in Figure 3a.

3.4.2. Total Proteins

Whole C. costata larvae (pools of 5 larvae taken in 3 replicates) were homogenized
and total proteins were extracted twice in 400 uL of 50 mM Tris buffer, pH 7.2, contain-
ing 100 mM NaCl, 1% deoxycholate, 0.2% SDS, and 1% Nonidet. Total proteins were
determined by bicinchoninic acid assay (BCA) [80].

3.4.3. PAGE

The extracts of total proteins (see above) were levelled to equal protein concentration
of 1 mg.mL~!, mixed with 4x Loading buffer (LB) in a volume ratio 1:3, and heated at
95 °C for 10 min (the LB contained: 2 mL 1M Tris-HCl, pH 6.8; 4 mL 1M dithiothreitol;
0.8 g sodium dodecylsulphate (SDS); 40 mg bromphenol blue (BPB); and 3.2 mL glycerol
in 10 mL of distilled water). Aliquots were loaded (20 uL per lane) onto precast 12%
MiniProtean TGX gels (BioRad, Hercules, CA, USA) and separated by polyacrylamide gel
electrophoresis (PAGE) using Mini-Protean Tetra Cell apparatus (Biorad). The gels were run
in a classical Tris-Glycine-SDS buffer, pH 8.3 at a constant voltage of 150 V until BPB left the
gel. Protein bands were stained with Coommassie Brilliant Blue and band densities were
measured using Gel Analyzer function of Image] software (https://imagej.nih.gov/ij/;
accessed on 15 November 2021) (for more information, see Figure S1).

3.4.4. Total Collagen

Total collagen in larvae was estimated based on the release of 4-hydroxyproline upon
acidic hydrolysis of total larval proteins according to [81]. Whole C. costata larvae (pools of
5 larvae taken in 3 replicates) were homogenized in 100 pL of distilled water. Next, 100 pL
of concentrated HCI (12 M) was added to the homogenate in a glass tube caped tightly
with a Teflon insert. The sample was hydrolyzed at 120 °C for 3 h, after which 5 mg of
activated charcoal was added and the sample was centrifuged at 3000 g for 5 min. Then,
50 uL of supernatant was moved to a clean vial and dried at 60 °C under stream nitrogen
and stored at —80 °C until LC-HRMS analysis of 4-hydroxyproline was performed.
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3.4.5. Collagenase

Collagenase activity was assayed using the fluorimetric MMP Activity Assay Kit
(ab112147, Abcam, Cambridge, UK) according to the manufacturer’s manual. Whole
C. costata larvae (pools of 5 larvae taken in 3 replicates) were homogenized and total proteins
were extracted in 500 uL of 100 mM Tris buffer, pH 7.2. A 25 uL aliquot of supernatant
was used as a source of enzymatic activity. We measured the increase in fluorescence over
time (15 min at constant 25 °C) at 540/590 nm (Ex/Em) using the microplate reader Infinite
200Pro (Tecan) and normalized the slopes of linear regressions to mg of total protein (BCA
assay, see above) in the sample aliquot.

3.4.6. Glycogen

Whole C. costata larvae (pools of 5 larvae taken in 3 replicates) were homogenized
twice in 400 pL of a methanol:acetonitrile:water mixture. After centrifugation at 20,000x g
for 10 min at 4 °C, glycogen was extracted from the pellet in hot alkali [82] and quantified
by colorimetric assay with phenol and concentrated sulphuric acid [83].

3.4.7. Glycogen Phosphorylase

Whole C. costata larvae (pools of 10 larvae taken in 3 replicates) were homogenized
in 600 pL of 100 mM Tris-HCI buffer, pH 8.0 containing 15 mM mercaptoethanol and
1 mM EDTA. The activity of active (‘a’) and inactive forms (‘b’) of the enzyme were
measured in 70 pL aliquots of supernatant as described by [84] and normalized to mg of
total protein (BCA assay, see above) in the sample aliquot. The reaction mixture contained
50 mM potassium phosphate buffer, pH 6.8; 5 mg mL ! glycogen (omitted from control),
5 uM glucose-1,6-diphosphate, 0.6 mM NADP, 2 mM 5’ AMP, 15 mM MgCl,, 2 U mL-!
phosphoglucomutase, and 2 U mL~! glucose 6-P dehydrogenase. The active form of the
enzyme was measured in the absence of 5’ AMP.

3.4.8. Amylases and Maltases

Whole C. costata larvae (pools of 10 larvae taken in 3 replicates) were homogenized in
1 mL of Assay Buffer supplied in the Amylase Assay Kit (ab102523, Abcam, Cambridge,
UK) and 50 uL aliquots of supernatant were used as sources of enzymatic activity. We
measured the increase of absorbance over time (15 min at constant 25 °C) at 405 nm
using the microplate reader Infinite 200Pro (Tecan, Mannedorf, Switzerland), converted
this to nmoles of released nitrophenol (using the calibration nitrophenol standards), and
normalized the results to mg of total protein (BCA assay, see above) in the sample aliquot.

3.4.9. Fluxomics of 13C-Labelled Metabolic Precursors of Betaine

We performed assays for (i) whole non-diapause (LD) larvae fed a standard diet
augmented with *C-labelled metabolic precursors and (ii) tissues dissected from non-
diapause (LD) and diapause (SDA) larvae. The examination of the tissues allowed us
to rule out possible contribution of microbes to metabolic conversions in the larval diet
or inside the larval gut. The tissues were incubated in Schneider’s Drosophila medium
(Biosera, Nuaille, France) augmented with *C-labelled metabolic precursors purchased
from Cambridge Isotope Laboratories (Tewksbury, MA, USA). The 3C-glycine had both
carbons labelled (item no. CLM-1017, m.w. 77.05) and the 3C-choline chloride had two
carbons labelled (1,2-*C2 choline chloride, item no. CLM-548, m.w. 141.61).

(i) Whole larvae: suitable doses of 1*C-labelled precursors in larval diets ("*C-glycine,
15 mg per g of diet; 13C-choline chloride, 20 mg per g of diet) were derived from preliminary
experiments showing that lower doses have no effect on the timing of larval development,
a ‘suitable’ dose causes a small (2-3 d) delay in timing of pupariation but no mortality,
and higher doses cause longer developmental delays and mortality. Third instar LD larvae
(15-16 d old) were transferred from a standard diet to a 13C-precursor-augmented diet
for 6, 24, or 48 h at constant 18 °C (20 larvae per vial with 1 g of diet). Next, larvae were
processed for LC-HRMS analysis.
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(ii) Dissected tissues: larval fat body and muscle tissues were dissected from a group
of 50 larvae (either LD- or SDA-larvae) into the wells of a 12-well tissue culture plate
(TRP, Switzerland) containing 650 uL of Schneider’s medium supplemented with 100 mM
of either 13C-g1ycine or 13C-choline chloride. After 3 h (LD) or 6 h (SDA) incubation at
22 °C, the tissues were rinsed in Schneider’s medium and processed for LC-HRMS analysis.
Results of LC-HRMS analyses were expressed for each target metabolite as a percentage
of the peak area of 1*C-form (subtracting the native occurrence of *C-carbon) relative to
the 12C-form.

4. Conclusions

Here we show that diapausing and cold-acclimated larvae of C. costata continue with
food ingestion and the diet serves as important source of direct assimilation of, and/or
metabolic conversions to, cryoprotective molecules. We show that even the complete
degradation of larval reserves of total protein, including collagens, would not suffice to
explain accumulation of proline. Moreover, total protein or collagen reserves are depleted
only moderately or not at all, respectively, during cold acclimation. We identified direct
assimilation of dietary amino acids proline and glutamate, plus metabolic conversion of
glutamine reserves, as two major sources of proline accumulation. In agreement with gen-
eral consensus on metabolic origin of sugar-based CPs, we show that trehalose is sourced
mainly from internal glycogen depots that are filled during early diapause and partially
depleted during subsequent cold acclimation. Lastly, we suggest that the accumulations of
GPC and GPE result from cold-acclimation-linked remodeling of phospholipids. Choline,
either released from GPC or assimilated from diet, serves as a source for accumulation of
methylamines betaine and sarcosine.
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analyzed by LC-HRMS and mapped on metabolic pathways, Table S2: Sequences quantified by
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transcripts for proline metabolism, Table S4: Results of absolute quantitation of select compounds in
larval diet, Table S5: Relative quantification of metabolites and transcripts for trehalose metabolism,
Table S6: Relative quantification of metabolites and transcripts for betaine metabolism.
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Accumulation of innate cryoprotective metabolites in a freeze-tolerant
insect: internal macromolecular reserves or diet as alternative sources of

carbon skeletons.
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Figure S1 PAGE analysis of total proteins.
Figure S2 Fluxomics of '3C-labelled metabolic precursors of betain.
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Figure S1: PAGE analysis of total proteins.

Total proteins were extracted from different acclimation variants of larvae of C. costata (SD3, SD6, SD11, SDA,; for
description, see Fig. 8). Protein extracts were loaded onto precast 7.5% MiniProtean TGX gels and separated by
polyacrylamide gel electrophoresis (PAGE). Protein bands were stained with Coommassie Brilliant Blue and band
densities in selected areas (ca 200, ca 80, ca 40, and ca 27 kDa as delimited by broken rectangles) were compared
using ImageJ software. (a) First replicate of total protein extracts. BioRad, Precision Plus Protein Dual Color
Standards. (b) Second and third replicates. BioLabs, ColorPlus Prestained Protein Marker, Broad Range. (c) Example
of ImageJ analysis for the protein area of ca 80 kDa (red rectangle). Two dense bands are most likely corresponding
to Larval serum proteins Lsp1 and Lsp2, which are the most adundant proteins in drosophilid larval hemolymph [1].
The area under density peak of the first band of replication 1 is set to 100% and all other bands are normalized to
it. (d) Results of statistical analysis using one way Anova (the result for protein area of ca 80 kDa is highlighted in
red font). No significant influence of phenotypic variant on density of protein bands was detected (Anova P > 0.05;
ns, non-significant).
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Figure S2: Fluxomics of **C-labelled metabolic precursors of betain.

The maps show metabolic destiny of two *3C-labelled compounds (**C-glycine, left maps; and 1,2-*C2 choline
chloride, right maps) added to the medium (Schneider's Drosophila Medium, Biosera), in which fat body and
muscle tissues (distinguised by shade as indicated) dissected from LD (3-w-old, upper row) and SDA (11-w-old,
lower row) larvae were incubated for 3 h (LD) or 6 h (SDA) and then processed and analyzed using HRMS
metabolomics platform (for more detail, see Materials and Methods). The results are expressed for each
metabolite as a percentage of the peak area of *C-form (subtracting the native occurrence of 3*C-carbon) relative
to 12C-form (100% is a small circle in the Legend, at Oh). The size of circles is proportional to the percentage of *C-
form. For reference to enzymes (arrows), see Fig. 6.

Note: Fig. S2 brings basically the same general message as Fig. 6: The *C glycine can be methylated only once,
forming sarcosine. Di- and tri-methylation-conversions of glycine to DMG and betaine, respectively, were not
observed, which suggests that these conversions, characteristic for microbial halophiles, do not exist in C. costata
larval tissues. The 3C choline chloride can be converted to betaine and also to sarcosine and glycine, which
suggests that this classical animal pathway is operational also in C. costata larval tissues.
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A mixture of innate cryoprotectants is key for freeze tolerance and
cryopreservation of a drosophilid fly larva
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ABSTRACT

Insects that naturally tolerate internal freezing produce complex
mixtures of multiple cryoprotectants (CPs). Better knowledge
on composition of these mixtures, and on the mechanisms of
individual CP interactions, could inspire development of
laboratory CP formulations optimized for cryopreservation of cells
and other biological material. Here, we identify and quantify (using
high resolution mass spectrometry) a range of putative CPs in larval
tissues of a subarctic fly, Chymomyza costata, which survives long-
term cryopreservation in liquid nitrogen. The CPs proline, trehalose,
glutamine, asparagine, glycine betaine, glycerophosphoethanolamine,
glycerophosphocholine and sarcosine accumulate in hemolymph in a
ratio of 313:108:55:26:6:4:2.9:0.5 mmol I=". Using calorimetry, we
show that artificial mixtures, mimicking the concentrations of major
CPs in hemolymph of freeze-tolerant larvae, suppress the melting point
of water and significantly reduce the ice fraction. We demonstrate
in a bioassay that mixtures of CPs administered through the diet
act synergistically rather than additively to enable cryopreservation
of otherwise freeze-sensitive larvae. Using matrix-assisted laser
desorption/fionization mass spectrometry imaging (MALDI-MSI), we
show that during slow extracellular freezing trehalose becomes
concentrated in partially dehydrated hemolymph where it stimulates
transition to the amorphous glass phase. In contrast, proline
moves to the boundary between extracellular ice and dehydrated
hemolymph and tissues where it probably forms a layer of dense
viscoelastic liquid. We propose that amorphous glass and viscoelastic
liquids may protect macromolecules and cells from thermomechanical
shocks associated with freezing and transfer into and out of liquid
nitrogen.

KEY WORDS: Freeze tolerance, Cryoprotection, Insects,
Metabolites, Natural deep eutectic systems
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INTRODUCTION

Various organisms from bacteria to animals respond to
environmental stressors such as heat, cold, freezing, drought,
hypersalinity and high hydrostatic pressure by accumulating a
stereotypic set of cytoprotective compounds including amino acids,
sugars, polyols and methylamines (Somero, 1986; Yancey, 2005).
This is also true for insects that naturally tolerate extracellular
freezing during overwintering in temperate and polar habitats (Lee,
2010; Storey and Storey, 1988). [n such insects, the accumulation of
low molecular weight carbohydrate and free amino acid
cryoprotectants (CPs) is considered a fundamental tenet of their
freeze tolerance (Storey, 1997; Storey and Storey, 1988; Storey and
Storey, 1991; Toxopeus and Sinclair, 2018). Extensive knowledge
has accumulated over many decades about which CPs are present in
many different species (Asahina, 1970; Salt, 1961; Semme, 1982;
Storey and Storey, 1991), but our understanding of how they protect
the insect tissues and cells is far from complete (Toxopeus and
Sinclair, 2018).

Here, we focus on an important but previously neglected aspect
of natural freeze tolerance: the components of complex mixtures of
multiple CPs may contribute to freeze tolerance via additive or even
synergistic mechanisms (Storey and Storey, 1986; Storey and
Storey, 1988; Toxopeus et al., 2019). It is well known from practice
in clinical medicine and biotechnology that combinations of CPs
protect the viability of cryopreserved cells or materials better than
single substances (Elliott et al., 2017). The mixtures may even have
emergent properties, i.e. those beyond the summation of properties
of the individual components. Relatively recently, the existence of
specific mixtures, so-called NADES (natural deep eutectic systems)
in various organisms was proposed (Dai et al., 2013; Choi et al.,
2011). These mixtures consist of stereotypic sets of natural primary
metabolites such as sugars, sugar alcohols, organic acids, amino
acids and amines, and are characterized by a much lower melting
point than that of the individual components, mainly because of the
formation of intermolecular hydrogen bonds (Dai et al., 2015).
These mixtures have been proposed to serve various physiological
functions, including survival of organisms in extreme drought and
cold (Castro et al., 2018; Gertrudes et al., 2017; Liu et al., 2018), and
have also been proposed as new agents for cell cryopreservation
(Hornberger et al,, 2021). We believe that there may be major
practical consequences of exploring the complex composition of
insect CP mixtures, as they could aid in the development of
applicable cryogenic techniques. Freeze-tolerant insects also offer
the potential for the discovery of novel components, for the study of
interactions between individual components, and for the analysis of
the principles underlying survival after freezing in a complex
organism composed of different cell types and tissues; a complexity
that still poses a challenge for medical cryopreservation (Fahy et al.,
2006; Pegg, 2001).
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It is reasonable to first analyze the suite of CPs accumulated by
the most freeze-tolerant model species, and larvae of the malt fly,
Chymomyza costata (Diptera: Drosophilidae), are among the most
cold-hardy animals known (Des Marteaux et al., 2019).
Overwintering cold-acclimated larvae in diapause can survive
freezing of all osmotically active water (68% of total body water),
down to —75°C, with survival rates similar to those in unfrozen
controls, and they can even survive long-term (18 month)
cryopreservation in liquid N, (Moon et al., 1996; Rozsypal et al.,
2018; Shimada and Riihimaa, 1988). We have previously shown
that high concentrations of the free amino acid proline acquired by
diapausing C. costata larvae during cold acclimation are essential
for the survival of freezing and cryopreservation stress (Kostal et al.,
2011b; Rozsypal et al., 2018).

Here, we extend our previous results to include a whole complex of
CPs accumulated by these freeze-tolerant larvae. Using a
combination of four chromatographic mass spectrometric (MS)
analytical platforms, we established metabolite profiles of four
different C. costata tissues in two contrasting larval phenotypes
that differ greatly in freeze tolerance and cryopreservability in liquid
N,. By combining the results of the analytical chromatographic MS
analysis with matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry imaging (MSI), we show that freeze-tolerant
larvae accumulate putative CPs in all tissues, but especially in
hemolymph. Using the same technique, we observed changes in
CP localization during slow extracellular freezing associated with
partial dehydration of hemolymph and tissues. We then used
differential scanning calorimetry (DSC) to determine the thermal
phase transition properties of artificial aqueous CP mixtures
mimicking the concentrations of the five most abundant
metabolites in the hemolymph. Finally, we show in a bioassay that
mixtures of CPs administered through the diet work in a synergistic
rather than an additive way to induce strong freeze tolerance and
cryopreservability in otherwise freeze-sensitive larvae.

MATERIALS AND METHODS
Fly rearing and acclimations
A colony of C. costata, Sapporo strain (Riithimaa and Kimura,
1988), was reared on artificial diet in MIR 154 incubators (Sanyo
Electric, Osaka, Japan) as described previously (Kostal et al., 1998;
Lakovaara, 1969). Two phenotypic variants (LD and SDA) of the
3rd larval instar were generated according to our earlier acclimation
protocols (Des Marteaux et al., 2019; Kostal et al., 2011b; Rozsypal
et al., 2018) (Fig. Sla). The LD larvae (warm acclimated, active
larvae reared at long-day conditions) have limited survival after
freezing (35% survive to —5°C, 10% to —10°C, and none survive
freezing to —20°C or below). In contrast, practically all SDA larvae
(diapause larvae reared at short-day conditions and gradually
acclimated to cold) survive deep freezing to —30°C or even —75°C,
and 42.5% survive at least 18 months of cryopreservation in liquid
N, (Rozsypal et al., 2018). In addition, SDA larvae were frozen
(variant SDA-frozen) according to a previously developed optimal
freezing protocol (Rozsypal et al., 2018) schematically presented in
Fig. S1b. Survival after freezing and cryopreservation in liquid N,
was assessed as the ability to pupate and metamorphose into the
adult stage within 42 days of thawing (at a constant 18°C, LD).
To collect the hemolymph, 30 larvae were gently pierced and torn
on a piece of Parafilm, creating a large droplet of pooled
hemolymph. This droplet was then extracted using a calibrated
glass capillary (Drummond Sci., Broomall, PA, USA). Collection
of hemolymph in a single group of 30 larvae took less than 2 min.
To obtain fat body, muscle and midgut tissues, the larvae were

quickly dissected under binocular microscope in ice-cold
phosphate-buffered saline. Dissected tissues were collected in ice-
cold extraction buffer (see below) and stored at —80°C until
analysis. Dissection of a single larva took less than 2 min, and we
took care to sample a similar part of the respective tissue from each
individual. This allowed us to express each metabolite concentration
as a ‘pool per tissue’. Only in hemolymph samples where we could
measure the exact sample volume, could we also calculate the
concentration in mmol 17!,

Extraction of metabolites and analytical MS platforms
Analyses were performed for whole C. costata larvae (pools of five
larvae taken in four replicates) or dissected tissues (pools of
30 tissues in four replicates). Whole larvae were weighed to obtain
fresh mass, immersed in liquid N,, and stored at —80°C until
analysis. Frozen samples of whole larvae/tissues were melted on
ice and homogenized in 400 ul of extraction buffer (methanol:
acetonitrile:deionized water in a volume ratio of 2:2:1). The
methanol and acetonitrile (Optima LC/MS) were purchased from
Fisher Scientific (Pardubice, Czech Republic) and the deionized
water was prepared using Direct Q 3UV (Merck, Prague, Czech
Republic). Internal standards, p-fluoro-DL-phenylalanine, methyl
a-D-glucopyranoside (both from Sigma-Aldrich, St Louis, MI,
USA) were added to the extraction buffer, both at a final
concentration of 200 nmol ml~!. Samples were homogenized
using a TissueLyser LT (Qiagen, Hilden, Germany) set to 50 Hz
for 5 min (with a rotor pre-chilled to —20°C). Homogenization and
centrifugation (at 20,000 g for 5 min at 4°C) were repeated twice
and the two supernatants were combined.

We performed targeted analyses of 49 select metabolites
(Table S1) using a combination of four different mass
spectrometry-based (MS) analytical platforms that were described
previously: ECF-LC/MS and ECF-GC/MS (Stétina et al.,
2018), SILYL-GC/MS (Skodové-Sverdkovd et al, 2020) and
HILIC-LC/MS (Skodova-Sverakova et al., 2021). More details on
instrumentation and chromatographic columns are in Table S1. All
49 metabolites were identified against relevant standards (Sigma-
Aldrich) and subjected to quantitative analysis using a standard
calibration curve method. The analytical results were validated by
simultaneously running blank samples (no larvae in the sample),
standard biological quality control samples (the periodic analysis of
a standardized larva/tissue sample — the pool of all samples) and
quality control mixtures of amino acids (AAS18, Sigma-Aldrich).

Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI)

The MALDI-MSI (Khalil etal., 2017; Tuthill et al., 2020; Yang etal.,
2020) was conducted in LD and SDA larvae and also on SDA frozen
larvae (Fig. S1); the LD frozen variant was not considered relevant as
all LD larvae die when exposed to freezing to —30°C. Larvae were
rinsed in water, incubated for 3 min in 2% gelatin, and then
submerged into 5 ml of 10% gelatin in a plastic mold (Tissue-Tek
Cryomold, Sakura, Mdesa, Czech Republic) placed on an ice-cold
stage. The molds with solid gelatin were then immersed in isopentane
pre-cooled to —140°C in liquid N, vapors for 3 min and transferred to
—80°C for storage until further processing. Preparation of the SDA
frozen larvae was modified as shown in Fig. S2.

For cryo-sectioning, the frozen molds were placed into a cryostat
chamber (Leica CM 1950, Germany) pre-cooled to —20°C. Sections
of 10 pm thickness were mounted on indium tin oxide coated glass
slides (ITO, Bruker, Czech Republic), previously washed with
hexane and then with 2-propanol. Sections of the LD and SDA
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larval variants were thaw-mounted on warm glass (standard
procedure MALDI-TOF/MSI) (TOF, time of flight), while
sections of the SDA frozen larval variant were mounted on a
gold-coated ITO glass pre-cooled to —20°C in order to preserve the
tissue organization as it formed during slow pre-freezing
(extracellular ice formation and tissue freeze-dehydration). The
sections were dried for 15 min in a desiccator at low air pressure (at
room temperature for the LD and SDA variants, while at —=20°C for
the SDA frozen variant), then sealed in plastic foil inside a plastic
mailer, evacuated, and stored at —80°C until further processing. The
ITO glasses with sections were transferred to room temperature, left
to temper for 15 min, and dried in a desiccator for 15 min. Samples
were then sprayed with a matrix solution of 9-aminoacridine
hydrochloride, 7 mg ml~" in 70% ethanol (v/v). A TM-Sprayer 3
(HTX-Technologies, USA) was used to cover the tissue with the
matrix solution using the following settings: nozzle temperature,
50°C; 12 passes; flow, 0.035ml min~!; nozzle velocity,
1000 mm min~"; track spacing, 2 mm, HH pattern; gas pressure,
10 psi; gas flow rate, 2 I min~!; drying time, 0 s; nozzle height,
40 mm; and propelled with 50% methanol (v/v). After spraying, the
samples were dried in a desiccator for 15 min.

