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B Annotation

Complex experimental data on insect adaptation for survival at low temperatures, with special
reference to overwintering in temperate climate zone, are presented in this thesis. The cold tolerance
strategies were examined in four species: the codling niyttlig pomonelly the bark beetle

(Ips typographus the red firebugRyrrhocoris apteruy and the fruit fly Drosophila melano-

gaste). Two of these specie€, pomonellandl. typographusare serious pests and knowledge

on their overwintering biology is of great importance for development of pest management pro
grams. Numerous physiological and biochemical parameters, such as supercooling peint, ther
mal hysteresis between melting and freezing points, survival in supercooled and frozen states,
osmolality of hemolymph, water and energy reserves, and detailed metabolomic composition of
hemolymph and tissues were studied during cold season in the field-collected animals-or analy
zed in laboratory-acclimated animals in order to assess the insects' capacity for winter survival.
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1. Introduction

Insects represent one of the most successful gmupganisms, which have evolved on Earth.
They inhabit almost every environment from the itefgo the polar regions. Especially those
species inhabiting higher latitudes have evolvednenous adaptations to the seasonally
changing environmental conditions. Low temperaturesvinter or the dry season in tropics

represent the most serious dangers, which insest deal with.

This chapter should introduce the reader to cukeontvledge of insect adaptation to changing
environmental conditions concentrating on cold reobee and overwintering. Strategies and
mechanisms involved in overwintering will be outithand several examples will be presented.
The mechanisms involved in overwintering are thdannsbject of my interest. My thesis
focuses mainly on numerous physiological and biotbal parameters which may play a key
role in overwintering success. The overwinteringd® of the codling mothQydia pomonella
served as model species for my studies. Otherapétiolved in my thesis are the red firebug
(Pyrrhocoris apteruf the spruce bark beetlépé typographusand the fruit fly Drosophila
melanogaster

1.1. Diapause

Environmental conditions on Earth change seasandhgriods favorable for growth,
development and reproduction are limited to a d$jpetime of year (summer). Seasonal
changes become more apparent with increasing datitwhile the changes are very mild or
negligible in the tropical zones, they become napparent in temperate zones and reach their
maximum in the polar zones. In the temperate zgreyth, development and reproduction of
ectotherms, including insects, are usually regtdidb favorable conditions of summer. On the
contrary, winter conditions such as low temperaurgfluence life functions and rate of
metabolic processes and pose a threat of chillingreezing injury and also a risk of
desiccation. Seasonal changes have a cyclic aandathus predictable pattern. In response to
the predictable nature of these changes many ispecies have evolved a form of dormancy —
diapause.

Diapause can be considered an alternative develwpimpathway characterized by many
significant changes. These changes involve thedfialevelopment or reproduction, alterations
to the developmental program (to various extenippsession and changes in metabolism and
gene expression, which is behind these changegabDé& occurs during a specific stage of
development, which is species specific and resultteep change of phenotype (Tauber et al.,
1986a,b; Denlinger, 2000, 2002; Macrae, 2005). &ample, the silkmothBombyx mo)i
enters diapause as an early embryo (Yamashita,), 1886 codling moth Qydia pomonella
diapauses in the last larval stage (Ashby and $id@®0), the cabbage butterflyiéris
brassicag in the pupal stage (Pullin, et al. 1991), and Eueopean peacock butterflinéchis

i0) as an adult (DM@k et al., 2009). The diapausing stage may take different forms, from
various immobile stages such as diapausing embrymua, which do not accept any food, to
fully mobile feeding larvae or adults (K, 2006).



Diapause is understood as a dynamic process dogsigtseveral more or less distinct phases:
induction, preparation, initiation, maintenancerntimation and post-diapause quiescence
(Ko&tal, 2006). Theanduction phase occurs during a specific developmental stage, when
environmental cues are perceived and transducedsimitching the ontogenetic pathway from
direct development to diapause development. fileparation phasetakes place in species,
which have a period of direct development betweawluétion and initiation phases, but some
preparations (physiological or behavioral) may takece as well. Direct development ceases
during theinitiation phase and metabolism is suppressed. Mobile diapausiagest may
continue to feed and seek a suitable overwintesiteg The developmental arrest persists during
the maintenance phaseeven if the conditions are favorable for develeptmMetabolic rate is
low and relatively constant. Sensitivity to diapatsrminating conditions gradually increases.
Termination of diapause occurs when some specific changes in the envirataheonditions
stimulate the decrease of diapause intensity tomisimum level and thus synchronize
individuals within the population. By the end oftllermination phase, a physiological state
allowing resumption of direct development (if thenditions permit) is reached. After diapause
is terminated, the insects may remain in a statgast-diapause quiescencevhich is
maintained directly by environmental factors sushemperature (for more detail on diapause
phases see Kéél, 2006).