Spectral images were acquired using a rapifleX MALDI-TOF/TOF
spectrometer (Bruker, Germany) in reflector negative mode with a
355 nm smartbeam™ 3D laser with a spatial resolution of 10x10 pm
(pixel) in an m/z range of 20-1000, at a constant laser fluence of 72%
and laser frequency of 5 kHz. Two hundred images were accumulated
from every position. The instruments were set up with: ion source 1,
19.973 kV; PIE, 2.664 kV; lens, 11.353 kV; reflector 1, 20.810 kV;
reflector 2, 1.034 kV; reflector 3, 8.577 kV. The pulsed ion extraction
time was set to 90 ns and detector gain was 2302 V. Data were
acquired with digitizer speed, 2.5 GS s™'. Samples were measured in
random order. Calibration was done externally using red phosphorus,
achieving precision up to 5 p.p.m. (Kolafov et al., 2016).

After MALDI-MSI, tissues on ITO glass were washed three times
for 2 min with 70% ethanol and afterwards washed with water. The
samples were then stained with Hematoxylin and Eosin (H&E, a
general staining method, which allows to visualize the shape, and
structure of cells in a tissue sample; Hematoxylin stains mainly
heterochromatin and nucleoli, while Eosin stains cytoplasmic
components including collagen and elastic fibers) and scanned
with Axio Scan.Z1 (Zeiss, Germany) operated by Zen 2 software
(blue edition; Zeiss, Germany). Single raw data files on the
intensities of the MALDI-TOF signals of individual m/z peaks were
processed using SCILS Lab software (v.2021c, SCILS, Bruker,
Germany). The raw data were smoothed with a convolution
algorithm (width 20) and all subsequent computations and images
rendering were done with total ion count square normalization. We
collected MALDI-TOF signal-intensity datasets for 5 transverse
sections of LD and SDA larvae and for 6 sections of SDA frozen
larvae, plus one longitudinal section of an SDA larva. For relative
quantification of signal intensities and statistical analyses, the
transversal sections were used. Galleries showing the complete
results for all transversal sections are available in figshare (https:/
figshare.com/articles/figure/Appendice MALDI_MSI_images_
pdf/19590694).

Regions (or tissues) of interest in the sections were manually
delimited using H&E-stained images in QuPath software (v.0.2.3,
University of Edinburgh, UK) (Bankhead et al., 2017) and imported
into SCILS software. The summary spectrum was exported into
mMass software (v.5.5.0) (Niedermeyer and Strohalm, 2012),
internally re-calibrated, and annotated based on m/z values with
50 ppm tolerance using an in-house modified database based on the

HMDB metabolite database considering [M-H]~ and [M+CI]™
adducts (Wishart et al., 2018). Selected peaks were then analyzed
using SCILS software with mean spectral intensity scaled in
arbitrary units (A.U.) for each region and treatment. These spectral
intensity data were then statistically compared using ANOVA
followed by Bonferroni’s multiple comparison test (Prism, v.6.07,
GraphPad Software, San Diego, USA). In addition, we verified the
identities of m/z peaks for trehalose and proline in the experiment
where LD larvae were fed diet augmented by '3C6 glucose (for
details, see Figs S13 and S14). The '*C6 glucose was purchased
from Sigma-Aldrich (product ID 389374).

Differential scanning calorimetry (DSC)

Thermal analysis was performed using the Q2000 calorimeter (TA
Instruments, New Castle, DE, USA) as previously described
(Pokorna et al., 2020). The analyzed solutions (see Table S2 for a
complete list) were loaded and hermetically sealed into aluminium
pans. The amount of loaded solution (~5 pl) was controlled by
weighing with precision to 0.01 mg using a Sartorius CP 225 D
balance (Sartorius AG, Goettingen, Germany). The solutions were
frozen and thawed according to the following protocol: (i) start at
25°C, (ii) cool to —90°C at 10°C min~"', (iii) hold for 5 min at
—90°C, and (iv) warm to 25°C at 10°C min~'. An empty pan was
used as a reference, and samples were run in technical triplicates
(same solution analyzed three times). DSC results were analyzed
using TA Universal Analysis 2000 software (v.4.5A Build 4.5.0.5).
The onset of exotherm on the cooling scan was taken as the
supercooling point (temperature of ice crystallization). Two major
thermal events were analyzed on heating scans above —60°C. (1)
Glass transition: an inflection point of the second-order phase
transition was read as the temperature of vitrification (7). The
change in specific heat capacity (AC,) was derived from the
difference in heat flow between the onset and the end of the glass
transition. (2) Melting of bulk water: an onset of melting endotherm
(first-order phase transition) was read as the melting point (m.p.),
while the enthalpy of melting (AH, calculated from the area under
the endothermic peak) served to estimate the fraction of melted (i.e.
crystallized) water using the standard heat of fusion for the ice/water
transition of 334 J g=!. The remaining fraction of unfrozen water
was considered osmotically inactive (%OIW).

Larval feeding on CP-augmented diets

Seventeen-day-old freeze sensitive (LD) larvae (i.e. roughly mid-3rd
instar, voracious feeding stage) were extracted from the standard diet
and groups of 20 individuals were moved to one of a variety of
specific diets: (i) fresh standard diet (control); (ii) *CP mix 508’ diet —
a standard diet augmented with five select CPs (proline, product ID
P0380; trehalose, T9449; glutamine, G3126; asparagine, A0884; and
betaine, 61962; all from Sigma-Aldrich) in concentrations
corresponding to those observed in SDA larval hemolymph (i.e.
508 mmol kg~" water in total, see Table S3); (iii) five different
standard diets augmented with the select CPs individually; (iv) ‘CP
mix minus Pro 313’ diet— a mixture of the four select CPs but without
the 313 mmol kg™ proline [because proline was the only metabolite
capable of supporting freeze tolerance in a previous experiment (iit)].
After exposure to these diets for 3 days, the larvae were removed and
used for the liquid N survival bioassay (Fig. S1b).

RESULTS

Characterization of the CP mixture from C. costata larvae
Results of targeted quantitative analysis of 49 metabolites are
summarized in Table S1 and plotted in Fig. 1A (hemolymph) and
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Fig. 1. Metabolite profiles and locali in ymph and ti of

Chy

y larvae. (A) Forty-nine target metabolites were absolutely

quantified in the hemolymph of freeze-sensitive (LD) and freeze-tolerant (SDA) larvae using four MS-based analytical platforms. Each column represents a
metabolite concentration (meanszs.d.; n=4 biological replicates, each containing hemolymph from 30 larvae). Differences between the means of LD and SDA
were assessed by unpaired t-tests corrected for multiple comparisons using the Holm—Sidak method with ¢:=0.01. Asterisks indicate significantly different means
and the concentrations are shown for all metabolites that were considered in this paper as putative CPs (GPC, glycerophosphocholine; GPE,
glycerophosphoethanolamine). (B) Longitudinal section of a SDA larva stained with Hematoxylin and Eosin, with tissues highlighted by different colors. (C—E)
Intensities of the MALDI-TOF signals corresponding to the three analyzed compounds: ATP (C); proline (D); trehalose (E). (F) While proline (green signal) is most
evident in hemolymph, ATP (red signal) is mainly found in muscles. (G) Proline (green) and trehalose (red) colocalize in hemolymph (a yellow color results from
the mixing of green and red). See Fig. S3 for MALDI-MSI images of other compounds.

Fig. S3 (other tissues). For most metabolites, the pool in the
hemolymph was significantly larger than the pools in other tissues
(Fig. S4). The volume of hemolymph in one larva is approximately
200 nl (see Table S1) representing only 10% of the total body
volume or body mass (~2 mg). Nevertheless, the hemolymph
contained approximately 50% of the total metabolite pool in both
LD and SDA larvae (Table S1). Entry into diapause and cold
acclimation (associated with the acquisition of extreme freeze
tolerance) induced accumulation of specific metabolites (putative
CPs) in SDA larvae (Fig. S1). The sum of the molar concentrations
of the 49 metabolites in LD hemolymph was 182 mmol 1!, but this
increased to 554 mmol 17! in SDA hemolymph (Table S1). Four
compounds that contributed most to this increase were: proline
(increase of 277 mmol 17!, trehalose (increase of 59 mmol 171,
glutamine (increase of 22 mmol I~') and asparagine (increase of
17 mmol 171). The same four compounds also ranked first in order
of concentration in SDA hemolymph: proline (313 mmol 17!),

trehalose (108 mmol 17!), glutamine (55 mmol 17') and asparagine
(26 mmol 171). Glycine-betaine (hereafter ‘betaine’, 6.1 mmol 1=!)
was fifth in concentration, although it increased only moderately
(by 1.7mmoll™") in SDA compared with LD larvae. In
addition, three other compounds had statistically higher
hemolymph concentrations in SDA than in LD larvae, although
their concentrations in SDA hemolymph were relatively low in
absolute terms: glycerophosphoethanolamine (GPE, 4.0 mmol 17'),
glycerophosphocholine  (GPC, 2.9 mmol1=') and sarcosine
(0.5 mmol 1I7"). For the purposes of this article, we consider the
above compounds as putative CPs.

Localization of CP mixture components in larval tissues

Using MALDI-MSI, we localized select metabolites in larval
sections. A longitudinal section through the SDA larva provides the
best overview of tissue structure (Fig. 1B). The highest intensity of
the MALDI-TOF signal for ATP is localized predominantly in
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muscle tissue (corresponding to its role as the most important
intracellular phosphagen) (Fig. 1C). In contrast, the highest
intensities of proline and trehalose signals are localized in the
hemolymph (Fig. 1D,E), where they are also colocalized with the
high-intensity signals of glutamine, asparagine and GPE (Fig. S5).

As it was difficult to obtain enough high-quality longitudinal
sections, we used transverse sections through the middle region of
the larvae for the statistical analysis of the relative intensities of the
MALDI-TOF signals. Quantitative analysis of these signals is
technically difficult for small metabolite molecules freely dissolved
in biological aqueous solutions (Fig. S6). Nevertheless, our analysis
suggests that there are no differences in the overall localization
patterns of the five putative CPs (proline, trehalose, glutamine,
asparagine and GPE) between LD and SDA larvae. However, the

signal intensities for all five CPs were much stronger in SDA than in
LD larvae (compare the y-axes of Fig. S7 with Fig. S8). The
MALDI-MSI thus confirms the results of the quantitative MS
analysis (Fig. 1A) that the putative CPs are accumulated in all
tissues, but especially in the hemolymph, of SDA larvae ( for details,
see MALDI-MSI images in figshare (https:/figshare.com/articles/
figure/Appendice_ MALDI_MSI_images_pdf/19590694).

During slow inoculative freezing to —30°C (rate 0f 0.1°C min_"' see
Fig. S1b for the freezing protocol) large masses of extracellular ice
crystals developed in between partially dehydrated pools of larval
hemolymph and tissues (Fig. 2A-D). We observed a striking
difference in the ‘behavior’ of two major components of the CP
mixture during slow extracellular freezing: whereas trehalose was
concentrated in the pool of dehydrated hemolymph of SDA larvae, a
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Fig. 2. Localization of proline and trehalose in C. costata SDA larvae before and after slow freezing. (A,B) Examples of transverse sections through the
middle region of SDA larva (A) and SDA-frozen larva (B). The tissues are highlighted in different colors. Note the large masses of extracellular ice between the
partially dehydrated tissues of SDA-frozen larva. (C,D) Relative proportions of total area occupied by different tissues or ice. Each column is meanzs.d. of five or
six sections (SDA or SDA-frozen larvae, respectively). Means flanked by different letters are significantly different (one-way ANOVA followed by Bonferroni’'s
multiple comparison test). (E,F) Results of MALDI-TOF signal intensity quantification (arbitrary units, A.U. per pixel of 10x10 um) for three select metabolites
(ATP, proline, trehalose). Each point is the meanzs.d. of five or six sections (SDA or SDA-frozen larvae, respectively). Mean values flanked by different letters are
significantly different (one way ANOVA followed by Bonferroni’s multiple comparison test). (G,H,l) Examples of MALDI-TOF signal intensities for proline (green)
and trehalose (red). Note that proline and trehalose signals markedly overlap (yellow color) in the hemolymph of SDA larva (G), while they apparently delocalize in
SDA-frozen larva (H,l). Trehalose concentrates in the partially dehydrated hemolymph, while proline migrates to the border between extracellular ice and partially
dehydrated tissues of the SDA-frozen larva.
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large quantity of proline apparently ‘migrated’ from the hemolymph
toward the ice region (Fig. 2EF) and formed thin ‘layers’ of
concentrated proline at the boundary between the extracellular ice and
the dehydrated hemolymph and tissues (Fig. 2G-1). In these layers,
proline colocalized with high-intensity signals from glutamine and
asparagine, while trehalose colocalized with GPE in the dehydrated
hemolymph (Fig. S9; for details, see figshare (https:/figshare.com/
articles/figure/Appendice. MALDI_MSI_images_pdf/19590694).

Thermal phase transitions in artificial CP mixtures

To assess the influence of different CP mixture components on water
binding and thermal phase transitions, we compared heating curves
from DSC scans of aqueous solutions containing single components
or different CP mixtures with real SDA hemolymph. We focused on
melting of bulk water (Fig. 3A) and glass transition (Fig. 3B). The
full DSC analysis results can be found in Table S2.

We designed the CP mixtures according to the concentrations of
the five most abundant (and commercially available/affordable)
compounds in the SDA larval hemolymph. CP mix 508 mimics the
composition of the major CPs in the hemolymph of SDA larvae
prior to freezing, while CP mix 1588 takes into account a 3.125-fold
increase in the concentration of all components resulting from
extracellular freezing of osmotically active water (and, this way, it
mimics the composition in the SDA-frozen variant). In addition, we
tested all components individually at concentrations equivalent to
those estimated in SDA hemolymph after extracellular freezing, and
we also designed two reduced-composition mixes: Pro-Tre 1316
(proline 978+trehalose 338) and Pro-Gln-Asn 1231 (proline
978+glutamine 172+asparagine 81) (see Table S2 for details).

We found that depression of the bulk water melting point, as well
as the fraction of ‘bound’ water (unfrozen, osmotically inactive
water, %OIW), correlated linearly with the molal concentration of a
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Fig. 3. Thermal phase transitions in the aqueous solutions of artificial CP mixtures and individual components. (A) Example of a heating curve recorded
by differential scanning calorimetry (DSC) of the artificial CP mix 1588. Three technical replicates are shown in different colors. Results calculated by TA Universal
Analysis 2000 software are shown for the 1st replicate only (green line). The analysis of melting endotherm shows that melting of bulk water starts at a melting
pointm.p.) of —9.28°C, while only 58.7% of the total water in the sample is osmotically active (OAW), i.e. melts (the enthalpy of melting transition of AH of 334 J g~*

would correspond to melting of 100% total water) while 41.3% of total water is osmotically inactive (OIW) or ‘bound’. (B) A glass transition was observed at

-48.5°C (T, inflection point) associated with change in specific thermal capacity AC,, of 0.3289 J (g °C)~". (C) Linear associations of the melting point (m.p., red
line) or the fraction of bound water (%OIW, blue line) with the osmolality of the solution. Each point represents a specific solution and all solutions are shown in
detail in Table S2. Points corresponding to water, SDA hemolymph, and CP mixes 508 and 1588 are identified for clarity. The broken lines show 95% confidence
intervals of the linear regressions. (D,E) Temperatures of the glass transition, T, (D) and changes in thermal capacity, AC, (E) of the different solutions. Empty
points in D or a missing column in E indicate that no glass transition was observed, while the violet points and orange columns show meanzs.d. values of T, or

AC,, respectively, for solutions where a glass transition was observed (see Table S2 for the full dataset).
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solution, regardless of whether it was a single component solution
or a mixture. Even the values for real hemolymph collected from
SDA larvae fitted well to a linear relationship (Fig. 3C).

A clear glass transition was observed whenever trehalose was
present in a mixture (Fig. S10). The temperatures of glass transition
(T,) in different trehalose-containing solutions varied from —29.6°C
(trehalose 338) to —49.7°C (Pro-Tre 1316) (Fig. 3D). The change of
thermal capacity (AC,) during de-glassing was slightly above 0.3 J
(g °C)~! in the solutions containing a relatively high concentration
of trehalose (338 mmol kg™") but lower, ~0.1 J (g °C)~", in the
solution containing a relatively low concentration of trehalose (CP
mix 508 contains 108 mmol kg~ of trehalose) and in real SDA
hemolymph (which also contains 108 mmol kg~! of trehalose)
(Fig. 3E). No glass transition was observed in the concentrated
proline 978 solution (Fig. S11). The presence of proline in a mixture
with glutamine and asparagine (Pro-Gln-Asn 1231) resulted in the
elimination of small glass transitions observed in single-component
mixtures of glutamine or asparagine (Fig. 3D,E). We also observed
minor exotherms in heating curves of glutamine and asparagine at
—22.8°C and —14.6°C, respectively (Fig. S12). The presence of
such exotherms was also eliminated by the addition of proline in the
Pro-Gln-Asn 1231 mix (Table S2).

CPs in mixture protect larvae from cryopreservation stress
better than individual CPs
To evaluate the ability of a complex cryoprotective mixture to
increase freeze tolerance compared with individual components of
the CP mix, we fed LD larvae with CP-augmented diets and then
performed freezing survival assays. We prepared the CP mix 508 diet
by augmenting the standard larval diet with a CP mix 508 solution
(see Table S3). When LD larvae were fed with the CP mix 508 diet
from hatching, more than 90% died (often as 1st instars). We therefore
exposed only 3rd instar LD larvae to this diet and for only 3 days (at
ages 17-19 days), which reduced larval mortality to 20%. The
surviving larvae were significantly smaller at day 19 and pupariation
was delayed by 2 days (Table S4), indicating that even short-term
exposure to CP mix 508 appears to have some toxic effects.

A 3 day exposure to the CP mix 508 diet significantly increased
whole-body concentrations of most CP mix components: proline
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increased 6.8-fold, trehalose 1.7-fold, glutamine 5.4-fold and
asparagine 19.9-fold (see Table S5 for more details). In the
hemolymph, the concentrations of proline, glutamine and
asparagine reached high levels of 289, 80 and 49 mmol 17!,
respectively, while trehalose and betaine remained relatively low
at 29 and 7 mmol 17!, respectively (Fig. 4A, see Table S5 for more
details). The sum molarity of the five CPs in hemolymph reached
454 mmol 17! in LD larvae fed with the CP mix 508 diet, which is
broadly similar to the sum of 508 mmol I=! seen in SDA larvae.

No LD larvae that fed exclusively on the standard diet survived
cryopreservation in liquid N,. In striking contrast, 58% of the LD
larvae survived cryopreservation after only 3 days of feeding with the
CP mix 508 diet; 24.5% went on to pupate and 18.3% successfully
metamorphosed to the adult stage (Fig. 4B). The components of the
CP mix 508 administered via the diet had much less (or no) effect on
larval freeze tolerance when they acted in isolation: betaine and
asparagine had absolutely no effect; glutamine and trehalose resulted
in 1 and 2 larvae surviving (out of 100), respectively, but these larvae
did not pupate; proline augmentation was most effective, resulting in
37.7%, 10.3% and 7.2% survival for larvae, pupae and adults,
respectively. When proline was excluded from the CP mix, the
remaining components allowed only 4 larvae (out of 100) to survive
liquid N, exposure, demonstrating that proline is the most important
component of the mixture, or even the requisite for survival in liquid
N,. Nevertheless, the complete CP mix 508 was approximately 2-fold
more effective at bolstering liquid N, survival than proline alone. This
result was consistent at all three levels of survival (see r-tests in
Fig. 4B) and also across five different generations of assayed insects
(Table S6). Simple addition of the individual effects of the three
components (proline+trehaloset+glutamine) was not sufficient to
explain the effect of the complete CP mix 508. These results suggest a
synergy between CP mix 508 components that should be investigated
in the future.

DISCUSSION

Components of the fly’s innate CP mixture behave differently
during slow extracellular freezing

We identified the composition of the innate putative CP mixture
which bathes the tissues of extremely freeze-tolerant C. costata
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807 pootse: [ZZ] CP mix minus Pro 313 (1, 100)
I Proline 313 (3, 280)
§ 60 [ Trehalose 108 (1, 100)
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0- = i i
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Fig. 4. Effects of CP-augmented diets on C. costata larvae. (A) Change in the hemolymph concentration of five CPs in response to feeding 17-day-old LD
larvae a CP mix 508 diet for 3 days. Concentrations are compared with LD and SDA larvae fed on a standard diet, using one-way ANOVAs followed by
Bonferroni's multiple comparison tests (columns flanked by different letters differ significantly). (B) Percentage survival of larvae cryopreserved in liquid N (note:
only diets where at least one larva survived are shown). The 17-day-old LD larvae were fed different diets for 3 days, then exposed to liquid N, for 1 h, returned to
the standard diet at a constant 18°C, and their survival to larval (movements 24 h later), pupal (formation of puparium) and adult stage (emergence of adult fly)
were observed over the next 14 days. The two numbers in parentheses (n, N) show: n=the number of fly generations, and N=the total number of larvae in all
replicates. The mean survival for larvae fed a CP mix 508 diet versus a proline diet (Pro 313) were directly compared using a two-tailed Student's t-test. Asterisk

indicates a significant difference; n.s., not significant.
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larvae: proline, trehalose, glutamine, asparagine, betaine, GPE,
GPC and sarcosine, which occur in hemolymph in a stoichiometric
ratio of 313:108:55:26:6:4:2.9:0.5 mmol 17!, respectively. It may
not be surprising that the mixture is broadly similar to the cocktails
known from other organisms exposed to various environmental
stressors (Gertrudes et al., 2017; Choi et al., 2011; Somero, 1986;
Yancey, 2005). The occurrence of the same classes of organic
cytoprotectants and compatible osmolytes in different organisms is
likely based on convergent evolution which favors accumulation of
polar molecules with high solubility in water (high accumulation
capacity) countered by low tendency to interact with charged groups
of macromolecules and membranes (low toxicity) (Hochachka and
Somero, 2002).

‘We performed a bioassay showing that supplementation of the
larval diet with major components of the CP mixture in their native
stoichiometric ratio changes freeze-sensitive larvae into freeze-
tolerant/cryopreservable larvae within just 3 days. This result
convincingly demonstrates that the accumulation of CPs has a
strong functional (adaptive) significance in C. costata. However,
this adaptation has probably evolved to cope with conditions typical
for larvae overwintering in thermally buffered microhabitats under
the bark of fallen trees, often under a blanket of snow (Band and
Band, 1982; Grimaldi, 1986). Therefore, there may be different
functional explanations for the roles of CPs in ecologically relevant
situation in the field and for deep freezing and cryopreservation in
liquid N, in the laboratory. Here, we avoid discussion of the eco-
physiological aspects of CP-based freeze tolerance in animals and
insects in the field, as these have already been covered for animals
(Sinclair, 1999; Storey and Storey, 1988; Toxopeus and Sinclair,
2018; Zachariassen, 1985) and also specifically for C. costata
(Rozsypal et al, 2018) elsewhere. Instead, we limit further
discussion to the potential relevance of our results for deep
freezing and cryopreservation in the laboratory.

We applied the MALDI-MSI technique to localize CPs in larval
tissues and, for the first time in cryobiology literature, to determine
how this localization changes during slow extracellular freezing, i.e.
under conditions that allow larvae to survive deep freezing and
subsequent cryopreservation in liquid N,. So far, concentrations of
CPs in insects have mostly been reported in whole body samples for
two general reasons: first, insect tissues are small, making it
technically difficult to estimate precise concentrations; and second,
native CPs — being standard products of metabolism — have been
considered to move freely across membranes (Somero, 1986). In
cases where CP analyses were performed on separate tissues (Kostal
etal., 2011a; Rozsypal et al., 2013; Toxopeus et al., 2019), the CPs
were generally found in all examined tissues. Here, we have
confirmed that SDA larvae of C. costata accumulate putative CPs in
all examined tissues but that the highest concentrations occur in the
hemolymph.

One of the most salient findings of this study is the observation
that the two major components of the CP mixture, proline and
trehalose, ‘behave’ differently during slow extracellular freezing.
The MALDI-MSI analysis suggests that the bulk of trehalose
molecules remain in their original location (before freezing)
and concentrate in partially freeze-dehydrated hemolymph and
tissues. In contrast, some of proline molecules appear to move
out of the hemolymph and concentrate in thin layers separating
the extracellular ice crystals from freeze-dehydrated tissues
and hemolymph. At this stage of research, we can only offer
hypothetical/speculative explanations for the physico-chemical
mechanisms responsible for delocalization of proline and
trehalose and for its possible functional significance in a

cryopreserved insect. We suggest that the mechanism behind the
de-localization could be explained by differences between trehalose
and proline in water solubility, propensity to induce glass transition,
and mobility in highly viscous freeze-concentrated solutions.

Trehalose stimulates glass transition in partially freeze-
dehydrated hemolymph and tissues

‘We have previously shown that in gradually frozen SDA larvae a
glass transition of the residual solution occurs between —20°C and
—30°C. Moreover, only larvae pre-frozen to temperatures below
—30°C (i.e. below the temperature of glass transition) were able to
survive abrupt submersion and cryopreservation in liquid N, and
successfully develop into adults (Rozsypal et al., 2018). This result
clearly demonstrated the importance of the glass transition for
survival in liquid N». In our earlier work (Rozsypal et al., 2018), we
attributed glass formation to high concentrations of proline in
accordance with results of the DSC analysis performed by Rudolph
and Crowe (1986). However, this observation was challenged in
later DSC studies (Liu et al., 2020; Rasmussen et al., 1997) and our
own analysis confirms that proline at a concentration of
978 mmol kg~! does not induce glass transition, at least not at
temperatures above —60°C. Instead, trehalose is known in physical
chemistry as one of the strongest glass transition inducers in
aqueous systems (Cesaro et al., 2008; Green and Angell, 1989;
Chen et al., 2000). Nicolajsen and Hvidt (1994) reported that a
water:trehalose mixture (%oweight, 89.7:10.3) de-glasses at
—30.5°C with a AC, of 0.38 J (g °C)". These values agree well
with our DSC analysis results showing de-glassing at —29.6°C with
a AC, of 0.33 J (g °C)~" for the trehalose 338 solution (which is
88.7:11.3%weight of water:trehalose). Accurate interpretation of
the thermal behavior and glass transition parameters is a challenge
for physical chemistry of simple binary mixtures such as trehalose:
water (Cesaro et al., 2008; Chen et al., 2000; Nicolajsen and Hvidt,
1994; Olgenblum et al., 2020; Weng and Elliott, 2014). This
limitation becomes almost insurmountable for more complex
mixtures and, especially, for biological solutions. Nevertheless,
our DSC analysis suggests that trehalose rather than proline may be
the component mainly responsible for the glass transition in larval
body fluids: (i) all artificial CP mixtures containing trehalose
showed clear glass transitions with broadly similar 7, and AC,
parameters; (ii) the parameters were similar for real hemolymph
collected from SDA larvae (containing 108 mmol 1! trehalose) and
for the artificial CP mix 508 (simulating composition of major CPs
in SDA hemolymph and also containing 108 mmol kg™ trehalose);
(iii) no glass transition was observed in the concentrated proline 978
solution.

During glass transition, the viscosity of the supercooled liquid
increases rapidly as the frequency, strength and lifetime of hydrogen
bonds in a system increases. In dilute systems, most hydrogen bonds
are formed between water molecules, but as the concentration of
solute molecules increases the interactions between water—trehalose
and trehalose—trehalose become more frequent until trehalose
molecules form large hydrogen-bonded clusters that exclude water
(Olgenblum et al., 2020; Weng and Elliott, 2014). The increase in
viscosity slows the molecular dynamics and macromolecules
become trapped in an amorphous hydrogen-bonded matrix, which
probably prevents undesirable transitions such as protein unfolding.
In addition, trehalose can directly form hydrogen bonds with
macromolecules, which probably further increases their stability in
the amorphous glass (Crowe et al., 1998; Olgenblum et al., 2020).
Trehalose molecules involved in glass formation are relative
immobile. Moreover, large proportions of water molecules are
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‘bound’, ie. osmotically inactive in SDA larval hemolymph
(35.5%) or in whole-body C. costata (42%; Rozsypal et al., 2018)
and therefore do not contribute much to trehalose solvation. As a
result, trehalose can even locally reach the solubility limit
(~1.7 mol kg~ according to ALOGPS, http:/www.vcclab.org/
lab/alogps/), partly crystallize and form a eutectic system with ice
crystals. Both crystallization and glass formation would make
trehalose molecules immobile, ie. gradually concentrated in
dehydrated tissues and hemolymph, which we observed.

Proline-rich viscoelastic liquid forms at the boundary
between extracellular ice and dehydrated tissues

In contrast to trehalose, proline does not induce a glass transition
(Liu et al., 2020; Rasmussen et al., 1997) and its solubility in water
is enormous (it may reach over 15 mol kg_l; Held et al., 2014; Qiu
etal., 2019). Nevertheless, physical chemistry shows that proline in
high concentration also extensively hydrogen bonds with water and
together they form a viscoelastic liquid (de Molina et al., 2017,
McLain et al., 2007; Troitzsch et al., 2008). The formation of dense,
viscoelastic liquids is a guiding principle underlying the theory of
NADES systems (Choi et al., 2011). The components in a complex
mixture forming NADES are connected to one another through a
well-organized tridimensional system with optimum interactions via
inter- and intramolecular hydrogen bonding (Dai et al., 2013; Dai
et al., 2015). Through these interactions, NADES systems exhibit
emergent properties: (i) the melting point is deeply suppressed
(usually below —30°C); (ii) ice crystallization is completely (or at
least strongly) inhibited; whereas (iii) the tendency to transition to
amorphous glasses is enhanced (Castro et al., 2018; Liu et al., 2018;
Martins et al., 2019). However, work with NADES has also shown
that the interactions between the NADES components are weakened
with water dilution and even broken with water content exceeding
50% weight, when each component recovers its own specific
properties (Castro et al., 2018; Dai et al., 2015; Durand et al., 2016).
Our artificial CP mixtures have relatively high water content
(between 79 and 99%weight), as do the SDA larval hemolymph
(74.4%weight) and whole larvae (69.3%weight). Using DSC
analysis, we show that these solutions exhibit significant
suppression of the melting point (e.g. to —9.2°C in CP mix 1588,
and to —4.5°C in SDA hemolymph) and significant water-binding
capacity (41.1%0IW in CP mix 1588, and 35.5%0IW in SDA
hemolymph). Both parameters (the decrease in melting point and
the increase in OIW fraction) were linearly dependent on the
osmolality of a solution ( from 0 for water to 1588 mmol kg™! for CP
mix 1588). These results suggest that neither the CP mixes 508 and
1588 nor the SDA hemolymph are ‘deep eutectic systems’ (DES, in
the strict sense of Martins et al., 2019), but regular aqueous solutions
with relatively low transition temperature from liquid to solid phase
[LTTM, in the sense of Durand et al. (2016)].

‘We suggest that a proline-dominated viscoelastic solution with
NADES-like properties may form on a microscale level, locally, in
slowly freeze-dehydrating larvae. As water molecules are
osmotically driven from the gradually dehydrating hemolymph
and tissues and migrate toward the extracellular ice during
extracellular freezing, the highly soluble and relatively mobile
proline molecules could move together with water until they reach
a barrier of ice where they form a thin layer of concentrated
proline, which we observed in MALDI-MSI. Such a viscoelastic
liquid could contribute to the stabilization of deeply frozen
C. costata larvae by forming a rubber-like zone between
extracellular ice crystals and freeze-dehydrated tissues, thus
reducing the thermo-mechanical stresses associated with

temperature fluctuations during immersion in liquid N, and
rewarming (Rubinsky et al., 1980).

Conclusion

Overall, our study reveals the composition of a specific mixture
of putative cryoprotectants accumulated by the freeze-tolerant
larvae of C. costata. We demonstrate in a bioassay that as little as
3 days of exposure to a diet enriched with an artificial mixture
of CPs allows an otherwise freeze-sensitive larva to survive not
only deep freezing but also cryopreservation in liquid N;. The
components of CP mixture act synergistically rather than additively
to improve the freeze tolerance. These findings open avenues for
functional experiments to better understand the mechanisms
underlying cryoprotection and cryopreservation of complex
multicellular organisms. Toward this goal, we demonstrate that
the accumulated CPs suppress the melting point of body water,
increase the fraction of osmotically inactive water and significantly
reduce the ice fraction. During slow extracellular freezing of whole
larvae, trehalose becomes concentrated in the partially dehydrated
hemolymph and tissues and stimulates glass transition, whereas
proline moves to the boundary between extracellular ice and
dehydrated tissues where it probably creates a layer of dense
viscoelastic liquid. We suggest that these mechanisms contribute to
larval extreme freeze tolerance and enable their cryopreservation by
protecting their cells against thermomechanical shocks associated
with freezing and transfers into and out of liquid N.
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Table S1. Tissue metabolomics results.

Table S2. Results of DSC analysis

Table S3. CP mix 508 diet recipe

Table S4. Effect of CP mix 508 diet on larval survival and pupariation time

Table S5. Effect of CP Mix 508 diet on larval metabolite composition

Table S6. Effect of CP mix 508 and Pro 313 diets on LN2 survival (replicates shown
separately)

Click here to download Tables S1-S6
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Fig. S1. Phenotypic/acclimation variants and freeze tolerance bioassay.

(a) Acclimation: Chymomyza costata flies were reared from eggs (time 0) to 3Jarval instars (time 3 weeks) at
constant 18°C under one of two photoperiods: long-day (LD, 16 h light:8 h dark) or short day (SD, 12 h light:12 h
dark). The LD conditions promote direct development from larva to pupa. The LD larvae are freeze sensitive and do
not survive cryopreservation in LN,. The SD conditions induce entry into developmental arrest (diapause). Larvae
reach their final weight aSDAer 6 weeks and are then transferred to constant darkness (DD) and low temperatures
of 11°C followed by 4°C. Cold acclimation induces acquisition of freeze tolerance (phenotype SDA) including the
ability to survive in LN,. (b) Optimal protocols for freezing and LN, cryopreservation according to (Rozsypal etal.,
2018). The protocol consisted of five steps set in a Ministat 240 programmable cryostat (Huber, Offenburg,
Germany). The addition of a small ice crystal at the beginning of step (ii.) induces inoculative internal freezing in
larvae. The SDA-frozen larvae underwent slow pre-freezing to -30°C associated with freeze dehydration of their
tissues.

K-type '
thermocouple \ plastic mold

2 mL of 10% gelatin

cryo-microtome

sectioning
5-6 larvae

/ small ice crystal

moist cellulose

1 mL water

//alluminum stage

Fig. S2. Preparation of SDA-frozen larvae for MALDI-TOF/MS analysis.

SDA larvae were embedded in gelatin in a plastic mold a top a layer of moist cellulose to which a small ice crystal was
added to initiate freezing. The mold had a hole in the bottom (0.5 cm in diameter) to allow ice crystal spreading from the
moist cellulose to the gelatin. The whole setup was placed on an aluminum stage pre-cooled to 0°C in the programmable
thermostat F32-ME (Julabo, Seelbach, Germany) and the optimal freezing protocol (Fig. Alb) was started. As soon as the
temperature inside the gelatin reached -30°C, we immersed the mold into isopentane at -140°C. Using a K-type
thermocouple attached to the PicoLog TC-08 datalogger (Pico technology, St. Neots, UK), we verified that the gelatin
inside plastic mold was inoculated by external ice crystals at relatively mild subzero temperatures of -1°C to -2°C. We also
verified that SDA-frozen larvae survive this treatment and are able to move after re-warming.
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Fig. $3. Metabolomic profiles in C. costata tissues.

Forty-nine target metabolites were quantified in absolute terms using four different MS analytical platforms. Total pools in
four tissues are shown for larvae of two contrasting phenotypes: LD, the non-diapause, warm-acclimated, freeze-sensitive
larvae; SDA, the diapausing, cold-acclimated, extremely freeze-tolerant larvae (see Fig. S1 for further explanation). Each

column isa mean*SD (n =

4 biological replicates, each containing tissues from 30 larvae). Differences between LD and SDA

means were tested with unpaired t-tests corrected for multiple comparison using the Holm-Sidak method with a = 0.01.
Asterisks indicate significantly different means. Bright blue columns highlight five metabolites that are most concentrated in

the SDA hemolymph.
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Fig. S4. Sizes of metabolite pools in C. costata tissues.

The sizes of metabolite pools (see Supplementary Fig. 1) in freeze-sensitive (LD) and freeze-tolerant (SDA) larvae
were compared as Log,-fold differences between tissue and hemolymph pools. The hemolymph pool was set to 1
(i.e. Log, = 0, baseline). A negative Log,-fold difference means that the tissue pool is smaller than the hemolymph
pool (and vice versa).

Notes:

Insect hemolymph it is known to contain relatively high concentrations of various metabolites (Mullins, 1985),
including the insect 'blood sugar' trehalose (Thompson, 2003). Accordingly, the trehalose pool in SDA larval
hemolymph was approximately 16 times larger than the pools in the fat body or midgut, and 64 times larger than
the pool in muscle. Some metabolites predominated in the tissues rather than in the hemolymph. For example,
maltose was found mainly in the midgut, reflecting the digestion of dietary starch to maltose (Applebaum, 1985);
arginine and arginine phosphate were specifically enriched in muscle, reflecting the phosphagen role of arginine
phosphate in insect muscle (Beis and Newsholme, 1975); aspartate and glutamate were prevalent in all tissues,
reflecting their role as central sinks for ammonia groups during the metabolic conversions of amino acids (Champe
and Harvey, 1994); glutathione was also prevalent in tissues due to its central role in cellular redox balance (Sies,
1999). We assume that our MS analysis has probably captured the majority of prominent (most abundant)
metabolites. We base our assumption on the following arguments: (i) the total osmolarity of the SDA hemolymph
is approximately 700 mOsmoI.kg’1 (Rozsypal et al., 2018) of which 554 mmol.L™ is explained by

our MS analysis of 49 metabolites; (ii) the metal cations of the hemolymph (dominated by Na* and K*) occupy
approximately 80 mmol.L™* (Olsson et al., 2016; Stétina et al., 2018); (iii) a similar concentration (70 mmol.L') must
be reserved for anions (represented by CI', HCO3, and proteins, with 10 mmol.L"! excluded to account for the
negatively charged metabolites aspartate, glutamate, TCA intermediates, etc.); (iv) a calculation [700 — 554 — (80 +
70) = -4] suggests that no unexplained 'osmotic gap' remains between the sum of the molar concentrations of the
49 metabolites analyzed and the hemolymph osmolality.
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Proline
vs GPE

Fig. S5. MALDI-MSI of proline colocalized with GIn, Asn, and GPE in a longitudinal section of an SDA larva.
Colocalizations of select signals shown in color mixing code. Colocalizations were observed in hemolymph for
proline (green signal) and three other metabolites: (a) glutamine (red signal); (b) asparagine (red signal); and (c)
and GPE (red signal). Medium denoising (SCIiLS tool) of signal intensities between adjacent pixels of 10x10 um was
performed.

Note:

The amino acids glutamine and proline are predominantly co-localized with proline in the hemolymph (the yellow
colour results from the mixture of the green and red signals). The high intensity GPE signal is present in the
hemolymph and in muscle tissue.
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Proline [M-H']
m/z 114,072 £ 0,017Da

Trehalose [M+CI']
m/z 377,101 £ 0,057Da

ATP [M-H']
m/z 506,017 +0,027Da

Intensity of MALDI-TOF signal [A.U. per pixel]

I @ - l
& s &
() N L3 s X
§FFTESS
S O < 4 NS
S X ¥ ¢ X
& oy & 9
F 9
m/z714.57

putative PE(16:0/18:2) -H*

Fig. S6. Relative quantification of MALDI-TOF signals: method and limitations.

Examples of the tissue-specific intensities of the MALDI-TOF signals for three compounds shown in Fig. 1 (proline,
trehalose, and ATP). For comparison, we show the signal of a putative phospholipid (m/z 714.57). Each coloured
dot in the diagram is the signal intensity per pixel of 10x10 um (expressed in arbitrary units, A.U.). Boxes show the
median, upper, and lower quartiles; whiskers show the 0% and 99% quantiles. Orange data points are those above
the 99% quantile.

Note:

The signal intensities per pixel vary greatly in all tissues. This is at least partly because the MALDI-MSI analysis of
small molecules (smaller than m/z 700) freely dissolved in biological solutions is technically difficult (Fujimura and
Miura, 2014). Diffusion of small metabolites within the tissue during matrix application and other steps of sample
preparation can limit spatial resolution. In general, some analytes may delocalize from their original positions into
adjacent tissues (Fujimura and Miura, 2014). An example of this problem is shown in analysis of the ATP signal,
whose highest intensity is expected in tissues. Although our analysis localizes the ATP mainly in muscle, fat body,
and CNS tissues, a relatively high signal intensity is also detected in hemolymph. As ATP leaks from the tissues into
the hemolymph during sample preparation, the same can happen in reverse with hemolymph-specific metabolites
(such as trehalose). For this reason, the MALDI-MSI is most successfully used for larger molecules such as proteins,
peptides, and lipids, which are less mobile (Tuthill Il et al., 2020). The analysis of the compound with m/z 714.57
(probably phosphatidylethanolamine) is such an example of a larger and less mobile molecule allowing better
tissue resolution.
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Fig. S7.Relative quantification of MALDI-TOF signals in LD larvae.

Results of the MALDI-TOF signal intensity analysis on transversal sections through the middle part of the larva (five
larvae were sectioned). The upper leSDA figure shows the relative proportions of the different tissues on five
sections (each column is a mean + S.D. % of total area). Shown are the signal intensities of five selected putative
CPs plus ATP. Each pointis a mean % S.D of five tissue-median intensities (for explanation, see Fig. S6). The relative
intensities are expressed in arbitrary units, A.U. Differences between means were statistically analyzed using a one-
way ANOVA followed by a Bonferroni's multiple comparison test. Means flanked by different letters (within each
subpanel) are statistically different. GPE, glycerophosphoethanolamine. For details, see Appendice containing all
MALDI-MSI images.
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Fig. $8. Relative quantification of MALDI-TOF signals in SDA larvae. All descriptions as in Fig. S7.
For details, see MALDI-MSI images.
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Fig. S9. Relative quantification of MALDI-TOF signals in SDA-frozen larvae.
All descriptions as in Supplementary Fig. S7 except that six larvae were sectioned in the SDA-frozen group.
For details, see MALDI-MSI images.
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Fig. 510. Analysis of DSC heating curves of trehalose solution (338 mmol.kg") in water, Three technical
replicates of the same solution are shown in different colours. Replicate 1 (green line) is quantified using TA

Universal Analysis 2000 soSDAware as an example. The complete dataset of DSC analysis results can be found in

Table S2.
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Fig. S11. Analysis of DSC heating curves of proline solution (978 mmol.kg'1) in water.
Three technical replicates of the same solution are shown in different colours. Replicate 1 (green line) is quantified
as an example. The complete dataset of DSC analysis results can be found in Table S2.
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Fig. $12. Analysis of DSC heating curves of glutamine solution (172 mmol.kg™) in water. Three technical
replicates of the same solution are shown in different colours. Replicate 1 (green line) is quantified as an example.
The complete dataset of DSC analysis results can be found in Table S2.

{ o
o
-
©
£
—
el
1=
P
|
©
4
e
[}
=
<
(¥
o
3
%]
.
P
o
o
o
(as]
T
-
=
@
£
7=
]
(R
x
L
Y
o
©
=
-
o
[©]
=

62



Journal of Experimental Biology: doi:10.1242/jeb.243934: Supplementary information

Trehalose - M Trehalose - M+6

|3 — 12c

— i
Pl — e

——13C

Sefeligicbebafivlviy

" /\/\\

Fn s N . £ e = = = . = ms = e £g =

Fig. S13. Validation of trehalose m/z peak identity using a Bce experiment.

LD larvae at 17 days of age were fed a **C6-labelled glucose enriched diet (13C, red font) for 24 hours, while the
control group was fed standard diet (12C, blue font). The larvae were then processed for MALDI-MS/TOF analysis as
described in Materials and Methods. The left pair of sections shows the signal of trehalose (M, m/z 337.101), the
right pair of sections shows the signal of the trehalose molecules with one Bc6-labelled glucose incorporated into
its structure (M+6, m/z 383.1).

Notes:
Larvae fed a standard 12C diet show a distinct signal from trehalose (M) in hemolymph and no signal from Bce

labelled trehalose (M+6).

Larvae fed a C6 glucose-enriched diet (13C) show that the signal from M and M+6 are co-localized at exactly the
same positions (mainly in hemolymph).
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Fig. S14. Validation of proline m/z peak identity using a Bce experiment.

LD larvae at 17 days of age were fed 3C6-labelled glucose enriched diet (13C, red font) for 24 hours, while the
control group was fed standard diet (12C, blue font). The larvae were then processed for MALDI-MS/TOF analysis as
described in Materials and Methods. The left pair of sections shows the signal of the proline molecule (M, m/z
114.072), the right pair of sections shows the signal of the proline molecule containing two BC-labelled atoms in its
structure (M+2, m/z 116.1). Only two BC-labelled atoms are transferred from °C6 glucose to the proline structure
as it undergoes glycolysis, TCA, and proline biosynthetic pathways.

Notes:
Larvae fed standard 12C diet show signal of proline (M) in the gut content, hemolymph, and fat body, while the
signal of 3¢6 labelled proline (M+2) is weaker or absent.