Diapause may be obligatory or facultative. Speeiith obligatory diapause enter diapause
regardless of the environmental conditions. Diapagsan integral part of their ontogenesis.
However, most species enter facultative diapausé;hnis induced by specific environmental
stimuli. Most of the insect species have evolvedhbitity to perceive and respond to specific
environmental stimuli (so called token stimuli) thgignal the upcoming seasonal changes
(Tauber et al., 1986a). The most common token dtisn{or signal) is shortening day-length in
late summer and early autumn. Day-length (or, npeeisely, night-length in most cases) is
perceived by a combination of visual and non-vigiggit receptors, processed in the brain and
transduced to changes in a hormonal signal, wrectesponsible for changes in physiology,
biochemistry, morphology and behavior (Yin and Qapdale, 1976; Bell, 1994; Denlinger,
2000, 2002). Although the photoperiod is conside¢hedmajor signal, there are other cues such
as temperature, quality of food, social and ecallgnteractions, intraspecific or interspecific,
which have an influence on diapause incidencerfBéeg et al., 1992a,b; KA, 2006).

Soon after initiation, diapause is maintained eietiapausing insects experience conditions
favorable for growth and reproduction (Tauber et #86a). Diapause thus prevents insects
from resuming development prematurely, for exampleen a short period of favorable
conditions occurs during autumn. The process gbaliae termination is still not completely
understood and certain disagreements about thjsguilemain to be resolved. While in some
insects kept under constant laboratory conditidvestermination of diapause is spontaneous,
some other insects kept under constant conditicaiatain diapause until they die. In the field
diapause termination is initiated when some enwiremtal conditions or stimulus or
combination of stimuli occur. As individuals of tleame population enter diapause during
different parts of the year, each of them maintadiepause for different period of time.
Diapause is then maintained until the period ofemse@ conditions come, which serves as
synchronizing stimulus and also prevents prematerenination of diapause. During the
termination phase the intensity of diapause graglukdcreases, until the resumption of direct



development is enabled (Ki#, 2006). Some authors suggest low temperaturée tine cue
which initiate diapause termination, but some othethors consider different cues like high
temperatures, photoperiodic signal or contact wigtter (moisture) (for review see Tauber and
Tauber, 1976; Hodek, 2002; K@s, 2006).

Diapause enables insects to survive through periodfavorable to development and
reproduction such as periods of cold or drought @ndlso synchronizes activities of the
individuals within the population. In some specidgpause seems to directly influence the
resistance to adverse environmental conditions|ewini some other species the relationship
between diapause and resistance to environmentalitmmns is not so obvious. Some insect
species become cold resistant (cold-hardy) as #mtgr diapause, but other species need a
period of cold acclimation to reach a certain lesketold hardiness (for more details on cold
acclimation see section 1.3.4.). The relationskipveen diapause and cold hardiness may vary
from purely coincidental to tightly linked (for riew see Denlinger, 1991; Pullin, 1996;
Hodkova and Hodek, 2004).

1.2. Overwintering strategies

Insect species inhabiting the temperate zone naatwith different conditions during different

parts of the year. Temperatures in summer may re@athvalues; there may be periods without
rainfall resulting in low humidity. Such conditiomsay pose a threat for the relatively small
insect body in terms of desiccation. Insects maypenter somewhat similar situation in winter
when a combination of low temperature, absenceicufid water / presence of ice in the
environment and low absolute humidity of the ailyrnause substantial loss of body water.

Most obviously, sub-zero temperatures during winggresent a risk of formation of ice within
the insect bodies. While some insects tolerateaegtiular freezing, intracellular freezing is
considered incompatible with life processes (Stamg Storey, 1988). In theory insects have
three options for dealing with seasonally low terapgres: to migrate out of the cold region, to
regulate body temperature or to tolerate low badyperatures.

Migration over long distances, though not widespread amasgcis, represents one of the
possible strategies. For instance, Monarch bugsr{Danaus plexippysmigrate from the USA

to Mexico (Urquhart and Urquhart, 1976; Brower, 8990verwintering strategy of many
insect species includes migration over short deanThey avoid low temperatures by vertical
migration into the soil or selection of protecteBidinacula (Lee, 1989). Substances such as
litter provide an adequate protection against hagtter conditions and minimize the risk of
cold injuries. Species originating from sub-tropiead tropical zones often search for their
hibernacula in human residences (Bale, 1996). Safeof a suitable site is thus vital for many
insect species for winter survival (Danks, 2006).

Another strategy is teegulate body temperature In insects, thermoregulation is feasible only
at superorganism level of some colonial and sociséct species. Honey-beespis spp).,
which probably represent the best known exampléhisf strategy, maintain a constant hive



temperature of approximately 35°C (20°C to 35°Gwinter) by behavioral and physiological
activities of the colony (Heinrich, 1981; Southwigkd Heldmaier, 1987).