Larvae fed *C6 glucose-enriched diet (13C) show the signal of M and M+2 co-localized at the same positions. The
proline (M) signal is very abundant in the gut content of other LD larvae (Fig. S7 and Appendice), as the diet
contains a relatively high concentration of proline (unpublished data).
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Most multicellular organisms are freeze sensitive, but the ability to survive freezing of
the extracellular fluids evolved in several vertebrate ectotherms, some plants, and many
insects. Here, we test the coupled hypotheses that are perpetuated in the literature: that
irreversible denaturation of proteins and loss of biological membrane integrity are two
ultimate molecular mechanisms of freezing injury in freeze-sensitive insects and that sea-
sonally accumulated small cryoprotective molecules (CPs) stabilize proteins and mem-
branes against injury in freeze-tolerant insects. Using the drosophilid fly, Chymomyza
costata, we show that seven different soluble enzymes exhibit no or only partial loss of
activity upon lethal freezing stress applied in vivo to whole freeze-sensitive larvae. In con-
trast, the enzymes lost activity when extracted and frozen in vitro in a diluted buffer
solution. This loss of activity was fully prevented by adding low concentrations of a wide
array of different compounds to the buffer, including C. costata native CPs, other metab-
olites, bovine serum albumin (BSA), and even the biologically inert artificial compounds
HistoDenz and Ficoll. Next, we show that fat body plasma membranes lose integrity
when frozen in vivo in freeze-sensitive but not in freeze-tolerant larvae. Freezing fat body
cells in vitro, however, resulted in loss of membrane integrity in both freeze-sensitive
and freeze-tolerant larvae. Different additives showed widely different capacities to pro-
tect membrane integrity when added to in vitro freezing media. A complete rescue of
membrane integrity in freeze-tolerant larvae was observed with a mixture of proline, tre-

halose, and BSA.

cryopreservation | freeze tolerance | protein stabilization | enzyme activity |
biological membrane integrity

Freezing of the body fluids is lethal for most multicellular organisms, but many plants,
invertebrates, and also a few amphibians and reptiles evolved the capacity to survive inter-
nal ice formation (i.e., freeze tolerance) (1-3). Freeze tolerance is particularly widespread
among insects (4). All freeze-tolerant organisms rely on extracellular ice formation, while
formation of ice inside their cells is (with exceptions) lethal (5). Extracellular ice causes
osmotic outflow of water from cells, which results in cell shrinkage and concentration of
cytosolic solutions (6). Consequently, the freeze-dehydrated cells are exposed to a combi-
nation of mechanical stress, low temperatures, decreasing activity of liquid water, and
increasing levels of protons, metal ions, or other chemical perturbants, which altogether
threaten conformational stability of proteins, lipid bilayers, and other macromolecular
complexes (7).

A widely accepted consensus among environmental physiologists and low-
temperature biologists is that irreversible denaturation of proteins and loss of biological
membrane integrity are two important mechanisms of lethal freezing injury for various
organisms (6, 8-11). Another, almost unanimous agreement exists about the role of
low molecular mass cryoprotective molecules (CPs), such as sugars, polyols, amino
acids, and their derivatives, that are accumulated by naturally freeze-tolerant organisms:
that CPs protect proteins and membranes against freezing injury (1, 12-15). Accord-
ingly, in the insect cold hardiness literature, proteins and membranes are often men-
tioned simultancously as the two most likely targets of cold and freezing injury, and
their stabilization by seasonally accumulated CPs is accepted as a highly plausible
hypothesis (1, 16-19).

CPs are believed to help primarily by affecting the colligative properties of biological
solutions, specifically by increasing osmolarity and thereby reducing the amount of ice
formed at any given subzero temperature, which, in turn, alleviates all mechanical, freeze-
dehydration, and solute concentration stresses (6, 20—23). In addition, various noncolliga-
tive mechanisms of cryoprotection were hypothetically ascribed to insect CPs (1, 16, 23)
and were also supported by indirect experimental evidence (24-26). The noncolligative
mechanisms are theoretically based on noncovalent interactions between water molecules,
destabilizing solutes (perturbants), stabilizing solutes (CPs), and stabilized proteins and
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lipid bilayers [reviewed in (27-29)]. The protective effects of CPs
were empirically demonstrated to occur in numerous in vitro
experiments when isolated proteins or lipid bilayers were exposed
to freezing or other stresses (30-38). It has always been a chal-
lenge, however, to demonstrate that these in vitro—observed stabi-
lizing effects of CPs also participate in cryoprotection in vivo,
during the extracellular freezing of a freeze-tolerant organism.
Here we aim to fill this gap in knowledge by using the droso-
philid fly, Chymomyza costata, as a model.

The larvae of C. costata have two distinct seasonal pheno-
types: active, warm acclimated (in summer) and diapause, cold
acclimated (in winrer) (39). While active larvae are freeze sensi-
tive, diapause larvae belong to the most cold-hardy animals
known; they survive freezing of all osmotically active water in
their body (68% water turned to ice crystals) down to —75°C
and survive even after long-term (18 mo) cryopreservation in
liquid nitrogen (25, 40-43). In our previous work (26), we
identified potential components of the native mixture of CPs
that seasonally accumulate in the hemolymph of diapause larvae
(proline, trehalose, glutamine, asparagine, and betaine, to name
the five most abundant molecules). We described the colligative
effects of accumulated CPs on temperature-driven dynamism of
the water/ice transition (25) and demonstrared the existence of
synergies between effects of different CPs (26).

Here we test the hypothesis that seasonally accumulated CPs
act as noncolligative stabilizers of soluble enzymes and plasma
membranes in C. costata during freezing stress. We show that the
soluble enzymes residing in their native biological solutions are
well protected against freezing injury even in the freeze-sensitive
phenotype and, consequently, do not need additional protection
by seasonally accumulated CPs. In contrast, we found that the fat
body cell plasma membrane is highly sensitive to freezing injury
in both larval phenotypes, but its integrity during freezing stress
is protected by CPs (specifically proline and trehalose) and also
by proteins that seasonally accumulate in the hemolymph of the
frecze-tolerant phenotype.

Results

Freezing Stress Kills Freeze-Sensitive Larvae but Does Not
Inactivate Their Soluble Enzymes. In the first series of experi-
ments, we killed freeze-sensitive C. costata larvae by exposing
them to SLOW inoculative freezing to —30 °C (for a schematic
outline of the experiment, see SI Appendix, Fig. S1A). Immedi-
ately upon thawing, we assessed the postfreezing activities of

select soluble enzymes extracted from different tissues. In these
experiments, enzymes were frozen in vivo, and unfrozen larvae
of the same phenotype served as controls.

Fig. 1 shows enzyme activities for glucose 6-P dehydrogenase
(G6PDH), citrate synthase (CS), and lactate dehydrogenase
(LDH), while those of four additional enzymes are shown in S/
Appz‘ndix, Fig. S2. Lethal freezing stress never caused comple[e
loss of enzyme activity. Sta[is[icaliy signiﬁcant decreases in
activity were observed only in two cases: GOPDH in muscle
(Fig. 1A, decrease by 32%) and amylases and maltases in the
midgut (87 Appendix, Fig. S2C, decrease by 28%). In contrast,
the activity of prophenoloxidase in the hemolymph was stimu-
lated by freezing stress (SI Appendix, Fig. S2A).

In order to demonstrate that C. costata is not exceptional in its
ability to stabilize its soluble enzymes in vivo, we subjected two
other insects to the same slow inoculative freezing as applied to
C. costata larvae: the larvae of the vinegar fly, Drﬂjop/qila mela-
nogaster, and the tbial levator muscle dissected from the femur of
the hind leg of the adult locust, Locusta migratoria. Immediately
after thawing the specimens, we extracted total proteins from mus-
cle tissue and assessed the activity of LDH. The activity was 41%
higher in the muscle of frozen compared to that of control Drosgphila
larvae (SI Appendix, Fig. S3A), while no loss of LDH activity was
observed in frozen muscle of the locust (ST Appendix, Fig. S3B).

Freezing Stress Inactivates Enzymes In Vitro. In a second series
of experiments, we froze the total protein extracts of fat body
or muscle tissue of freeze-sensitive C. costata larvae. The
enzymes in these experiments underwent freezing stress in a
diluted aqueous solution of 20 mM imidazole buffer (i.e.,
in vitro). The protein extracts were divided into aliquots: One
aliquot served as a control (no additive, unfrozen), and the
other aliquots were exposed to freezing stress in the presence of
different concentrations of various additives. We used two
freezing protocols: FAST, which simulates routine laboratory
practice when a protein extract in an Eppendorf tube is simply
moved to a deep freezer set to —75 °C; and SLOW, which sim-
ulates ecologically relevant, slow inoculartive freezing (to com-
pare FAST and SLOW in vitro freezing protocols, see S/
Appendix, Fig S1B). In both FAST and SLOW protocols, we
invariably observed complete (or almost complete) loss of activ-
ity for three different enzymes: G6PDH, CS, and LDH. We
are not presenting these results in an independent figure as this
would only show a difference between 100% enzymatic activity
in unfrozen control versus 0% (or close to 0%) activity in

A Glucose 6-P dehydrogenase B Citrate synthase C Lactate dehydrogenase
fat body muscle fat body muscle muscle
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Fig. 1.

Enzyme activities persist after lethal freezing stress. C. costata larvae of the freeze-sensitive phenotype were killed by freezing to —30°C, while con-

trol larvae were not frozen. The activities of three different enzymes, (4) glucose 6-phosphate dehydrogenase, (B) citrate synthase, and (C) lactate dehydroge-
nase, were measured in total protein extracts of the fat body and muscle tissues dissected from control and frozen larvae right upon melting. Each column
shows the mean + SD of the enzyme activity (n = 3, each replicate represents a pool of tissues from 30 larvae). The enzyme activities in control versus fro-
zen larvae were compared via unpaired, two-tailed t tests (¢ statistics and P values are shown: ns, not significant; *** significant difference; GraphPad Prism

v. 6.07). For examples of other enzymes, see 5/ Appendix, Figs. S2 and S3.
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Enzyme activity is protected by low concentrations of various additives to the in vitro freezing solution. Total protein was extracted from the fat

body tissues of freeze-sensitive C. costata larvae, and the activity of GEBPDH was measured before (control) and after (test) FAST freezing to —75°C (see S/
Appendix, Fig. S1B for protocol). The test aliquots were augmented with different additives: (4) proline, trehalose, HistoDenz, K*, and urea; and (B) BSA and
Ficoll administered at different concentrations (see x axes). Enzyme activity in the unfrozen aliquot (100% active) served as control. Freezing without additive
(concentration = 0) caused complete loss of enzyme activity. Different additives protected the enzyme from loss of activity upon freezing at low concentra-
tions (Pso is a cryoprotective concentration that allows 50% recovery of control, prefreezing activity). K* and urea showed no cryoprotective effects. For other

additives and enzymes, see S/ Appendix, Fig. S5.

frozen extract. Instead, these results are presented as initial
points (concentration of additive = 0 on the x axis) in Figs. 2
and 3 and in related supplementary figures.

Low CP Concentrations Are Sufficient to Protect Activity of
Enzymes Frozen In Vitro. Next, we applied different additives to
20 mM imidazole buffer to assess whether this change in
in vitro freezing solution composition can protect C. costata
enzymes against loss of activity upon freezing stress. We
searched for the additive concentration (Ps,) that ensures 50%
recovery of initial (unfrozen control) enzyme activity after freez-
ing stress. In preliminary experiments, we verified that the incu-
bation of protein extract at 0°C (without freezing) for 1 h,
with or without CP additives, had no or little effect on

GO6PDH activity (SI Appendix, Fig. S4 A and B). The incuba-
tion with potential chemical perturbants was also tested, and a
loss of G6PDH activity was seen only with urea administered
at concentrations higher than 500 mmol/kg (ST Appendix,
Fig. S4C).

We found that very low concentrations of various additives
were sufficient to protect fat body G6PDH from loss of activity
upon FAST in vitro freezing (Fig. 2 and SI Appendix, Fig. S5).
Five components of the C. costata native cryoprotectant
mixture showed P, values ranging from 4.8 mmol/kg (trehalose,
Fig. 24) to 13.9 mmol/kg (asparagine, SI Appendix, Fig. S5A).
The general-use cryoprotectant glycerol (5, 13.1 mmol/kg, S/
Appendix, Fig. S54) and even the biologically inert low-molecular-
weight additive HistoDenz (P5, 9.5 mmol/kg, Fig. 24) showed
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Fig. 3. Slow rate of in vitro freezing and the effect of urea as chemical perturbant. Total protein was extracted from the fat body or muscle tissues of
freeze-sensitive C. costata larvae, and the activities of GGPDH and LDH were measured before (control) and after (test) SLOW inoculative freezing to —30°C
(see SI Appendix, Fig. S1B for the protocol). The test aliquots were augmented with different additives administered at different concentrations (see x axes).
Enzyme activity in the unfrozen aliquot (100% active) served as control. Freezing without additive (concentration = 0) caused complete loss of enzyme activ-
ity. Some additives protected the enzyme from loss of activity upon freezing (Pso is a cryoprotective concentration that allows 50% recovery of control,
prefreezing activity). (A, B) Proline, trehalose, and BSA protected the enzymes from loss of activity at low Psy concentrations. K* and urea showed no cryopro-
tective effects. For other additives, see S/ Appendix, Fig. S6A. (C, D) Glutamine and asparagine showed no or only weak ability to protect the enzymes.
(E) Simultaneous presence of urea (perturbant) and proline (CP) during SLOW freezing resulted in shifting the Psq values for proline toward higher concentra-
tions (for other combinations of CPs and potential chemical perturbants, see S/ Appendix, Fig. S6 B-D).
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similar cryoprotective abilities. The macromolecules BSA (P,
4.1 mg/mL) and Ficoll (biologically inert high-molecular-weight
additive; Psp, 4.0 mg/mL) also protected G6PDH at very low
concentrations (Fig. 2B). In contrast, urea and K" failed to pro-
tect GO6PDH at any concentration assessed (Fig. 24). Despite
being perfect cryoprotectants, neither proline nor Ficoll were able
to protect G6PDH from almost complete loss of activity upon
heat stress (SI Appendix, Fig. S5B).

We conducted similar experiments as described above
(although less extensive) for two other enzymes with basically
similar results: CS extracted from fat body and LDH extracted
from muscle of C. costata larvae lost their activities completely
upon FAST in vitro freezing stress without additives. However,
very low concentrations of proline (Psg, 7.2 and 8.0 mmol/kg),
trehalose (Ps, 7.3 and 4.6 mmol/kg), or bovine serum albumin
(BSA) (P50, 4.9 and 1.5 mg/mL) were sufficient to protect the
CS and LDH, respectively, from loss of activity upon FAST
in vitro freezing (ST Appendix, Fig. S5 Cand D).

Higher CP Concentrations Are Required during Slow Freezing
and Presence of Chemical Perturbants. Next, we exposed
G6PDH and LDH in vitro to a more ecologically relevant,
SLOW inoculative freezing protocol (SI Appendix, Fig S1B). The
Ps concentrations for all protective additives (proline, trehalose,
betaine, glycerol, HistoDenz, BSA, and Ficoll) were invariably
higher in the SLOW than in the FAST protocol. For instance,
45.1 mmol/kg of proline was needed to protect 50% GG6PDH
activity in the SLOW protocol, while only 8.8 mmol/kg was suf-
ficient in the FAST protocol. Urea and K* failed to protect the
GG6PDH from loss of activity (Fig. 3 A and B and SI Appendix,
Fig S6A4). Glutamine and asparagine, though behaving as perfect
cryoprotectants in the FAST protocol, showed only negligible
(G6PDH, Fig. 30) or weak (LDH, Fig. 3D) ability to protect
the enzymes in the SLOW protocol.
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Active Diapause
freeze-sensitive freeze-tolerant

Furthermore, we assessed the capacity of proline and treha-
lose to stabilize G6PDH during SLOW inoculative freezing
stress in the presence of chemical perturbants of enzyme activ-
ity, such as urea and K* (glutamine was also tested as a poten-
tial perturbant, as it failed to protect the enzyme). When high
concentrations of urea (>100 mmol/kg) were present in the
in vitro freezing medium, higher Ps( concentrations of proline
(Fig. 3E) or trehalose (S Appendix, Fig. S6B) were needed to
protect the enzyme from loss of activity than in the absence of
urea. Presence of K™ or glutamine had no effect on proline P,
concentration (SI Appendix, Fig. S6 Cand D). We used differ-
ential scanning calorimetry to measure the ice fraction, which
allowed us to estimate the increase in urea concentration caused
by freezing of osmotically active water in solutions combining
urea plus CPs (proline or trehalose) (SI Appendix, Fig. S7A).
This analysis showed that the cryoprotective effect of CPs
in the presence of urea can be explained partially by decreasing
the freeze concentration of urea and partially by counteracting
the chemical perturbance caused by high concentrations of urea
(see ST Appendisx, Fig. S7 for more details).

Unprotected Plasma Membrane Loses Integrity upon Freezing
Stress Both In Vivo and In Vitro. Using the Trypan blue assay,
we assessed the plasma membrane integrity of C. costata larval
fat body cells exposed to SLOW inoculative freezing stress
either in vivo (whole larvae frozen) or in vitro (the dissected fat
body tissue exposed to freezing in Schneider’s Drosophila
medium) (for a schematic outline of the experiment, see S/
Appendix, Fig. S10). The results for active (freeze-sensitive) ver-
sus diapause (freeze-tolerant) larvae were different. In active lar-
vae, 64% of fat body cells stained blue (indicating that the
plasma membrane lost integrity) after freezing in vivo, and
94% stained blue after freezing in vitro (Fig. 4A4). In diapause
larvae, only 2.6% of fat body cells stained blue after freezing

Active, Frozen in vivo

Active, Control

Fig. 4. The integrity of unprotected fat body cell plasma membrane is compromised by freezing stress. (A) Active, freeze-sensitive and (B) diapause, freeze-
tolerant C. costata larval phenotypes were used for experiments on fat body cell membrane integrity upon SLOW inoculative freezing to —30°C. Unfrozen lar-
vae (gray columns) served as controls. Either whole larvae were exposed to freezing stress (in vivo, blue columns; see S/ Appendix, Fig. S1A for the protocol) or
the dissected fat body tissues were frozen in Schneider's Drosophila medium (in vitro, violet columns; see S/ Appendix, Fig. S1C for the protocol). After rewarm-
ing, fat body cell plasma membrane integrity was assessed via trypan blue assay (cells with compromised membrane integrity stain blue). Each column shows
the mean + SD of blue staining (n = 3 or 11, each replicate represents a pool of 10 larval tissues). The differences in staining proportion were compared via
unpaired, two-tailed t tests (t statistics and P values are shown: ns, not significant; **** significant difference; GraphPad Prism v. 6.07). Examples of staining
patterns in active, freeze-sensitive larvae are shown in (C) control, unfrozen larva, no staining visible; (D) another control, unfrozen larva, one cell nucleus
stained (blue arrow); (£) in vivo frozen larva, all cells stained; and (F) another in vivo frozen larva, most cells stained, but there is an island of unstained cells
(white arrows). The micrographs were taken with an Olympus SZX12 binocular microscope; the 50 pm bar shown in C applies to all four micrographs.
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in vivo, while 95% stained blue after freezing in vitro (Fig. 45).
These results suggest that the hemolymph of diapause larvae con-
tains components necessary and sufficient for protection of the
diapause cell plasma membrane integtity upon freezing stress.

Proline, Trehalose, and BSA Protect Membrane Integrity upon
Freezing Stress In Vitro. Next, we assessed whether different
additives to the Schneider’s medium can protect fat body cell
plasma membranes of freeze-sensitive larvae from loss of integrity
when freezing stress is applied to dissected tissue in vitro. Before
this experiment, we verified that the additives themselves (with-
out freezing stress) do not compromise membrane integrity (57
Appendix, Fig. S84). We found that only two of five tested com-
ponents of the C. costata native cryoprotectant mixture were
partially effective at membrane cryoprotection. Proline decreased
the ratio of blue-stained cells from 94% (control) to 78%,
74%, and 85% when applied at concentrations of 313, 500, and
750 mmo]./kg, rcspectivcly; and trehalose decreased the ratio of
blue-stained cells to 85% and 78% when applied at concentra-
tons of 250 and 500 mmol/kg, respectively (Fig. 5A). Three
other components of the C. costata native cryoprotectant mixture
(glutamine, asparagine, and betaine) were ineffective at mem-
brane protection (87 Appendix, Fig. S8C), as were saccharose,
HistoDenz, and Na* (Fig. 54). Glycerol, which is not natively

accumulated by C. costata larvae, was even more effective in
membrane cryoprotection than proline and trehalose (S/
Appendix, Fig. S8B). The macromolecular additive BSA showed
a cryoprotective effect at concentrations ranging from 25 to
200 mg/mL, while Ficoll was marginally effective only at
the highest concentration applied (200 mg/mL, ANOVA P =
0.0477) (Fig. 5B). The cryoprotective effects of different CPs
applied at the same osmotic concentration (500 mOsmol/kg)
differed drastically (57 Appendix, Fig. S8D), which demonstrates
that the effect is not explained simply by colligative properties of
the augmented Schneider’s medium. Examples of blue staining
for in vitro frozen fat body cells are shown in SI Appendix,
Fig. §9.

Loaking at interactions between CPs, we comparcd the
cryoprotective effects of different CPs applied singly with those
of various mixtures. We prepared an artficial mixture of
five putative CPs (CPmix 508), simulating the physiological con-
centrations of individual components as they were detected in the
hemolymph of the freeze-tolerant C. costata larval phenotype (i.e.,
proline, 313 mmol/kg; trehalose, 108 mmol/kg; glutamine,
55 mmol/kg; asparagine, 26 mmol/kg; and betaine, 6 mmol/kg; in
total 508 mmol/kg). After freezing in the CPmix 508-augmented
Schneider’s medium, the ratio of blue-stained cells decreased
to 68.5% (Fig. 50). The same cryoprotective effect (68.5%),
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Fig. 5. Membrane integrity upon freezing stress is partially protected by high concentrations of proline, trehalose, and BSA. Dissected fat body tissues of
freeze-sensitive C. costata larvae were exposed to freezing stress in vitro in Schneider’s solution augmented with different additives at different concentra-
tions. Control tissues (empty squares in A and B or empty columns in C and D) were exposed to freezing stress without additive, After melting, fat body
cell plasma membrane integrity was assessed via trypan blue assay (see y axes). A and B compare the cryoprotective effects of different concentrations
(see x axes) of different additives (for other additives, see S/ Appendix, Fig. S8 B and (). The concentrations corresponding to physiological levels observed in
the hemolymph of freeze-tolerant larvae are indicated by arrows flanked by numbers (the concentrations). Third-order polynomial curves or dashed lines
are used to visually connect different concentrations of an additive. Panels C and D compare the cryoprotective effects of different additives added singly or
in various mixtures (for other combinations, see S Appendix, Fig. S8 D and E). Additive concentrations are indicated (313, 108, 55, 26, and 6 mmol/kg for CPs;
50, 100, and 160 mg/mL for BSA; 508 mmoal/kg for CPmix of five CPs). Each point or column shows the mean + SD of blue staining in at least two replicates,
while treatments replicated three or more times are indicated by numbers (n = 3-11, each replicate represents mean staining in a pool of 10 larval tissues).
The differences in staining proportions were compared via one-way ANOVA tests followed by Bonferroni’'s multiple comparison tests (GraphPad Prism v. 6.07).
In A and B, additive-augmented media were compared with controls, and statistically significant differences are flanked by asterisks; in C and D, each column
was compared with every other column, and the columns flanked by different letters are statistically different.
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however, was observed for a mixture combining just two major
CPs: proline (313 mmol/kg) and trehalose (108 mmol/kg).
Comparing these results to the cryoprotective effects of differ-
ent CPs applied singly, we can conclude that proline was the
only component that significantly decreased the ratio of blue-
stained cells when applied at its physiological concentration
corresponding to freeze-tolerant hemolymph, and there was a
synergism between proline and trehalose in their cryoprotec-
tive effects (simple addition of the individual effects of two
components does not explain the cryoprotective effect
observed in their mixture) (Fig. 5C). We further confirmed
the synergism between proline and trehalose by removing indi-
vidual components from the CPmix 508 one by one. Remov-
ing glutamine, asparagine, or betaine had practically no impact
on the cryoprotective effect of the reduced CPmix. Removing
proline or trehalose, however, significantly decreased the cryo-
protective effect of the reduced CP mix (S/ Appendix, Fig.
S8E). We can also conclude that when the CPmix 508 was
combined with BSA at different concentrations, no synergy
was achieved, but a weak, statistically insignificant additive
effect was observed (Fig. 5D).

Complete Rescue of Membrane Integrity by CPs and BSA in
Freeze-Tolerant Larvae. Experiments described in the preceding
section show that fat body cell membranes of freeze-sensitive lar-
vac are only partially protected by CPs against loss of integrity
during freezing stress. Now, we move to fat body cell mem-
branes of freeze-tolerant larvae, which also lose integrity when
the tissue is frozen in plain Schneider’s medium in vitro (Fig. 48
and S Appendix, Fig. S8F). The CPs proline or trehalose, when
added singly to Schneider's medium at their respective physio-
logical concentrations, reduced the blue staining in freeze-
tolerant phenotype cells significantly from 95% to 66% or 73%,
respectively. An additive effect, or a weak synergism, was
observed for a mixture of proline and trehalose (reduction of
staining to 31%), which was practicaﬂy the same cryoprotective
effect as observed for the complete CPmix 508 (reduction of
staining to 33%). BSA appeared to be a highly potent cryopro-
tective agent as it reduced staining to 10% when applied at a
physiological concentration (corresponding to the total hemo-
lymph protein concentration of 160 mg/mL). We achieved a
complete rescue of plasma membrane integrity upon freezing
stress (reduction of staining below 3%) when a mixture of pro-
line, trehalose, and BSA was added to freeze-tolerant phenotype
cells incubated in Schneider’s medium (87 Appendix, Fig. S8F).

Discussion

Here we provide an experimental test of the widely accepted
hypothesis that sces irreversible protein denaturation and loss of
integrity of biological membranes as the two most important
molecular mechanisms of freezing injury in freeze-sensitive
insects, while freeze-tolerant insects are hypothesized to prevent
this injury by using accumulated cryoprotective solutes [(1,
16-18); for exact quotations, see SI Appendix, SI Discussion).
We believe that the high sensitivity of enzymes exposed to
freezing stress in vitro might be the major source of misinter-
pretation and discrepancy between hypothesis and empirical
results.

Insect Soluble Enzymes In Vivo Are Probably Not the Primary
Targets of Freezing Injury and Do Not Need Protection by
Accumulated CPs. To our best knowledge, the insect cold har-
diness literature describes only a single direct experiment on
insect enzyme activity measured before and after freezing stress:
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citrate synthase in the fat body cells of lethally frozen C. costata
larvae, which was nor inacrivated (44). This isolated observa-
tion prompted us to extend the assays on in vivo freeze inacti-
vation or stability to other insect enzymes. Here, we show that
seven different soluble enzymes representing various biological
solutions (hcmolymph, alimcntary canal, extracellular matrix,
cytosol, and mitochondrial matrix of muscle and fat body cells)
were not inactivated during organismally lethal freezing stress
in C. costata, and verified this lack of inactivation for LDH in
two other freeze-sensitive insect species (i.e., insects not pro-
tected by any accumulated CPs).

Soluble Enzymes Are Prone to Loss of Activity upon Freezing
In Vitro in a Dilute Aqueous Solution. We observed complete
loss of G6PDH, LDH, and CS activities in C. costata larvae
when these enzymes were frozen in vitro in tissue extracts diluted
in 20 mM imidazole buffer. This observation is in agreement
with the rich literature on vertebrate (30, 36, 45) and insect
enzymes (35). Our experiments, however, show that the loss of
enzyme activity is preventable if low concentrations of various
CPs and other microsolutes (including the artificial compound
HistoDenz) are added to the freezing medium; concentrations as
low as a few mM were sufficient to perfectly protect the enzymes
from loss of activity upon freezing. This protective effect also
agrees with an earlier study by Storey et al. (35), who found
almost exactly the same low Psy values (7-25 mM) for a range
of sugars, polyols, and amino acids protecting G6PDH from
freeze inactivation in a fly (Eurosta solidaginis), a moth (Epiblema
seudderiana), and yeast. Such low concentrations of various
microsolutes (regular metabolites), however, occur in almost
every organism or cell type, which may help to explain why the
enzymes of freeze-sensitive insects “survived” organismally lethal
freezing in vivo. In addition to various microsolutes, the native
biological solutions contain macromolecules at total concentra-
tions in a range of 50400 mg/mL (46). Here we observed that
macromolecules (BSA or Ficoll) added into the in vitro freezing
medium at concentrations as low as 440 mg/mL were sufficient
to perfectly protect the insect enzymes from loss of activity
upon freezing.

Compared to insect enzymes, higher concentrations of CP
microsolutes (in the range of hundreds of mM) were needed to
protect purified mammalian enzymes from loss of activity upon
in vitro freezing (30, 45). However, even the mammalian
enzymes were well protected by very low concentrations (in a
range of 0.02-0.25 mg/mL) of macromolecular compounds
such as palyethylene glycol or BSA or by an increase in the con-
centration of the enzyme itself (self-protection) (30, 45). Other
vertebrate enzymes were observed to survive the freeze—thaw
cycle when frozen in situ, inside the tissue, such as succinate
dehydrogenase and cytochrome oxidase in rat heart (47) or sar-
coplasmic ATPase and aldolase in fish meat, which lost activity
significantly only upon prolonged frozen storage (48, 49).

All of these results point to an important difference between
typical enzymatic assays conducted at low enzyme concentra-
dons in dilute in vitro solutions, and assays performed either
in vivo or under conditions simulating “molecular crowding,”
which is a hallmark of all living matter (46). Thus, microsolutes
and macromolecules ubiquitous in biological solutions of all
organisms may be sufficient to stabilize various soluble enzymes
during freezing stress. The microsolutes probably act via the
mechanism of “preferential exclusion” suggested by Timasheff
and colleagues [reviewed in (27-29)], while macromolecules,
either natural (such as BSA) or synthetic (such as Ficoll), may
stabilize the compact native state of enzymes via the mechanism
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of nonspecific steric repulsion (“excluded volume effect”),
which is caused by mutual impenetrability of solute molecules
(50, 51).

Collectively, we suggest that soluble enzymes in insects are
sufficiently protected against loss of activity when frozen in
their native biochemical environment, a biological solution that
is crowded by various microsolutes and macromolecules. Of
course, this statement is open to scientific falsification as we
can hardly exclude that some other enzymes, not included in
this study, are more sensitive to freezing stress. Moreover, there
are several reasons for caution when extending the validity of
our hypothesis from soluble enzymes to all proteins. We cor-
roborate these reasons in the S7 Appendix, Do Proteins in
General Need Stabilization by CPs during Freezing Stresst

Plasma Membranes Need Protection by CPs and Proteins to
Maintain Integrity during Freezing Stress. In agreement with
the widely accepted hypothesis on molecular mechanisms of
freezing injury, here we confirmed experimentally that fat body
plasma membranes of the freeze-sensitive C. costata larval phe-
notype lose their barrier function upon in vivo lethal freezing
stress, while almost no loss of membrane integrity is observed
in the freeze-tolerant phenotype. The plasma membrane is con-
sidered a primary target of cold and freezing injury also in
plants (11) and mammalian cells (6, 52).

One salient observation of this work points to the hemo-
lymph of freeze-tolerant C. costata larvae, which apparently
contains components both necessary and sufficient for protec-
tion of the plasma membrane integrity upon freezing stress. In
an earlier study (26) we identified the micromolecular compo-
nents of the freeze-tolerant phenotype hemolymph, and in this
study, we tested their cryoprotective abilities in combination
with macromolecular BSA. A combination of three additives to
Schneider’s medium (proline, trehalose, and BSA) appeared
sufficient to completely rescue membrane integrity upon freez-
ing stress applied in vitro to fat body cells of freeze-tolerant lar-
vae (reducing the incidence of freezing injury from 95 to 3% of
cells). The same three additives were also effective in partially
reducing the freezing injury (from 94 to 64-68%) in freeze-
sensitive phenotype cells. These results point to the existence of
an interactive effect between cell phenotype and the composi-
tion of the freezing medium on membrane integrity. What
exactly is driving this interaction is currently unclear, although
acclimation-linked restructuring of the lipid composition of the
cell membrane could play an important role (53).

Of the three additives (proline, trehalose, and BSA), BSA was
the most effective in membrane cryoprotection for both freeze-
sensitive and freeze-tolerant phenotypes. We used BSA to simu-
late high concentrations of serum proteins accumulated by many
insects late in their larval ontogeny (before metamorphosis)
(54-56). Also, C. costata larvae in the late third instar (used in
this study) show high concentrations of serum proteins and, con-
sequently, total proteins in the hemolymph: 100 and 160 mg/mL
for freeze-sensitive and -tolerant phenotypes, respectively. BSA
and other membrane-nonpermeable compounds such as saccha-
rose, Ficoll, polyethylene glycol, and hydroxyethyl starch are
often added to cryopreservation solutions for mammalian sperm
(57), whete they probably help to maintain membrane integrity
indirectly by affecting thermal transitions in the extracellular
medium (including kinetics of growth and morphology of ice
crystals and glass transition temperatures) (58, 59), or by reduc-
ing the membrane lipid peroxidation by reactive oxygen species
(60). The exact mechanism behind the high effectiveness of BSA
as C. costatd's membrane integrity protectant remains unknown,
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however. Other two-cell-membrane nonpermeable compounds
(saccharose and Ficoll) showed no or negligible cryoprotective
effects toward C. costata fac body cell membranes. Additional
research is required to determine how plasma membrane per-
meability for different additives impacts their effectiveness as
cryoprotectants.

Our functional assays further corroborate results of eatlier stud-
ies where insect fat body cells were exposed to freezing in vitro
and the integrity of their plasma membrane was then checked
with vital dyes. Fat body cells of the larvae of E. solidaginis were
frozen to —25 °C in Grace’s insect medium, and augmentation of
that medium with 1 M glycerol increased the proportion of cells
with intact plasma membrane from less than 20% t 80% (61).
Also, fat body cells of the cricket G;j/l[uj veletis were frozen to
—12°C (warm-acclimated crickets) or —16°C (cold-acclimated
crickets) in Grace’s medium, plain or augmented with different
CPs; the augmentations with myo-inositol, trehalose, and glycerol
significantly increased the proportions of cells that survived freez-
ing with intact plasma membrane (24). The later study also sug-
gested that individual CPs differentially impact survival in the
frozen state, are not interchangeable, and probably function non-
colligatively in insect freeze tolerance. As in the present study, no
CP or combination of CPs was sufficient to confer high freeze
tolerance to cells of warm-acclimated crickets, whereas in cold-
acclimated crickets the proportion of cells with intact membranes
after freezing stress increased to ~75% after the combination of
myo-inositol plus trehalose or glycerol alone was added (24).

Collectively, both the literature and our results provide com-
pelling evidence that the loss of cell membrane integrity often
occurs in different freeze-sensitive organisms or cells exposed to
freezing stress. Here we contribute evidence that accumulated
CPs and proteins can stabilize the cell membrane during freez-
ing stress in vivo. Although the loss of cell membrane integrity
is considered almost synonymous with the loss of cell viabi]iry,
we argue that the downstream effects of the loss of cell mem-
brane integrity merit further study in order to make an unam-
biguous causal connection to cell and organismal death. Taken
from the opposite perspective, the fact that the CP-protected
cell can retain an intact plasma membrane during freezing stress
does not nscessarily mean that this cell is viable; rather, it needs
rigorous further examination.

Conclusions

We have experimentally attested the roles of seasonally accumu-
lated small CPs in the stabilization of insect enzymes and mem-
branes during freezing stress. Our results confirm the hypothesis
that the CPs protect, at least partially, the plasma cell membranes
against the loss of integrity. In addition, accumulated hemolymph
proteins also appear to support membrane integrity. In contrast,
our results do not support the hypothesis that the stability of
insect soluble enzymes would be endangered by freezing stress.
Although the enzymes are highly sensitive to freezing stress in
diluted aqueous solutions in vitro, they show high stabiliry when
exposed to freezing in vivo, that is, in their native biological solu-
tons crowded by different microsolutes and macromolecules.

Materials and Methods

For a more detailed description of the materials and methods, see SI Appendix,
SI Methods.

Insects. Two phenotypic variants of C. costata larvae were generated according
to our earlier acclimation protocols (26): active, warm-acclimated larvae and
diapause, cold-acclimated larvae. The active larvae have limited survival after
freezing stress (none survive when frozen below —10°C), while practically all
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diapause larvae survive freezing to —75°C, and 42.5% survive and metamor-
phose into fit adults even after 18 mo of cryopreservation in LN, (25). Because
we focused on the nature of damage caused by freezing stress, we used active,
freeze-sensitive larvae for most experiments. Diapause, freeze-tolerant larvae were
used for the experiments on plasma membrane integrity upon freezing stress.

General Outline of Experiments. The general rationale of all experiments
was to expose either whole active, freeze-sensitive larvae (in vivo), or their dis-
sected tissues (in vitro), or protein extracts from their tissues (in vitro) to lethal
freezing stress of —30°C and, upon melting, assess whether their soluble
enzymes lost activity, whether the plasma membranes of their fat body cell lost
integrity, and whether these losses of activity or integrity can be prevented by
different additives in the freezing medium. The general outline of all experi-
ments is presented in S/ Appendix, Fig. 51.

Enzyme Activity and Plasma Cell Membrane Integrity Assays. The activi-
ties of seven different enzymes were measured (as specified in S/ Appendix, SI
Methods) before and after the freezing stress. Similarly, plasma membrane integ-
rity before and after the freezing stress was assessed with trypan blue dye, which
stains the interior of cells with compromised membrane barrier function. The
in vitro experiments allowed us to manipulate the composition of the freezing
medium. For enzyme assays, 20 mM imidazole was used as the base in vitro
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freezing medium, while Schneider's Drosophila medium (Biosera, Nuaillé, France)
was used for in vitro incubation and freezing of dissected tissues. The freezing
media were augmented by additives in different concentrations. We sought to
find the additives, their combinations, and their effective concentrations, which
either significantly protected the enzyme from loss of activity, or reduced the pro-
portion of cells with compromised cell membrane integrity (staining blue), during
the freezing stress. The additives included the components of native cryoprotective
mixture accumulated in the diapause, freezetolerant C. costata laval phenotype
(i.e,, proline, trehalose, glutamine, asparagine, and betaine) (26); other additives
widely used in cryobiology practice (i.e., glycerol and saccharose); inorganic salts
NaCl and KCI; BSA; and biologically inert compounds HistoDenz (with high molec-
ular weight of 70,000 g/mol) and Ficoll (with low molecular weight of 821 g/mol).
In addition, urea was used as a chemical perturbant of native protein structure in
some experiments (see S/ Appendiix, Table S1 for complete list of additives).

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.

ACKNOWLEDGMENTS. We thank Irena Vackova and Jaroslava Korbelova for
maintenance of insect colonies. This study was supported by Grantova Agentura
Ceské Republiky Grant No. 19-13381S to V.K.

31. T Arakawa, S. N. Timasheff, Stabilization of protein structure by sugars. Biachemistry 21,
6536-6544 (1982).

T.J. Anchordoguy, A. S. Rudolph, J. F. Carpenter, J. H. Crowe, Modes of interaction of
cryoprotectants with membrane phospholipids during freezing. Cryobiology 24, 324-331
(1987).

L. M. Crowe, R. Mouradian, J. H. Crowe, S. A. Jackson, C. Womersley, Effects of carbohydrates on
membrane stability at low water activities. Biochim. Biophys. Acta 769, 141-150 (1984).

T. Arakawa, S. N. Timasheff, The stabilization of proteins by osmolytes. Biophys. J. 47, 411-414
(1985).

K. B. Storey, D. Keefe, L. Kourtz, J. M. Storey, Glucose-6-phosphate dehydrogenase in cold hardy
insects: Kinetic properties, freezing stabilization, and control of hexose monophosphate shunt
activity. Insect Biochem. 21, 157-164 (1991).

K. Lippert, E. A. Galinski, Enzyme stabilization be ectoine-type compatible solutes: Protection
against heating, freezing and drying. Appl. Microbiol. Biotechnol. 37, 61-65 (1992).

C.H. Fabrie, B. de Kruijff, J. de Gier, Protection by sugars against phase transition-induced leak in
hydrated dimyristoylphosphatidylcholine lip Biochim. Biophys. Acta 1024, 380-384
(1990)

A.S. Rudalph, J. H. Crowe, L. M. Crowe, Effects of three stabilizing agents-proline, betaine, and
trehalose-on membrane phospholipids. Arch. Biochem. Biophys. 245, 134-143 (1986)

V. Kostal, M. Mollaei, K. Schottner, Diapause induction as an interplay between seasonal token
stimuli, and modifying and directly limiting factors: Hibernation in Chymomyza costata. Physiol.
Entomol. 41, 344-357 (2016).

1. Moon, S. Fujikawa, K. Shimada, Cryop of larvae (Diptera: D
at-196°C with extracellular freezing. Cryo Lett. 17, 105-110(1996).

K. Shimada, A. Rithimaa, Cold acclimation, inoculative freezing and slow cooling: Essential factors
contributing to the freezing-tolerance in diapausing larvae of Chymemyza costata (Diptera:
Drosophilidae). Cryo Lett. 9, 5-10 (1988).

V. Kostal, H. Zahradnickova, P. Simek, Hyperprolinemic larvae of the drosophilid fly, Chymomyza
costata, survive cryopreservation in liquid nitrogen. Proc. Natl. Acad. Sci. U.S.A. 108, 13041-13046
(2017).

L. E. Des Marteaus, P. Hila, V. Ko3tdl, Transcriptional analysis of insect extreme freeze tolerance.
Proc. Biol, Sci. 286, 20192019 (2019).

T. Stétina, L. E. Des Marteaux, V. Kostal, Insect mitechondria as targets of freezing-induced injury.
Proc. Biol. Sci. 287, 20201273 (2020).

T. Tamiya et al,, Freeze denaturation of enzymes and its prevention with additives. Cryobiology 22,
446-456 (1985).

N. A. Chebotareva, B. I. Kurganov, N. B. Livanava, Biochemical effects of molecular crowding.
B/ochemis!ry (Mosc.) 69, 1239-1257 (2004)

R. Hart, L. J. Ramazzotto, R. Engstrom, Cryoprotection of some rat heart enzymes. Cryobiology 9,
461-464(1972).

H. Yamanaka, I. M. Mackie, Changes in activity of a sarcoplasmic adenosinetriphosphatase during
iced-storage and frozen-storage of cod. Bull. Jpn. Soc. Sci. Fish. 37,1105 (1971).

J. Connell, Changes in aldolase activity in cod and haddock during frozen storage. J. Food Sci. 31,
313-316 (1966).

A.P. Minton, Implications of macromolecular crowding for protein assembly. Curr. Opin. Struct
Biol. 10, 34-39 (2000).

E. Fiorini, R. Borner, R. K. Sigel, Mimicking the in vivo environment-The effect of

crowding on RNA and biomacremolecular folding and activity. Chimia (Aarau) 69, 207-212
(2015).

E. Z. Drobnis et al., Cold shock damage is due to lipid phase transitions in cell membranes:

A demonstration using sperm as a model. J. Exp. Zool. 265, 432-437 (1993).

V. Kostal, P. Berkova, P. Simek, Remodelling of membrane phospholipids during transition to
diapause and cold-acclimation in the larvae of Chymomyza costata (Drosophilidae). Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 135, 407-419 (2003).

D. Powell, J. D. Sato, H. W. Brock, D. B. Roberts, Regulation of synthesis of the larval serum
proteins of Drosophila melanogaster. Dev. Biol. 102, 206-215(1984).

W. H. Telfer, J. G. Kunkel, The function and evolution of insect storage hexamers. Annu. Rev.
Entomol. 36, 205-228 (1991).

32.

33

34

35.

36.

37

38,

39.

2

ohilidac)

4

42,

4.
4.
5
4.
47.
4.
49,
50,

51

52.

53.

54

55

pnas.org



56.

57

58. H. Oldenhof et al., Osmotic stress and membrane phase changes during freezing of stallion sperm:

. M. Moos et al., Cryoprotective metabolites are sourced from both extemal diet and internal
macromolecular reserves during metabolic reprogramming for freeze tolerance in drosophilid fly,
Chymoemyza costata. Metabolites 12, 163 (2022).

M. Hidalgo et al,, Concentrations of non-permeable cryoprotectants and equilibration temperatures
are key factors for stallion sperm vitrification success. Anim. Reprod. Sci. 196, 91-98 (2018).

Mode of action of cryoprotective agents. Biol. Reprod. 88, 68 (2013).

PNAS 2022 Vol. 119 No.41 2211744119

59.

60.

41

75

K. Homberger, R. Li, A. R. C. Duarte, A. Hubel, Natural deep eutectic systems for nature-inspired
aryopresenvation of cells. AIChE J. 67, €17085 (2021),

E. Cabrita, L. Anel, M. P. Heraéz, Effect of external cryoprotectants as membrane stabilizers on
aryopreserved rainbow trout sperm. Theriogenology 56, 623-635 (2001).

R. E. Lee, J. J. McGrath, R. T. Morason, R. M. Taddeo, Survival of intracellular freezing, lipid
coalescence and osmotic fragility in fat bady cells of the freeze-tolerant gall fly Eurosta solidaginis.
J. Insect Physiol. 39, 445-450 (1993).

https://doi.org/10.1073/pnas.2211744119 9 of 9



On stabilization of insect cell membranes and soluble enzymes by
accumulated cryoprotectants during freezing stress.

Grgac R., Rozsypal J., Des Marteaux L., Stdtina T., Ko&tal V.

Supplementary Information

SI Supplementary Methods

Rearing and acclimation of experimental insects

A colony of C. costata, Sapporo strain (1), was reared on artificial diet in MIR 154
incubators (Sanyo Electric, Osaka, Japan) as described previously (2). Two phenotypic
variants were generated according to our earlier acclimation protocols (3): (i) active, warm-
acclimated, freeze-sensitive larvae (abbreviated as LD in earlier papers); (ii) diapause, cold-
acclimated, freeze-tolerant larvae (abbreviated as SDA in earlier papers). Briefly, the active
larvae were reared from eggs to 3™ larval instars (age of three weeks) at 18°C under long-day
photoperiod (16h light:8h dark), which allows direct non-diapause development to pupa and
adult. The diapause larvae were reared until age of six weeks at 18°C under short-day
photoperiod (12h light:12h dark) — which induces larval diapause — and were then transferred
to constant darkness and progressively cold acclimated over five weeks (one week at 11°C,
followed by four weeks at 4°C).

The active larvae of C. costata have limited survival after freezing stress (35% survive slow
inoculative freezing to -5°C, 10% survive to -10°C, and none survive freezing to -20°C or
below). In contrast, practically all diapause larvae survive freezing to -30°C or even -75°C,
and 42.5% survive and metamorphose into fit adults after 18 months of cryopreservation in
N3 (4). Because we focus on the nature of damage caused by freezing stress, the freeze-
sensitive, active larvae were used for most experiments. Diapause larvae were used for the
experiments on integrity of plasma membrane upon freezing stress.

For supplementary experiments, we used larvae of the vinegar fly, Drososphila melanogaster
(Oregon R strain) and adult locusts, Locusta migratoria from insect cultures routinely
maintained at the Biology Centre CAS, Ceské Budgjovice, Czech Republic. The vinegar flies
were reared at constant 18°C, while locusts were maintained at constant 30°C; both species
kept under a photoperiodic regime of 12h light:12h dark. Both species represented warm-
adapted and warm-acclimated animals with relatively low cold tolerance, killed by chilling to
temperatures around 0°C for minutes or hours (i.e. without freezing) (5, 6).

General outline of experiments
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The general outline of all experiments is presented in Fig. S1. The experiments were performed
in two different ways: in vivo and in vitro.
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Fig. S1: The schematic outline of experiments.

(a) Experiments in vivo. Whole larvae of the freeze-sensitive phenotype of Chymomyza costata were exposed to
lethal slow inoculative freezing to -30°C using the protocol described earlier (4). Unfrozen larvae served as controls.
Upon melting, (i) different larval tissues were rapidly dissected and crude total proteins were extracted, which
served as source for analysis of enzyme activities, or (ii) whole 'intestine blobs' with attached fat body were rapidly
dissected, incubated in Trypan Blue stain, and membrane integrity was assessed. For more explanations, see text
(section In vivo experiments).

(b) Enzyme activities in vitro. The fat body or muscle tissues were dissected from freeze-sensitive larvae and total
proteins were extracted in 20 mM imidazole buffer, pH 7.2. The extract was aliquoted and the aliquots were
exposed to freezing in the absence or presence of different additives. One aliquot served as control — no additive
and not frozen. Enzyme activities were measured upon melting. We used two different freezing protocols: (i) FAST
freezing to -75°C and (ii) SLOW inoculative freezing to -30°C (the same protocol as used for whole larvae in the in
vivo experiments). Example temperature courses in the FAST and SLOW protocols are shown in blue frames for
plain buffer (20 mM imidazole), buffer augmented with proline (20 mmoI.kg'l), and buffer augmented with BSA
(200 mg.mL'l). The records were obtained using K-type thermocouples attached to a PicoLog TC-08 datalogger (Pico
Technology, St. Neots, UK). Note that additives had a relatively small influence on the temperature course and that
the durations of freeze-exotherms were longer in the SLOW than in the FAST protocol (blue arrows in the insets).
For more explanations, see text (section: In vitro enzyme activity assays).
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Fig. S1 - continued: The schematic outline of experiments.

(c) Membrane integrity in vitro. The 'intestine blobs' were dissected from larvae of the freeze-sensitive or freeze-
tolerant phenotypes of Chymomyza costata and pre-incubated for 1h in Schneider's medium in the absence or
presence of different additives. Next, the intestines were exposed to SLOW inoculative freezing to -30°C (same
protocol as used for whole larvae in the in vivo experiments). Upon melting, the additives were washed out and the
intestines were incubated in Trypan Blue solution. Next, the fat body tissues were gently separated from 'intestine
blobs', observed under binocular microscope, and the proportion of blue-stained cells was estimated. The
examples of temperature courses during SLOW freezing are shown in the blue frame for plain Schneider's medium,
and for Schneider's medium augmented by CPmix 508 (a mixture of C. costata native cryoprotectants at
concentrations corresponding to that in the hemolymph of freeze-tolerant larvae, sum concentration of 508
mmol.kg’l), proline (300 mmol.kg™), or glycerol (1,000 mmol.kg'l). Temperature was recorded using K-type
thermocouples attached to PicoLog TC-08 datalogger (Pico technology, St. Neots, UK). Note that additives had a
relatively small influence on the temperature course and that the durations of freeze-exotherms were
approximately 20-25 min. For more explanations, see text (section: In vitro membrane integrity assays).
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Table S1: The list of additives

Additi Sigma-Aldrich product Concentration in Amount in mg added to 1 mL of
ve Name Number mw. Medium plain medium plain medium to produce given
[mg/mL) * concentration **
gpdmlv: 0 115 100 mmol.kg™
Proline L-Proline P0O380 115.13 iicazole
Schneider's 1.70 9.8 100 mmol.kg™
20 mM 1
- 0 37.8 100 mmol.kg
Trehalose D(:)ihT r;:’:t';"e T9449 378.33 imidazole
v Schneider's 20 35.8 100 mmol.kg'1
) 2pdm|v|| 0 14.6 100 mmol.kg™
Glutamine L-Glutamine G3126 146.14 imidazote
Schneider's 1.8 12.8 100 mmol.kg'1
.29;”"1 0 13.2 100 mmol.kg™
Asparagine L-Asparagine A0884 132.12 imidazole
Schneider's 0 13.2 100 mmol.kg™
,29dm'vl' 0 11.7 100 mmol.kg™
Betaine Betaine 61962 117.15 iicazole
Schneider's 0 11.7 100 mmol.kg™
Glycerol Glycerol 65516 92.00 20 mM 0 9.2 100 mmol.kg™
imidazole
Saccharose Sucrose 51888 34230 Schneider's 0 34.2 100 mmol.kg'1
.ZF]dmIVII 0 821 100 mmol.kg™
Histodenz Histodenz 102158 821.14 Imidazole
Schneider's 0 82.1 100 mmol.kg™
Urea Urea Us378 60.06 290l 0 6.0 100 mmol.kg™
imidazole
K Potassium P5405 74.56 20mM 0 75 100 mmol.kg™
chloride imidazole
Na* Sodium o 1.14 (Na") 4
chloride $5886 58.44 Schneider's £ 1.16 2.87 (Nacl) 100 mmol.kg
20 mM a
. Lo 0o 100.0 100 mg.mL
BSA Bovine Serum A7030 66430 imidazole
Albumin . N
Schneider's $ o] 100.0 100 mg.mL
.ripd;n';'e 0 100.0 100 mg.mL™
Ficoll Ficoll PM 70 F2878 ca. 70 000 DL
Schneider's 0 100.0 100 mg.mL™

* no 'additives' were present in 20 mM imidazole buffer, while some 'additives' are presentin the Schneider's
Drosophila medium and those were taken into account when preparing the augmented media. The
concentration data are according to Biosera formulation of 21/07/2017.

** this is an example showing amounts of additives used to prepare augmented imidazole buffer (for Enzyme
experiments) or Schneider's medium (for Membrane experiments) of a given concentration. For simplicity, we
considered the mass of 1 mL of 20 mM imidazole or 1 mL of Schneider's medium to be 1 g.

£ the sodium ion (Na+) is presentin the Schneider's medium in three forms (NaCl, NaHCOs;, and Na,HPQ,), which in
sum contribute 1.16 mg of sodium ion per mL. We used NaCl to augment the Schneiders's medium by sodium
ions.

S the Schneider's solution contains yeast extract (2 g.L’l) which contributes some additional protein (not taken into
account).
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In vivo experiments

In the in vivo experiments (Fig. S1a), whole larvae were exposed to slow inoculative freezing to -
30°C using the protocol described earlier (4). The protocol consisted of five steps set in a
Ministat 240 programmable cryostat (Huber, Offenburg, Germany): (i) 20 min of larval
manipulation at 0°C (washing larvae out of the diet, dividing into groups of 20 specimens, and
placing them into 3 mL plastic tubes between two layers of moist cellulose); (ii) slow pre-
freezing to -30°C (with a small ice crystal added on top of the moist cellulose) for 300 min
(cooling rate, 0.1°C min ); (iii) keeping larvae at -30°C for 60 min,; (iv) heating from -30°C to
+5°C over 60 min (heating rate, 0.6°C min"'); and (v) melting at constant +5°C for 10 min.
Adding a small ice crystal at the beginning of step (ii) induces inoculative internal freezing in
larvae, which starts between -1 and -2°C, the formation of ice fraction (76% of total body water
is freezable in active larvae) is completed at -5.9°C (i.e. takes approximately 59 min) (4).
Unfrozen larvae served as controls. Upon melting (end of step v): either different tissues of larvae
were rapidly dissected, crude total proteins were extracted (which served as source for analysis of
enzyme activities), or 'intestine blobs' were rapidly dissected, incubated in Trypan Blue stain, and
fat body plasma membrane integrity was assessed. The enzyme activity and membrane integrity
assays are described later in the text.

In vitro enzyme activity assays

To conduct in vitro assays of enzyme activities (Fig. S1b), fat body or muscle tissues were
rapidly dissected (ca. 30 sec per one larva) from 30 freeze-sensitive larvae and pooled in 1,200
pL ofice cold 20 mM imidazole buffer, pH 7.2. Extracting 30 tissues in 1200 uL of buffer, we
estimate that the tissue solutions were diluted approximately 200-fold, which means that they
could contribute an additional 2.3 mOsm concentration of tissue solutes to the sample [the larval
hemolymph has an osmotic concentration of 465 mOsm according to (7)].

The pools of dissected tissues were homogenized for 6 x 3 sec using X120 homogenizer with
metal blades (CAT, Germany), centrifuged at 21,000 g for 10 min at 4°C, and the supernatant
was used as the source of enzymes. The supernatant was aliquoted; one aliquot served as control
— no additive and not frozen — and was used for enzyme activity assays after incubation on ice
for 1 h (control = 100% activity). The other aliquots were exposed to freezing in the absence or
presence of different additives (see Table S1 a for complete list of additives) and the enzyme
activities were measured upon melting. We used two different freezing protocols: (i) FAST,
which simulates routine laboratory practice when a protein extract in a plastic micro-vial is
simply moved to a deep freezer set to -75°C; and (ii) SLOW, which simulates ecologically
relevant, slow inoculative freezing as used for whole larvae (in vivo experiments).

For the FAST freezing, we used 50 uL aliquots of protein extract mixed with 20 uL volume of
additive solution 20 mM imidazole (when no additive was used, 20 uL of plain 20 mM imidazole
was added). We mixed the extract and additive solution in 200 uL PCR tubes to produce different
concentrations of additives ranging between 0 and 200 mmol.kg™ (or 0 and 200 mg.mL" for
macromolecular compounds BSA and Ficoll). The PCR tubes were moved to a deep freezer
(Platinum 370H, Angelantoni, Italy) for 1 h, then melted on ice and immediately used for enzyme
activity assays. The freeze exotherms started after spontaneous formation of ice nuclei (at
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temperatures close to -10°C) and were relatively short (1-2 min) (see inset in FAST freezing
protocol in Fig. S1b).

For the SLOW inoculative freezing, we used 100 uL aliquots of protein extract mixed with 100
uL of 20 mM imidazole in wells of a 24-well polysterene Costar plate with untreated surface
(Corning, Kennebunk, ME, USA). In this total volume of 200 uL, given amount of additives were
dissolved to produce concentrations ranging between 0 and 500 mmol.kg'1 (or 0 and 200 ngnL'1
for macromolecular compounds BSA and Ficoll). The plate was moved to the Ministat 240
(Huber) and the same protocol as used for whole larvae was started. Upon melting, the enzyme
activities were assessed. Ice formation was initiated by adding an external ice crystal (a frozen 25
uL droplet of 20 mM imidazole) at exactly -5°C and the freeze exotherms lasted for 12-15 min
(see inset in SLOW freezing protocol in Fig. S1b). Exact methods to measure the enzyme
activities are described below (section: Enzyme activity assays).

In vitro membrane integrity assays

To conduct in vitro assays on plasma membrane integrity (Fig. S1c), we dissected whole
'intestine blobs' from larvae under Schneider's Drosophila medium (Biosera, Nuaillé, France),
which is widely used to support viability of incubated insect tissues. The blobs were obtained by
cutting off the front tip of the larval body and gently squeezing the intestines (with attached fat
body) out of the integument. No further attempt was made to separate individual tissues from the
blob as this would damage many cells. The whole intestine blobs were moved to 650 uL of
Schneider's medium in the wells of a 12-well tissue-culture plate (TRP, Switzerland). Typically,
ten blobs were placed in one well though this number varied between six and twelve according to
availability of larvae. Schneider's medium has a complex composition including different
metabolites, salts, and buffers (total osmolarity of 330 mOsm). We changed this composition by
adding additives (Table S1) at different concentrations ranging between 0 and 1000 mmol kg™
(or 0 and 200 mg.mL'1 for macromolecular compounds BSA and Ficoll). The final concentrations
were prepared by dissolving the given amount of additive in a known small volume of
Schneider's medium. That is why we express the concentrations in molal units. For simplicity,
we considered the mass of 1 L of the Schneider's solution to be 1 kg. All concentrations we refer
to are the final concentrations in the augmented medium taking into account the concentrations of
respective compound in the original Schneider's medium. No additives were used in controls.

The intestines were pre-incubated in their respective medium at 18°C for 1 h prior to the freezing
stress. The 12-well design of the plate allowed various combinations of controls, treatments, and
their replicates. Two wells were always reserved for temperature recording (no tissues). One well
was taken as one replication, i.e. the proportion of blue-stained cells was estimated for all fat
body tissues in the well (six to twelve fat body sheets) and the mean blue staining of the group
was taken for calculation. Each treatment (i.e. a combination of the additive and concentration)
was replicated at least twice (two wells) but some treatments were replicated three to seven times
and the control was replicated 11 times (the exact numbers of replicates are shown in respective
Figures). After pre-incubation, the whole plate was housed in the Ministat 240 (Huber) and the
same protocol as used for whole larvae was started. Ice formation was initiated by adding an
external ice crystal (a frozen 50 uL droplet of Schneider's medium) at exactly -5°C and the freeze
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exotherms lasted for 20-25 min (see inset in SLOW freezing protocol in Fig. S1c). Further
processing of intestine blobs after melting is described below (section: Trypan Blue assay of
plasma membrane integrity).

Enzyme activity assays

The activities of seven different enzymes were measured according to protocols specified below.
Activities were measured colorimetrically (most enzymes) or fluorimetrically (matrix
metalloproteinases) using either: (i) Quartz glass cuvettes housed in a Cary50 UV-Vis
spectrophotometer (Varian, USA) attached to a circulating water bath BC4 (Julabo, Germany) for
controlling the constant 25°C in cuvettes, or (ii) 96-well Optical Btm PolymerBase plates
(ThermoScientific, USA) housed in the Infinite 200Pro plate reader (Tecan, Austria) equilibrated
to constant 25°C (most enzymes) or 30°C (phenoloxidase). All activities were measured in a
kinetic mode during the initial (linear) part of enzyme kinetics. We continuously monitored
changes in the absorbance/fluorescence intensity over time, which is linked to
consumption/production of a specific substrate/product. All chemicals used for enzyme activity
assays were either included in the respective enzyme assay kit, or were purchased from Sigma-
Aldrich.

For the in vivo experiments, three replicates of unfrozen control larvae vs. three replicates of
slowly frozen larvae were compared and each replicate was a pool of a group of larvae or tissues
(as specified below). The composition of extraction buffers and reaction mixtures are specified
below for each enzyme. Enzyme activities were expressed in micromoles of enzymatically
converted substrates per min per mg of total protein (except for phenoloxidase and matrix
metalloproteinases, see below). The total proteins were measured by bicinchoninic acid assay
(BCA) according to (8).

For in vitro experiments, a single large-volume extract of 30 larval tissues was prepared by
homogenization in 20 mM imidazole, pH 7.2. This extract was divided into equal aliquots, the
aliquots exposed to freezing (except controls), and enzyme activities were measured: (i) the
activity in unfrozen control was taken as 100%; (ii) the other aliquots were frozen in the presence
of various additives at concentrations ranging between 0 and 500 mmol kg™ . Enzyme activities
were expressed as a fraction (in percentage) of enzyme activity that recovers after freezing stress:
we searched for the additive concentration (Psp) that ensures 50% recovery of initial (unfrozen
control) enzyme activity.

Glucose 6-phosphate dehydrogenase (G6PDH) activity was measured in total protein extracts
from larval fat body or larval muscles using a Cary50 UV-Vis spectrophotometer. Pools of 30
tissues larvae per replicate were homogenized in 400 pL of ice cold 100 mM Tris-HCI buffer, pH
8.0, containing 15 mM mercaptoethanol and 1 mM EDTA (600 pL of 20 mM imidazole buffer
was used for in vitro assays). The composition of the reaction mixture for the GOPDH assay was
the same as described earlier (9): 20 mM imidazole-HCI buffer, pH 7.2; 5 mM MgSO4; 0.6 mM
NADP?*; 1 mM glucose 6-phosphate; larval protein extract (50 uL in a total of 500 uL of reaction
mixture). The reaction was initiated by adding glucose 6-phosphate solution into the reaction
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mixture and its conversion to 6-phosphate gluconolactone by G6PDH activity was followed by
measuring the increase of 340 nm absorbance (NADP* — NADPH).

Citrate synthase (CS) activity was measured in total protein extracts from larval fat body or larval
muscles using a Cary50 UV-Vis spectrophotometer. Pools of 30 tissues per replicate were
homogenized in 400 pL of ice cold 50 mM Tris buffer, pH 8.0, containing 0.2 M sucrose, | mM
EDTA, and 1% Triton X (600 pL of 20 mM imidazole buffer was used for in vitro assays). In
addition to standardized homogenization of the tissues using a CAT homogenizer, we sonicated
the samples 5 times for 1 sec (4710 Series Ultrasonic Homogenizer, Cole Parmer, Chicago. IL,
USA) in order to solubilize the enzyme from mitochondrial matrix. The composition of the
reaction mixture for the CS assay was the same as described earlier (10): 50 mM imidazole-HCI
buffer, pH 8.0; 0.05 mM DTNB reagent (5,5'-dithiobis-2-nitrobenzoic acid); 0.15 mM acetyl
CoA; 0.25 mM oxaloacetate; larval protein extract (10 uL in a total of 500 uL of reaction
mixture). The reaction was initiated by the addition of 25 puL of oxaloacetate solution into 475 pL
of reaction mixture and the mercaptid ion formation from CoA-SH (that was released upon
synthesis of citrate) was followed by measuring the increase of 412 nm absorbance (DTNB —
TNB).

Lactate dehydrogenase (LDH) activity was measured in total protein extracts from larval muscles
of C. costata using a Cary50 UV-Vis spectrophotometer. Pools of 30 muscle tissues per replicate
were homogenized in 400 pL of'ice cold 100 mM Tris-HCl buffer, pH 8.0, containing 15 mM
mercaptoethanol and 1 mM EDTA (600 uL of 20 mM imidazole buffer was used for in vitro
assays). In addition to C. costata, we measured the activity of LDH (using the same method) in
the muscles of the 3rd instar larvae of Drosophila melanogaster (pool of 30 tissues per replicate),
and in the tibial levator muscle dissected from femur of the hind leg of the adult locust, Locusta
migratoria (single muscle per replicate). Both insects were taken from our routine cultures at the
Biology Centre, Ceské Bud&jovice, and were acclimated to warm conditions (D. melanogaster is
reared at constant 18°C, while L. migratoria at constant 30°C). The composition of the reaction
mixture for the CS assay was the same as described earlier (11): 80 mM Tris-HCI, pH 7.5; 100
mM KCI; 0.2 mM NADH; 2 mM pyruvate. The reaction was initiated by the addition of 10 pL of
protein extract into 490 pL of reaction mixture and the LDH activity was followed by measuring
the decrease of 340 nm absorbance (NADH — NAD").

Phenoloxidase (PO) activity was measured in hemolymph using an Infinite 200Pro plate reader.
The hemolymph was obtained by gently tearing larvae on a piece of Parafilm, creating a large
droplet of pooled hemolymph (pool of 30 larvae were bled per replicate). This droplet was then
extracted using a calibrated glass capillary (Drummond Sci., Broomall, PA, USA). The PO
activity was assayed through its catalytic conversion of L-dopa (3,4-dihydroxy-L-phenylalanine,
colourless) to dopachrome (red-brown colour) according to (12): the following components were
mixed in wells of a 96-well plate: 5 pL of hemolymph; 35 pL of water; 5 pL of PBS; 20 pL of 5
mM L-DOPA solution. The plate was moved to a plate reader equilibrated to 30°C, briefly
shaken (10 sec), and darkening of the sample was continuously followed as the increase of 490
nm absorbance (L-DOPA — dopachrome).
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General activity of matrix metalloproteinases (MMPs, collagenases) was measured in total
protein extracts from whole larval homogenates using an Infinite 200Pro plate reader according
to instructions for the MMP Activity Assay Kit (ab112147, Abcam, Cambridge, UK). Pools of 10
larvae per replicate were homogenized in 500 pL ofice cold 100 mM Tris-HCI buffer, pH 7.2.
The 25 pL aliquot of supernatant from centrifugation was used as a source of enzyme, combined
with 25 pL of 2 mM APMA (4-aminophenylmercuric acetate) in the well of a 96-well plate, and
incubated for 15 min at room temperature. Next, 50 pL of artificial Red MMP Substrate (FRET
peptide) diluted in Assay Buffer (1:100) was added to the well and the whole plate was moved to
the plate reader. Upon cleavage of the FRET peptide by MMPs, the intensity of fluorescence at
540/590 nm (Ex/Em) increases, which was monitored over time (RFU, relative fluorescence
units).

General activity of amylases and maltases was measured in total protein extracts from larval
midguts using an Infinite 200Pro plate reader according to instructions for use of the Amylase
Assay Kit (ab102523, Abcam). Pools of 10 larval midguts per replicate were homogenized in 400
pL of the Assay Buffer. The 50 pL aliquot of supernatant from centrifugation was used as a
source of enzyme and combined with 100 pL of artificial substrate ethylidene-pNP-G7 diluted in
Assay Buffer (1:1) in the well of a 96-well plate. The plate was then moved to the plate reader.
The a-amylase cleaves the artificial substrate to produce smaller fragments that are eventually
modified by maltases, causing the release of a chromophore (nitrophenol) that was measured as
the increase of 405 nm absorbance. The enzyme activity was converted to pmol.min'l.mg'1 total
protein using a calibration curve produced by measuring absorbance at 405 nm for different
concentrations of nitrophenol.

Glycogen phosphorylase activity was measured in total protein extracts from larval muscles using
a Cary50 UV-Vis spectrophotometer. Pools of 20 larval muscles per replicate were homogenized
in 400 pL of 100 mM Tris-HCI buffer, pH 8.0, containing 15 mM mercaptoethanol and 1 mM
EDTA. The composition of reaction mixture was the same as described earlier (13): 50 mM
potassium phosphate (KH,POy,) buffer, pH 6.8; 5 mg mL™" glycogen; 5 uM glucose-1,6-
diphosphate; 0.6 mM NADP*; 2 mM 5'AMP; 15 mM MgCly; 2 U mL’ phosphoglucomutase
(PGM); 2 U mL"! glucose 6-P dehydrogenase (G6PDH). First, the activity of the active ('a') form
of the enzyme was measured in the absence of 5’AMP. The reaction was initiated by the addition
of 70 pL of protein extract into 420 uL of reaction mixture. Glucose units released from glycogen
by glycogen phosphorylase activity are converted by coupling enzymes (PGM and G6PDH) to
gluconolactone, while NADP" is oxidized. This conversion was followed by measuring the
increase of 340 nm absorbance (NADP* — NADPH). Next, 10 uL of 5’AMP solution was added,
which activates the inactive ('b") form of the enzyme (14), and the combined activity of ('a+b'")
forms was measured.

Trypan Blue assay of plasma membrane integrity

The integrity of fat body cell plasma membrane was assessed using the Trypan Blue assay (15).
Trypan Blue is a negatively charged and large molecule that is cell membrane impermeable and
therefore only enters cells with damaged or compromised membranes. Upon entry into the cell,
Trypan Blue binds to intracellular proteins and DNA thereby rendering the cells a bluish color.
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Upon melting of the medium in wells of a 12-well plate (see Fig. S1c), intestine blobs were
immediately washed twice using Schneider's medium in order to remove the additives, and the
intestines were then incubated in Schneider's medium for 2 h at 18°C. Next, the Trypan Blue
solution was added (400 pL of 1% solution per well) and blobs were incubated in it for 20 min.
The blobs were then washed twice with Schneider's medium (in order to remove excess Trypan
Blue) and moved to a plastic Petri dish (3 cm diam.) with a thin layer of Schneider's medium
covering the bottom. The tissues were gently pushed apart to make fat body lobes visible. The
cells of fat body tissues were inspected under binocular microscope at 25x magnification and the
percentage of blue-stained cells was estimated. One example of fat body tissue (frozen without
additives) is shown in Fig. S1c (estimation: 95% cells blue-stained; the arrows indicate areas with
unstained cells).

In a preliminary experiment, we verified that various additives themselves (without freezing
stress) have practically no effect on membrane integrity (weak blue-staining) when tissues are
incubated for a long time (18 h) at 18°C in the augmented Schneider's medium, while incubation
of tissues for short time (2 h) at relatively low concentrations of digitonin (0.01 — 1.0 mmol.kg'l)
caused severe blue staining in fat body cells (Fig. S8a). Digitonin is a mild detergent that is
routinely used to permeabilize plasma membranes of different cells (16).

Differential scanning calorimetry (DSC)

We analyzed thermal transitions in the freezing solutions combining CP (proline or trehalose) and
perturbant (urea) that were used for SLOW inoculative freezing in the in vitro experiments on
enzyme stability. The solution (10 pL) was pipetted into the aluminum DSC pan (volume of 50
pL) and its exact amount was checked by weighing the sample with precision to 0.01 mg using a
Metler Toledo NewClassic MS balance. Hermetically sealed pans were then loaded into a
Differential Scanning Calorimeter DSC4000 (Perkin Elmer, Waltham, MA, USA) and frozen and
thawed according the following protocol: (i) hold for 1 min at 0°C, (ii) cool to —30°C at

2°C.min ', (iii) hold for 5 min at —30°C, and (iv) warm to 25°C at 10°C min_". An empty pan
was used as a reference. The resulting heating curves (see Fig. S7a for examples) were analyzed
using Pyris Software (Perkin Elmer). The fraction of freezable, i.e. osmotically active water
(OAW) was derived from the area under the melting endotherm of water using the standard heat
of fusion for the ice/water transition of 334.5 J.g . The OAW fraction served for estimation of
the freeze-concentration of urea in different solutions as follows: if the initial concentrations
were, for example, 500 mmol.kg'1 of urea and 500 mn‘nol.kg'1 of proline, the OAW fraction was
81.81% after freezing to -30°C, meaning that the urea was freeze-concentrated 5.5-fold, and
reached the concentration of 2749.5 mmol.kg™ in the remaining unfrozen solution (see Table S2
for all results of DSC analyses and calculations of the freeze-concentrations of urea).
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Fig. S2: Enzyme activities persist after organismally-lethal freezing stress — supplement to Fig. 1.

Larvae of the freeze-sensitive phenotype were killed by freezing to -30°C ('Frozen'), while 'Control' larvae were
not frozen. The activities of four different enzymes: (a) phenoloxidase; (b) matrix metalloproteinases (MMPs);
(c) amylases and maltases; (d) glycogen phosphorylase, were measured in total protein extracts of the
respective tissues dissected from Control and Frozen larvae right upon melting. For phenoloxidase (a), we
show the time records of the changes in absorbance in two independent replicates (distinguished as solid and
broken lines); each replicate represents a pool of hemolymph sampled from 30 larvae. In both replicates, the
activity of phenoloxidase in the hemolymph of Frozen larvae was relatively high during first 10 min of analysis
and then ceased (no further increase of Abs492 was observed), while it was relatively low in Control larvae
and a tendency to cessation was seen in one of two replicates (black, solid line). For glycogen phosphorylase
(d), we distinguished between the active form ('a', lower portions of bars) and inactive form ('b’, upper
portions of bars) that was activated by 5'AMP. In (b, ¢, d), each column shows the mean +S.D. of enzyme
activity (n = 3, each replicate represents a pool of tissues from 30 larvae). The enzyme activities in Control vs
Frozen larvae were compared using unpaired, two-tailed t tests (t statistics and P values are shown: ns, not
significant; * significant difference; GraphPad Prism v. 6.07).
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Fig. S3: LDH activity after in vivo freezing of larval Drosophila melanogaster and femoral muscle of adult
Locusta migratoria.

The larvae of D. melanogaster (a) and femoral muscle of L. migratoria (b) were frozen to -30°C ('Frozen'). The
'Control' specimens were not frozen. The activity of lactate dehydrogenase (LDH) was measured in total protein
extracts from muscles obtained right upon melting. Each column shows the mean + S.D. of the enzyme activity [n =
3, each replicate represents a pool of tissues from 30 larvae (a) or single femoral muscle (b)]. The enzyme activities
in Control vs Frozen larvae were compared using unpaired, two-tailed t tests (t statistics and P values are shown:
ns, not significant; **** significant difference; GraphPad Prism v. 6.07).
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Fig. S4: The effect of incubation at 0°C with different additives on activity of GEPDH extracted from larval fat
body tissue of Chymomyza costata.

Total proteins were extracted in homogenization buffer (HB, 20 mM imidazole) from the fat body tissue of freeze-
sensitive phenotype of Chymomyza costata larvae and the activity of glucose 6-phosphate dehydrogenase (G6PDH)
was measured. (a) The extract aliquots were incubated at 0°C for 0-24 h and the gradual loss of activity over time
of incubation was registered. Note that the extraction of proteins with or without the proteinase inhibitor cocktail
(Complete Mini, EDTA free, Roche, Mannheim, Germany) had no effect on enzyme activity. Each point is a mean *
SD of five replicates. The lines are linear regressions: HB, y = -2.096*x+100; HB+Complete Mini, y = -2.377*x+100.
(b, c) Different additives were added to HB at concentrations indicated and their effect on G6PDH activity after 1h-
incubation at 0°C was assessed. High concentrations of proline (3000 mmol.kg™) and glutamine (200 mmol.kg™)
suggested moderate decrease of enzyme activity (arrows) below the control level [dashed line is a mean and grey
field delimits + SD of enzyme activity in the control without additives, see panel (a)]. Urea administered at
concentrations > 500 mmol.kg'1 caused drastic decrease of the enzyme activity. Each column is one replicate
except for control [see panel (a)].
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Fig. S5: Enzyme activity is protected by low concentrations of various additives to the in vitro freezing

solution — supplement to Fig 2.

Total proteins were extracted from the fat body or muscle tissues of the freeze-sensitive phenotype of Chymomyza
costata larvae and the activity of glucose 6-phosphate dehydrogenase (G6PDH), lactate dehydrogenase (LDH), and
citrate synthase (CS) were measured prior to (control) and after (test) FAST freezing to -75°C (see Fig. S1b for
protocol). (a, ¢, d) The test aliquots were augmented with different additives administered at different
concentrations (see x axes). The activity in the unfrozen aliquot served as control = 100%. Freezing without additive
(concentration = 0) caused complete loss of the enzyme activity. Different additives protected the enzymes from
loss of activity upon freezing at relatively low concentrations (Psq is a cryoprotective concentration that allows
recovering 50% of control, pre-freezing activity). (b) The extract aliquots augmented with proline or Ficoll were
exposed to heat shocks. Neither proline nor Ficoll were able to protect the enzyme from almost complete loss of
activity upon the heat shock.
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Fig. S6: Slow rate of in vitro freezing in the absence or presence of chemical perturbants — supplement to

Fig. 3.

Total proteins were extracted from the fat body tissue of the freeze-sensitive phenotype of Chymomyza costata
larvae and the activity of glucose 6-phosphate dehydrogenase (G6PDH) was measured prior to (control) and after
(test) SLOW inoculative freezing to -30°C (see Fig. S1b for the protocol). (@) The test aliquots were augmented with
different additives administered at different concentrations (see x axes). The activity in the unfrozen aliquot served
as control = 100%. Freezing without additive (concentration = 0) caused complete loss of enzyme activity. Different
additives protected the enzyme from loss of activity upon freezing at relatively low concentrations (Psg is a
cryoprotective concentration that allows recovering 50% of control, pre-freezing activity). (b, ¢, d) Simultaneous
presence of potential perturbants (urea, K', or glutamine) and cryoprotectants (trehalose or proline) during SLOW
freezing either resulted in shifting the Ps values for trehalose toward higher concentrations (b) or had a negligible
effect on Psq values for proline (c, d).

Note that the results presented in Fig. S6b-d and also in Fig. S4b, ¢ suggest that urea at concentrations higher than
approximately 500 mmol-kg’1 shows perturbing effects on GEPDH activity. Neither K" nor glutamine applied at very
high concentrations (close to solubility limits) showed clear perturbing effects on G6PDH activity.
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Table $2: The results of DSC analysis — part 1: Urea + Proline

Urea 100 +Proline

Urea Proline watermass | meltendotherm* | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mmol.kg? | mmol.kg? mg mJ I/g % linear regression mmol kg™
100 0 10,00 3227,42 322,74 96,48 95,13 2054,1
100 12,5 9,82 3035,56 309,22 92,44 94,92 1970,4
100 25 10,14 3244,40 319,96 95,65 94,72 1893 3
100 50 10,12 3149,88 311,24 93,04 94,30 1755,8
100 100 10,07 3090,04 306,75 91,70 93,48 1533,1
100 200 10,08 3244,46 321,96 96,25 91,82 1222,9
100 313 9,84 2967,85 301,73 90,20 89,95 995,3
100 500 9,89 2826,57 285,77 85,43 36,86 760,9

Urea 250 +Proline
Urea Proline water mass | meltendotherm® | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mmol.kg” | mmol.kg” mg m) I/g % linear regression mmol.kg™
250 0 10,10 3167,77 313,69 93,78 93,85 4063,3
250 12,5 10,05 3175,45 315,83 94,42 93,64 3932,7
250 25 10,29 3284,67 319,33 95,46 93,44 3810,3
250 50 10,08 3077,01 305,25 91,26 93,03 3586,9
250 100 9,88 2960,98 299,76 89,61 92,21 3210,5
250 200 9,96 3044,94 305,69 91,39 90,58 2653,6
250 313 9,94 3002,32 301,98 90,28 88,73 2218,7
250 500 9,85 2797,80 284,18 84,96 85,68 1745,3
Urea 500 +Proline
Urea Proline water mass | meltendotherm* | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mmol.kg? | mmol.kg* mg mJ I/g % linear regression mmol.kg™*
500 0 9,81 3022,95 308,28 92,16 92,24 6446,4
500 12,5 9,91 2997,07 302,48 90,43 91,98 6236,7
500 25 10,06 3093,06 307,48 91,92 91,72 6040,3
500 50 9,91 2995,44 302,41 90,41 91,20 5682,3
500 100 9,74 2960,98 304,14 90,92 90,16 5080,2
500 200 9,54 2912,99 305,23 91,25 88,07 4191,9
500 313 9,74 2757,31 283,19 84,66 85,72 3500,2
500 500 9,42 2558,67 271,49 81,16 81,81 2749,5

linearization of O

90

OAW fraction

85

AW

Urea 100 + Proline
Urea 250 + Proline
Urea 500 + Proline

80 T T T T
o 100 200 300 400

Proline concentration

500 600
[mM]

* the analysis of melt endotherm of bulk water is sensitive to the setting of baseline, which must be done manually
— this causes fluctuations in the estimated OAW fraction and, consequently, in the estimated freeze-concentration
of urea. In order to mitigate the effect of manually setting the baseline, we used OAW fractions interpolated from

linear regressions (see figure).
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Table S2 - continued: The results of DSC analysis — part 2: Urea + Trehalose

Urea 100 + Trehalose|
Urea Trehalose water mass | meltendotherm* | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mmol.kg'1 mmol.kg'1 mg ml g % linear regression mmc)l.kg'1
100 0 9,90 3180,34 321,23 96,03 94,85 1943,4
100 12,5 9,99 3228,96 323,15 96,61 94,61 1854,6
100 25 9,99 307,75 307,63 91,97 94,36 1773,6
100 50 10,00 2983,69 298,34 89,19 93,87 1631,0
100 100 9,81 3128,40 318,92 95,34 92,88 1405,2
100 200 9,97 3107,89 311,86 93,23 90,91 1100,5
100 500 9,13 2568,51 281,38 84,12 85,00 666,7
Urea 250 + Trehalose|
Urea Trehalose water mass | meltendotherm* | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mrnol.kg'1 rnmol.kg'1 mg mJ) J/g % linear regression mmc:l.kg'1
250 0 10,08 3261,05 323,56 96,73 95,46 5504,8
250 12,5 9,77 3084,92 315,86 94,43 95,10 5099,0
250 25 9,88 3016,07 305,33 91,28 94,74 4749,0
250 50 9,88 3184,59 322,48 96,41 94,01 4175,7
250 100 9,81 3150,38 321,11 96,00 92,57 3363,5
250 200 9,58 2754,28 287,47 85,94 89,68 2421,6
250 500 9,07 2480,08 273,49 81,76 81,00 1316,0
Urea 500 + Trehalose|
Urea Trehalose water mass | meltendotherm* | deltaH frozen water (OAW fraction) Freeze-concentration of urea
mmol.kg? | mmol kg mg m) g % linear regression mmol.kg
500 0 10,00 3196,04 319,60 95,55 93,13 72738
500 12,5 9,91 3008,42 303,42 90,71 92,85 6988,2
500 25 9,89 3154,92 319,02 95,37 92,56 6724,3
500 50 9,88 3037,95 307,58 91,95 92,00 6252,0
500 100 9,76 2951,19 302,45 90,42 90,88 54819
500 200 9,60 2708,83 282,03 84,31 88,63 4398,3
500 500 8,76 2450,40 279,73 83,63 81,8 2761,1
linearization of OAW
100
-| Urea 100 + Trehalose
c 95 Urea 250 +Trehalose
2 Urea 500 + Trohalose
£ 9
=
<
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0 100 200 300 400 500 600
Trehalose concentration [mMM]

* the analysis of melt endotherm of bulk water is sensitive to the setting of baseline, which must be done manually
— this causes fluctuations in the estimated OAW fraction and, consequently, in the estimated freeze-concentration
of urea. In order to mitigate the effect of manually setting the baseline, we used OAW fractions interpolated from
linear regressions (see figure).
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Fig. S7: The freeze-concentration of urea caused by freezing the osmotically active fraction of water (OAW).

(a) Examples of DSC heating curves for the solutions of urea and proline mixed in different concentrations (values
show mmol.kg?) dissolved in 20 mM imidazole (complete dataset is in Table S2). The area under the melt
endotherm of bulk water (mJ) corresponds to the fraction of frozen, i.e. osmotically active water (OAW) in the
mixture. For pure water, the OAW fraction is 100% in theory (a small deviation from theory, 101.1%, is caused
mainly by manually setting the baseline). For 20 mM imidazole, the OAW fraction was close to 100%. Note that
gradually increasing concentrations of urea + proline caused the gradual decrease of area under the melt
endotherm (a decrease of OAW fraction) and the shift of onset of melting from 0°C (water) to subzero
temperatures. The numbers close to peaks of melt endotherms show the measured OAW fraction (% of total
water). The smaller the OAW fraction, the lower the freeze-concentration effect on urea; the estimation is shown
at the end of each curve. (b, c) The effect of urea concentration on activity of GGPDH recovered after either the
incubation of total protein extract at 0°C for 1 h (taken from Fig. S4c), or after SLOW freezing to -30°C (taken from
Fig. 3e for proline, and from Fig. S6b for trehalose).

Note that concentrations of urea much higher than those set by incubation at 0°C experiment (grey area) are
tolerated by G6PDH in the -30°C freezing experiment, provided proline (b) or trehalose (c) are added to the solution
(arrows from grey to blue areas). These results suggest that proline and trehalose not only help to decrease the
freeze-concentration of urea but also directly counteract the chemical disturbance to GGPDH enzyme caused by
high urea concentrations. The red area indicates that extremely high concentrations of urea are not tolerable for
G6PDH even in the presence of proline or trehalose.
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Fig. $8: Effect of additives on plasma membrane integrity of fat body cells during incubation and freezing stress
in vitro.

The dissected fat body tissues of (a-e) freeze-sensitive, or (f) freeze-tolerant larval phenotypes of Chymomyza
costata were either (@) incubated at 18°C or (b-f) exposed to SLOW inoculative freezing stress in vitro in Schneider's
solution augmented by different additives at different concentrations (see x axes). The control tissues (empty
squares in (b, c) or empty columns in (a, d-f) were exposed to incubation or freezing stress without additive. After
incubation or melting, the integrity of fat body cell plasma membrane was assessed using the Trypan Blue assay
(see y axes). For other descriptions, see caption of Fig. 5.

Note:

(a) Additives have no effect on membrane integrity of the cells incubated in Schneider's solution at 18°C, while
Digitonin at low concentrations permeabilize the membrane for Trypan Blue.

(b, c) Glycerol is more effective in membrane integrity protection than proline, while glutamine, asparagine, and
betaine are ineffective (data for proline are shown for comparison).

(d) Different additives applied in the same osmotic concentration showed different abilities to protect membrane
integrity.

(e) Excluding proline or trehalose from CPmix caused partial loss of the ability of the reduced-CPmix to protect
membrane integrity.

(f) Complete rescue of membrane integrity upon in vitro freezing stress was achieved in freeze-tolerant phenotype
larvae using a mixture of proline, trehalose, and BSA.
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Fig. S9: Examples of Trypan Blue staining of fat body cells.

Fat body tissue was dissected from the freeze-sensitive phenotype of Chymomyza costata larvae. Controls (a) were
not exposed to freezing stress and incubated directly in Trypan Blue. The test tissues were first exposed to SLOW
inoculative freezing to -30°C and incubated in Trypan Blue after melting. The cells with compromised membrane
integrity stain blue. The test tissues were frozen in: (b) plain Schneider's Drosophila medium, (c) Schneider's
medium augmented with CPmix 508 (mixture of proline, trehalose, glutamine, asparagine, and betaine in total
concentration of 508 mmol.kg™), or (d) Schneider's medium augmented with BSA, 100 mg.mL™. All scale bars in (a-
d) are 500 pm. The squares delimit two areas in each micrograph that are shown enlarged below.

Note that each piece of tissue shows compact areas with relatively intact cells (no staining), while the cells are
stained with Trypan Blue in other areas. All frozen tissues show the characteristic coalescence of initially small lipid
droplets (a) into several or single large lipid droplet (b-d) (17).
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SI Supplementary Discussion

Exact quotations of highly-cited literary sources:

Storey and Storey, 1988 (18), p. 43 (742 citations in Google Scholar): "... the
presence of polyols in freeze-tolerant insects may be key to preserving homeostasis in
the frozen state by stabilizing individual enzymes/proteins as well as macromolecular
interactions ... against the potential denaturing effects of subzero temperatures and
low water content.”

Lee, 2010 (19), p. 17 (389 citations in Google Scholar): "Trehalose and glycerol are
commonly produced by insects in response to osmotic challenge due to desiccation and
freezing. These compounds serve to stabilize proteins and protect cell membranes."

Teets and Denlinger, 2013 (20), p. 3 (266 citations in Google Scholar): "The most
common cryoprotectants observed in overwintering insects are low molecular weight
sugar alcohols such as glycerol, sorbitol and inositol. The functions of these compounds
include stabilizing membranes and proteins ..."

Toxopeus and Sinclair, 2018 (21) (91 citations in Google Scholar), p 9: "Increased
osmotic pressure associated with freezing (i.e. freeze concentration) might destabilise
proteins and damage cell membranes, causing cell death." p. 13: " ... freeze-tolerant
insects must counteract the destabilising effect of dehydration on membranes (including
organelle and vesicle membranes) and proteins. These macromolecules can be stabilised
by direct or indirect (via the hydration shell) interaction with low molecular weight
metabolites such as trehalose, proline, and other amino acids."

The numbers of citations are according to Google Scholar (https://scholar.google.com/)
taken on 15 June 2022.

Do proteins in general need stabilization by CPs during freezing stress?
There are several reasons for cautiousness when extending the validity of our hypothesis that the
insect soluble enzymes are not the primary targets of freezing injury to all proteins in general:

First, dissociation of multimeric proteins into subunits was observed to occur in many enzymes at
temperatures close to 0°C (22). Similarly, polymeric protein structures such as microtubules,
actin filaments, or collagen fibers depolymerize already upon mild cold exposures (23-25). Such
dissociation of quaternary structures represents a first step toward protein denaturation and is
usually associated with loss of protein function. Nevertheless, spontaneous re-association of
mild-cold-dissociated enzymes and polymeric proteins was observed upon incubation at
physiological temperatures. Most of the enzymes assessed in this study are dimers or tetramers
and their dissociation upon freezing stress in vivo (if it occurred at all) must have been fully
reversible upon melting and re-warming because no loss of activity was observed. The re-
association of larger complexes after severe cold and freeze-dehydration stress, however, might
be more problematic as the osmotic shrinkage of cells causes loss of cytoplasmic organization,
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extensive displacements, or even disintegration of organelles and cytoskeletal structures (10, 17,

26).

Second, severe cold alone (typically around -20°C) is known to cause cold-denaturation of
proteins, i.e. unfolding of globular tertiary structure and exposing hydrophobic core domains (22,
27). The occurrence of protein denaturation is theoretically even more probable after freezing due
to loss of bulk water and increasing concentrations of chemical perturbants of native protein
structure such as protons, metal ions, or urea (28-30). Again, the large polymeric protein
complexes might be more sensitive than soluble enzymes to irreversible aggregation of denatured
subunits via their exposed hydrophobic domains upon severe freezing stress. Accordingly, the
freeze-thaw induced denaturation and aggregation of myofibrilar proteins was often observed in
fish muscle (31, 32). We observed irreversible loss of microtubular structure to occur in fat body
cells of frozen-thawed larvae of C. costata — however, without any apparent loss of larval
viability (17).

Third, the thermodynamic theory of protein denaturation by cold and freezing stress, and its
prevention by CP-mediated stabilization, has been well established during eighties of the last
century by Timasheff and colleagues (33-35) and is accepted until recently (36, 37). That some
insect proteins really do denature upon cold and freezing stress in vivo is indirectly supported by
the observed upregulation of inducible heat shock proteins' expression after the stress (38, 39), as
well as by the impaired cold tolerance of insects that had this upregulation response prevented by
RNAI targeted against expression of hsp70 gene (40). We found that the in vitro loss of activity
of G6PDH caused by heat stress (+45°C or +65°C for 1 h) was not preventable by proline or
Ficoll, while the loss of activity caused by freezing stress (-75°C for 1 h) was fully preventable
by low concentrations of proline and Ficoll. This result suggests that the nature or extent of the
injury to proteins differ between heat and freezing stresses.

Fourth, the accumulated CPs may compensate for the denaturing effects of high concentrations of
chemical perturbants (41-43). The concentrations of protein structure denaturants such as urea,
arginine, lysine, or inorganic salts may, in theory, exceed toxic limits due to freeze dehydration of
biological solutions (29). It has been shown, for instance, that elasmobranch fish accumulating
high concentrations of urea (400 mM) protect their pyruvate kinase and ribonuclease against
denaturing effects of urea by a mixture of compensating solutes containing TMAO, sarcosine, -
alanine, and betaine (44, 45). Accordingly, we observed that GOPDH activity is protected during
freezing stress by proline or trehalose against perturbing effects of urea concentrations exceeding
500 mmol.kg'l. Such high concentrations of urea, however, are unlikely to occur in larvae. We
have not measured the concentrations of urea in larvae of C. costata; nevertheless, data for larvae
of Drosophila melanogaster show hemolymph concentrations below 10 mmol.1" (46).

Fifth, we have studied the acute effects caused by a single freeze-thaw cycle, while the
overwintering insects are often exposed to long-term freezing and/or repeated freeze-thaw cycles
in the field (47). The increasing time of freeze storage and number of freeze-thaw cycles are well

known to aggravate the irreversible denaturation of fish myofibrilar proteins (32).

Collectively, for the reasons specified above, we keep open the question on stability of proteins
in general upon freezing stress. The stability of large polymeric protein complexes, nucleoprotein
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multimeric complexes such as ribosomes, or membrane-embedded protein complexes should be
attested specifically in independent experiments.
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e Diversity and biosynthesis of cryoprotectants (CPs)

The first aim of this study was to identify the composition of the natural cryoprotective (CP)
mixture within the highly freeze-tolerant C. costata larvae. Our mass spectrometry (MS)
analysis, which covered 49 metabolites, likely comprehensively represented the most abundant
metabolites. We base this assumption on the following arguments:

e The total osmolarity of cold acclimated (SDA) larval hemolymph approximates 700
mOsmol kg (Rozsypal et al., 2018). Our MS analysis accounted for 554 mmol | of
this osmolarity attributed to the 49 metabolites.

e Metal cations, primarily Na* and K*, occupy roughly 80 mmol I within the
hemolymph (Olsson et al., 2016; Stétina et al., 2018).

e An equivalent concentration of approximately 70 mmol | is anticipated for anions,
encompassing Cl-, HCO3", and proteins, with a 10 mmol I'* allowance to
accommodate negatively charged metabolites like aspartate, glutamate, and TCA
intermediates.

e Calculations, as follows [700 — 554 — (80 + 70) = -4], indicate no unexplained 'osmotic
gap' between the cumulative molar concentrations of the 49 metabolites and the
hemolymph osmolality.

The putative components of the CP mixture were identified based on their significant
accumulation during larval cold acclimation.The identified composition of this mixture consists
of proline, trehalose, glutamine, asparagine, betaine, GPE, GPC, and sarcosine, with
concentrations in hemolymph at a ratio of 313:108:55:26:6:4:2.9:0.5 mmol I™1. Notably, this CP
mixture exhibits similarities to cocktails found in various organisms exposed to different
environmental stressors (Somero, 1986; Yancey, 2005; Choi et al., 2011; Gertrudes et al., 2017).
This similarity suggests that the presence of these organic cytoprotectants and compatible
osmolytes across different organisms likely results from convergent evolution, favoring the
accumulation of polar, water-soluble molecules with high solubility and low toxicity (Hochachka
& Somero, 2002).

The CP mixture in C. costata likely evolved as a functional adaptation to help larvae survive
overwintering in a sub-arctic climate zone. These larvae overwinter in cold yet thermally stable
microenvironments under fallen tree bark, often shielded by snow (Band & Band, 1982;
Grimaldi, 1986). They are susceptible to external ice crystal formation at temperatures just
below 0°C and can survive after the formation of extracellular ice (Rozsypal et al. 2018).
Diapause, cold-acclimated larvae (SDA) exhibit significantly higher freeze tolerance compared
to non-diapause, warm-acclimated larvae (LD). While LD larvae have lower survival limits at
around -5°C, SDA larvae can endure freezing at temperatures as low as -100°C (Shimada &
Riihimaa, 1988; Shimada, 1990) and even withstand long-term cryopreservation in liquid
nitrogen (Moon et al., 1996, Kostdl et al., 2011; Rozsypal et al., 2018).
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In our study, we conducted a bioassay, demonstrating that supplementing the larval diet
with the major components of the CP mixture, namely proline, trehalose, glutamine,
asparagine, and betaine, in their natural stoichiometric ratio, transformed freeze-sensitive LD
larvae into freeze-tolerant, cryopreservable larvae within just three days. Moreover, we found
that the components of the mixture work in synergy, where the complete mixture's effect
surpasses the simple addition of individual component effects. These results suggest that
different components may play specific roles, opening avenues for further investigation.

Next, we analyzed the adaptive metabolic modifications that occurred in C. costata larvae
as they transitioned from a freeze-sensitive to a freeze-tolerant phenotype while entering
winter diapause and undergoing subsequent cold acclimation. Our analysis involved the
profiling of 56 metabolites, utilizing liquid chromatography and high-resolution mass
spectrometry (LC-HRMS), as well as the assessment of the relative expression levels of 95 key
genes encoding metabolic enzymes and transport systems. This comprehensive analysis
covered metabolic pathways involving all three major chemical groups of potential
cryoprotectants (CPs).

We examined changes in 56 metabolites and 95 genes, mapping them onto schematic
pathways for proline, trehalose, and betaine (see paper | for figures). It is important to note
that these schematic maps do not specify cell types but differentiate between cytosolic and
extracellular spaces.

e Proline primarily comes from dietary intake, which contradicts initial expectations.
We have also confirmed partial synthesis from precursors like glutamine, glutamate,
and ornithine, with a minor contribution from proteins, particularly collagens.

e Trehalose mainly derives from glycogen, a known and confirmed source (Storey &
Storey, 2012), and there may be a partial contribution from the diet.

e Betaine sources, including GPC, GPE, DMG, and sarcosine, primarily originate from
choline released through phospholipid conversions. Our 13C labeling experiments
confirmed that glycine is not a contributing source.

e Physico-chemical behavior of CPs in vivo during slow inoculative freezing

In our research, we employed the MALDI-MSI technique to explore the distribution of
cryoprotectants (CPs) within larval tissues. This application marks a novel addition to
cryobiology literature as it allowed us to examine changes in CP localization during gradual
extracellular freezing for the first time. Typically, CP concentrations in insects have been
reported in whole body samples due to challenges in estimating precise concentrations in small
insect tissues and the belief that native CPs move freely across membranes. Our study
confirmed that SDA larvae of C. costata accumulate putative CPs in all examined tissues, but
with the highest concentrations and contents found in the hemolymph. For instance, the pool
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of the insect 'blood sugar', trehalose (Thompson, 2003; Mullins, 1985) in cold acclimated larval
hemolymph was about 16 times larger than in the fat body or midgut and 64 times larger than
in muscle tissue. Other metabolites, however, showed tissue-specific predominance. For
instance, maltose was primarily found in the midgut, reflecting the digestion of dietary starch
(Applebaum, 1985). Muscles had enriched levels of arginine and arginine phosphate, related to
their role as energy stores in insect muscle (Beis & Newsholme, 1975). Aspartate and glutamate
were prevalent in all tissues due to their central role in amino acid metabolism (Champe &
Harvey, 1994). Tissues also contained abundant glutathione, known for its role in cellular redox
balance (Sies, 1999).

One significant finding in our study concerns the behavior of the two main CP components,
proline and trehalose, during slow extracellular freezing. The MALDI-MSI analysis revealed that
trehalose mainly remains in its original location before freezing, concentrating in partially
freeze-dehydrated hemolymph and tissues. In contrast, proline molecules appear to migrate
out of the hemolymph and tissues and concentrate in thin layers separating extracellular ice
crystals from freeze-dehydrated tissues and hemolymph. The underlying mechanisms behind
this delocalization and its functional significance in cryopreserved insects are still hypothetical
and speculative. Differences in water solubility, glass transition initiation, and mobility in
freeze-concentrated solutions may explain this phenomenon.

Furthermore, our study emphasizes the importance of the glass transition phenomenon
during the gradual freezing of SDA larvae. This transition occurred within the temperature
range of -20°C to -30°C. Notably, only larvae pre-frozen to temperatures below -30°C,
effectively below the glass transition temperature, survived sudden submersion and
cryopreservation in liquid nitrogen. This underscores the critical role of the glass transition
process in ensuring survival under these conditions.

In contrast to previous research attributing glass formation primarily to high proline
concentrations, our investigation using differential scanning calorimetry (DSC) affirmed that
proline, even at a concentration of 978 mmol kg™, does not induce the glass transition (at least
not at temperatures down to -60°C) (Rudolph & Crowe, 1986; Rozsypal et al., 2018). Instead,
our study recognized trehalose as a potent inducer of the glass transition in C. costata tissues,
which is in accordance with the knowledge on trehalose glassification in the in vitro aqueous
systems (Green & Angell, 1989; Chen et al., 2000; Cesaro et al., 2008).

Regarding the viscoelastic properties of proline, it's essential to note that, unlike trehalose,
proline does not initiate the glass transition (Rasmussen et al., 1997; Liu et al., 2020) and
exhibits extensive solubility in water, potentially exceeding 15 mol kg™* (Held et al., 2014; Qiu et
al., 2019). Nonetheless, principles from physical chemistry indicate that proline, when present
at high concentrations, can form a viscoelastic liquid (McLain et al., 2007; Troitzsch et al., 2008;
de Molina et al., 2017) similar to non-aqueous deep eutectic systems (NADES) (Choi et al.,
2011). These liquids are known for their distinctive properties, including a significantly
depressed melting point, inhibited ice crystallization, and an enhanced propensity for
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amorphous glass formation. The elements within a complex mixture that form NADES are
connected to each other through a highly structured three-dimensional network, characterized
by optimal interactions involving both intermolecular and intramolecular hydrogen bonding
(Dai et al., 2013; Dai et al., 2015).

Our study postulates that within slowly freeze-dehydrating larvae, a proline-dominated
viscoelastic solution with properties resembling NADES may form locally at a microscale level.
As water molecules migrate from gradually dehydrating hemolymph and tissues toward
extracellular ice during extracellular freezing, proline molecules, highly soluble and mobile, may
accompany this movement. This phenomenon results in the creation of a thin, highly
concentrated layer of proline, observed via MALDI-MSI. This viscoelastic liquid likely contributes
to the stabilization of deeply frozen C. costata larvae by forming a rubber-like intermediate
zone located between extracellular ice crystals and freeze-dehydrated tissues. Consequently,
this process aids in alleviating the thermo-mechanical stresses associated with temperature
fluctuations during the immersion of larvae in liquid nitrogen and subsequent rewarming.

e Protective roles of CPs during extracellular freezing and cell freeze dehydration

Furthermore, we investigated how insects protect their soluble enzymes and cell
membranes when exposed to freezing. Our main goal was to determine if the proposed
mechanisms for freezing injury and the effectiveness of CPs could be confirmed or disproven.
It's worth noting that this idea mainly comes from existing literature, which mainly relies on in
vitro experiments. Our study, on the other hand, is the first to directly examine these processes
using in vivo assays.

We began by assessing the in vivo response of several distinct soluble enzymes in
freeze-sensitive C. costata larvae when exposed to freezing temperatures. These enzymes
included glucose 6-P dehydrogenase (G6PDH), citrate synthase (CS), lactate dehydrogenase
(LDH), phenoloxidase (PO), matrix metalloproteinases (MMPs), amylases and maltases, and
glycogen phosphorylase. Our experiments revealed that freezing stress did not lead to
complete loss of enzyme activity, with only minor decreases observed in some cases.
Specifically, GBPDH in muscle and certain enzymes in the midgut experienced statistically
significant reductions in activity. This outcome aligns with the extensive body of literature
pertaining to vertebrate (Tamiya et al., 1985; Carpenter & Crowe, 1988; Lippert & Galinski,
1992) and insect enzymes (Storey et. al., 1991) that have shown susceptibility to in vitro
freezing-induced inactivation. Intriguingly, freezing stress even stimulated the activity of
prophenoloxidase in the hemolymph. To validate our findings, we conducted experiments using
samples from two other insect species: D. melanogaster larvae and Locusta migratoria tibial
levator muscle. The results aligned with our initial observations, underscoring the preservation
of enzymatic activities in soluble enzymes found in various biological solutions within C.
costata, including hemolymph, alimentary canal, extracellular matrix, cytosol, and
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mitochondrial matrix of muscle and fat body cells, during freezing stress in vivo. To further
investigate the behavior of soluble enzymes during freezing stress, we subjected total protein
extracts from C. costata larvae to freezing in vitro. Soluble enzymes were susceptible to loss of
activity upon freezing in vitro in a diluted aqueous solution, often resulting in complete or near-
complete inactivity. However, we found that the addition of various CPs and other compounds
at low concentrations effectively protected enzyme activity during freezing in vitro. These
results show that soluble enzymes are more sensitive to freezing stress in vitro than in their
native biological environment, which is characterized by a crowded milieu of microsolutes and
macromolecules.

We explored the protective potential of different additives in preserving enzyme activity
during freezing stress in vitro. Low concentrations of various CPs and macromolecules were
found to be sufficient to shield enzymes from loss of activity during freezing. Notably, five
components of the C. costata native cryoprotectant mixture displayed protective abilities, with
glycerol and bovine serum albumin (BSA) demonstrating similar cryoprotective effects. Urea
and potassium (K+) failed to protect enzyme activity at any concentration tested. Furthermore,
we examined the interactions between proline and trehalose, two major CPs, and their
protective effects under different conditions. Our experiments have illuminated a significant
observation: the loss of enzyme activity can be effectively prevented by the addition of low
concentrations of various CPs and other microsolutes, including the artificial compound
HistoDenz, to the freezing medium. Even at concentrations as low as a few millimolars (mM),
these compounds were found to be sufficient to entirely safeguard the enzymes from activity
loss upon freezing. This finding closely corresponds to an earlier investigation conducted by
Storey et al. (1991), which reported remarkably similar low P50 values (ranging from 7 to 25
mM) for various sugars, polyols, and amino acids in protecting G6PDH from freeze inactivation
across different species, including a fly (Eurosta solidaginis), a moth (Epiblema scudderiana),
and yeast.

Furthermore, in addition to these microsolutes, native biological solutions were
observed to contain macromolecules — proteins at total concentrations ranging from 50 to 400
mg/mL (Chebotareva et. al. 2004). In our study, we have demonstrated that the inclusion of
macromolecules, such as BSA or Ficoll, into the in vitro freezing medium at concentrations as
low as 4-40 mg/mL sufficed to completely safeguard the insect enzymes from activity loss
during freezing.

It is noteworthy that when compared to insect enzymes, purified mammalian enzymes
necessitated higher concentrations of CP microsolutes, often in the range of hundreds of mM,
to protect against activity loss during in vitro freezing (Tamiya et. al., 1985; Carpenter & Crowe,
1988). However, mammalian enzymes were also effectively shielded by extremely low
concentrations, typically between 0.02—0.25 mg/mL, of macromolecular compounds such as
polyethylene glycol or BSA, or by increasing the concentration of the enzyme itself through self-
protection mechanisms. Notably, some vertebrate enzymes were observed to survive freeze-
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thaw cycles when frozen within tissues, such as succinate dehydrogenase and cytochrome
oxidase in rat heart (Hart et. al., 1972) or sarcoplasmic ATPase and aldolase in fish meat. These
enzymes exhibited significant activity loss only upon prolonged frozen storage (Connel, 1966;
Yamanaka & Mackie, 1971).

These findings underscore a critical distinction between typical enzymatic assays conducted
under low enzyme concentrations within dilute in vitro solutions and assays conducted in vivo
or under conditions simulating "molecular crowding", a characteristic feature of all living
organisms (Chebotareva et. al., 2004). Consequently, microsolutes and macromolecules that
are ubiquitous in the biological solutions of all organisms may serve as adequate stabilizers for
various soluble enzymes during freezing stress. Microsolutes likely operate through the
mechanism of "preferential exclusion," (Timasheff, 1992b, 1993, 2002), while macromolecules,
whether natural (e.g., BSA) or synthetic (e.g., Ficoll), may stabilize enzymes in their compact
native states through the mechanism of nonspecific steric repulsion, often referred to as the
"excluded volume effect". This effect arises from the mutual impenetrability of solute
molecules (Minton, 2000; Fiorini et. al., 2015).

In summary, our findings suggest that soluble enzymes in insects are sufficiently
protected against activity loss when exposed to freezing conditions in vivo, within their native
biochemical environment, characterized by a biological solution crowded with various
microsolutes and macromolecules. However, it is essential to exercise caution when
extrapolating the validity of this hypothesis from soluble enzymes to all proteins. Specifically,
the stability under freezing stress of large polymeric protein complexes, nucleoprotein
multimeric complexes such as ribosomes, or membrane-embedded protein complexes should
be further investigated.

Additionally, we assessed the integrity of fat body cell plasma membranes in freeze-
sensitive and freeze-tolerant C. costata larvae exposed to freezing stress. Our results indicated
that freeze-tolerant larvae exhibited significantly better ability to maintain membrane integrity
compared to freeze-sensitive larvae when subjected to freezing stress, both in vivo and in vitro.
We also found that the freeze-tolerant hemolymph contained components that effectively
preserved membrane integrity during freezing stress. Furthermore, we tested various additives
for their ability to protect fat body cell plasma membranes in vitro. Proline, trehalose, and BSA
displayed partial protection for freeze-sensitive phenotype cells. Freeze-tolerant phenotype
cells, on the other hand, showed complete membrane integrity rescue when exposed to a
mixture of proline, trehalose, and BSA.

The preservation of membrane integrity through the addition of CPs and proteins has
been demonstrated as a crucial process for maintaining cell integrity during freezing stress. In
accordance with the widely recognized theory of freezing injury mechanisms, our experimental
findings validate that the plasma membranes of freeze-sensitive C. costata larval phenotypes
lose their barrier function under in vivo lethal freezing stress. In contrast, the freeze-tolerant
phenotype exhibits almost no loss of membrane integrity. It is worth noting that the plasma
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membrane is considered a primary target of cold and freezing injury in plants (Steponkus, 1984)
and mammalian cells (Mazur, 1984; Drobnis et. al. 1993).

Another noteworthy observation from this study pertains to the freeze-tolerant C.
costata larval hemolymph, which appears to contain components essential for preserving
plasma membrane integrity during freezing stress. We assessed the cryoprotective capabilities
of the micromolecular constituents previously identified within the hemolymph of the freeze-
tolerant phenotype, in conjunction with the macromolecular protein, bovine serum albumin
(BSA). The combination of three additives in Schneider's medium - proline, trehalose, and BSA -
proved sufficient to fully safeguard membrane integrity during in vitro freezing stress applied to
fat body cells of freeze-tolerant larvae, reducing the incidence of freezing injury from 95% to 3%
of cells. These same additives were also effective in partially mitigating freezing injury in freeze-
sensitive phenotype cells, reducing it from 94% to 64-68%. These results suggest an interactive
effect between cell phenotype and the composition of the freezing medium on membrane
integrity. However, the precise mechanisms driving this interaction remain unclear, although
acclimation-related changes in the lipid composition of the cell membrane may play a pivotal
role (Kostal et. al., 2003).

Among the three additives (proline, trehalose, and BSA), BSA demonstrated the highest
efficacy in preserving membrane integrity for both freeze-sensitive and freeze-tolerant
phenotypes. We employed BSA to simulate the high concentrations of serum proteins
accumulated by many insects prior to metamorphosis (Powell et. al. 1984; Telfer & Kunkel,
1991). Furthermore, late third-instar C. costata larvae, as used in this study, exhibit elevated
concentrations of serum proteins and total proteins in the hemolymph, measuring 100 and 160
mg/mL for freeze-sensitive and freeze-tolerant phenotypes, respectively. BSA and other
nonpermeable compounds like sucrose, Ficoll, polyethylene glycol, and hydroxyethyl starch are
frequently added to cryopreservation solutions for mammalian sperm (Hidalgo et. al., 2018).
These compounds are believed to indirectly aid in maintaining membrane integrity by
influencing thermal transitions in the extracellular medium (including the kinetics of ice crystal
growth and morphology and glass transition temperatures) (Oldenhof et. al., 2013; Hornberger
et. al., 2021) or by reducing membrane lipid peroxidation caused by reactive oxygen species
(Cabrita et. al., 2001). Nevertheless, the precise mechanism underlying BSA's high effectiveness
in preserving C. costata's membrane integrity remains unknown. Other nonpermeable
compounds, such as sucrose and Ficoll, exhibited little to no cryoprotective effects on C. costata
fat body cell membranes. Further research is warranted to elucidate how the plasma
membrane's permeability to various additives influences their efficacy as cryoprotectants.

Our functional assays provide additional support for earlier studies where insect fat
body cells were subjected to freezing stress in vitro, followed by the assessment of plasma
membrane integrity using vital dyes. For instance, fat body cells of Eurosta solidaginis larvae,
when frozen to -25 °Cin Grace's insect medium, displayed an increase in intact plasma
membrane proportions from less than 20% to 80% when the medium was augmented with 1 M
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glycerol (Lee et. al., 1993). Similarly, fat body cells of the cricket Gryllus veletis, frozen to -12 °C
(in warm-acclimated crickets) or -16 °C (in cold-acclimated crickets) in Grace's medium, with or
without different CPs, exhibited enhanced survival rates with intact plasma membranes when
myo-inositol, trehalose, and glycerol were added to the medium (Toxopeus et al., 2019b). This
study also suggested that individual CPs have differential impacts on survival in the frozen state,
are not interchangeable, and likely function non-colligatively in insect freeze tolerance. In our
present investigation, no single CP or combination of CPs was sufficient to confer high freeze
tolerance to warm-acclimated cricket cells. However, in cold-acclimated crickets, the
proportion of cells with intact membranes after freezing stress increased to approximately 75%

when a combination of myo-inositol plus trehalose or glycerol alone was added (Toxopeus et
al., 2019b).

In conclusion, our study shows that membrane integrity plays a crucial role in cell
survival during freezing, with proline, trehalose and BSA showing promising cryoprotective
effects. Further research is needed to explore the complex interactions between CPs and

membrane protection and to understand the downstream effects of membrane integrity loss
on cell viability.
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4. Conclusions and prospects
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e Diversity and biosynthesis of cryoprotectants (CPs)

Metabolomics revealed the intricate composition of the naturally accumulated larval
cryoprotectant mixture, mainly comprising proline and trehalose, complemented by additional
minor components such as glutamine, asparagine, betaine, sarcosine, glycerophospho-choline,
and ethanolamine. Our findings emphasize the critical role of food ingestion for direct amino
compound assimilation, while glycogen and phospholipids serve as the primary internal sources
for cryoprotectant biosynthesis.

Potential avenues for future research include:

e Extending metabolomic analyses to describe the complex cryoprotectant mixtures in
various insect species, shedding light on species-specific adaptations.

e Further investigations into the relative importance of dietary intake versus internal
sources for cryoprotectant biosynthesis, expanding our understanding of these
mechanisms.

e Exploring the roles of diapause and cold acclimation in shaping the composition of
cryoprotectants in insects, contributing to a more comprehensive comprehension of
seasonal adaptations.

e Physico-chemical behavior of CPs in vivo during slow inoculative freezing

The application of MALDI-MSI offered insights into the behavior of cryoprotectants
during ecologically relevant gradual extracellular freezing of larvae. Trehalose accumulated in
partially dehydrated hemolymph, prompting a transition to the amorphous glass phase, while
proline moved to the boundary between extracellular ice and dehydrated hemolymph and
tissues, forming a layer of dense viscoelastic liquid.

Potential avenues for future research include:

e Delving into the physical chemistry of these complex cryoprotectant mixtures, aiming to
uncover the thermodynamic properties and molecular interactions that govern their
unique characteristics.

e Elucidating the thermal behavior of these intricate mixtures, providing insights into their
responses to temperature changes, phase transitions, and other relevant thermal
phenomena.

e Investigating the potential involvement of Natural Deep Eutectic Solvents (NADES) in
cryoprotectant mixtures could provide a deeper understanding of their role in insect
cold tolerance and adaptation.
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e Protective roles of CPs during extracellular freezing and cell freeze dehydration

A combination of in vivo and in vitro assays suggests that cell membranes are
susceptible to freezing injury, with their integrity supported by the presence of small
cryoprotective molecules and proteins in cold-acclimated C. costata larvae. Surprisingly, our
assays did not support the hypothesis that proteins, specifically soluble enzymes, require in vivo
stabilization through cryoprotectant accumulation.

Potential avenues for future research include:

e Exploring the stability of complex assemblages involving proteins, membranes, or
proteins with DNA or RNA. These investigations aim to shed light on the interactions and
behaviors of other, more complex biological components under freezing conditions.
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