The last, but clearly most widespread option itoterate low body temperature Many insect
species cannot evade the exposure to low tempesattivus they have evolved a number of
physiological and biochemical adaptations, whichrefer to as cold hardiness.

1.3. Cold hardiness

Temperature influences every aspect of insects fitom rate of biochemical reactions which
are well known to be temperature dependent, to trodevelopment and reproduction. Cold
hardiness refers to the ability of an insect (oy amganism) to survive exposure to low
temperatures (Salt, 1961; Danks, 1978; Zachariasd®85; Lee, 1989). Physiological
mechanisms of cold hardiness (cold tolerance)rardacus of this thesis.

1.3.1. Classes of cold hardiness

Insects can be divided into two major categoriespeding to their strategy for survival in the
cold: “freeze-avoiding and ‘freeze-tolerant’ (Lee, 1991; Sinclair et al., 2003). Freeze-
avoiding insects cannot survive ice formation ieithbody fluids and often die well above
temperature of crystallization of their body flui@ipercooling point, SCP; see section 1.3.3.
for more information). Freeze-tolerant species satvive partial freezing of their body fluids
(Lee, 1989; Bale, 1993; Renault et al., 2002). &ligh these two strategies are different in
principle, they share several similarities and s@pecies are capable of switching from one
strategy to the other (for example: Horwath & Duma®84; Fields and McNeil, 1986).
Because of apparent deficiency of only having tvedegories, some authors attempted to
establish a new system of classification. Bale 899996) proposed a new system of
classification defining five categories of cold #iaess: 1) Freeze tolerance, 2) Freeze
avoidance, 3) Chill tolerance, 4) Chill susceptipiand 5) Opportunistic survival.

Sinclair (1999) proposed a new system of classificaconsisting of four categories within the
“freeze tolerance” category based on SCP and the pblower lethal temperature: 1) Partial
freezing tolerance, 2) Moderate freezing toleraBgeStrong freezing tolerance and 4) Freezing
tolerance with low SCP. Unfortunately, the systeshglassification of cold hardiness suffer
from the same flaw as almost all such systems. Httemhow many categories are defined, an
exception breaking the rule can be always founds Trtonsistency may be the main reason
that, despite efforts for more thorough sorting, ofd division into two categories is still widely
used in literature.

The main issue insects must deal with at subzenpeeatures is the phase transition of water
from liquid to solid. Insects have fundamentallefioptions how to deal with formation of ice:
1) Supercooling represents the most widespread strategy, whenaf@m of ice is to be
avoided (Lee et al.,, 1996) (for more information suapercooling see section 1.3.32).
Extracellular freezing represent another strategy widespread in insecigposite to



supercooling, the formation of ice is initiatednaitd sub-zero temperatures (Storey and Storey,
1988). 3) Intracellular freezing, although usually considered lethal (ZachariasskI85;
Storey and Storey, 1988), is tolerated at leastoime animals. Though this strategy has not
been described in insects yet, some authors reptrsd isolated fat body cells of diapausing
Eurosta solidaginisan survive intracellular freezing (Salt, 1962 yvBaand Lee, 2001). There
is also one known example of survival of intradeltufreezing at the organism level. A
nematodePanagrolaimus davidican survive extensive intracellular freezing (Wbarand
Ferns, 1995)4) Cryoprotective dehydration was reported in several arctic collembolans
(Holmstrup and Sgmme, 1998; Sgrensen and Holms2Q0pl). The potential danger of
formation of ice is avoided by removing most of thedy water. 5) Glass transition
(vitrification ) occurs when liquid become solid at temperatussally far below the normal
freezing point, but without the formation of crylfitee phase (MacFarlane, 1987). A glass is a
solution of high viscosity, which prevents all plegd and chemical reactions that require
molecular diffusion, including ice nucleation (D&nR000). Some authors reported vitrification
to be an essential part of the survival strategwmdfydrobiotic invertebrates (Sakurai et al.,
2008; Hengherr et al., 2009) and some deeply sapkad arctic beetles (Sformo et al., 2010).

1.3.2. Effects of low temperatures

Low temperatures can be defined in various waysalee it may cover a wide range of
temperatures. Low temperature can be understo@hyasemperature below the threshold for
activity, growth and development, however, morécsy; it is a temperature which has a
negative impact on insect physiology, causes sarteo§ injury, and, consequently, a loss of
fithess and/or mortality (Lee, 1991). The lowestperature that causes no significant mortality
during prolonged exposure to cold is referred taipger limit of cold injury zone (ULCIZ)
(Nedwd, 1998; Ned¥d et al., 1998)The range of low temperatures is species-specifit a
depends on the extant physiological state of tkedn Even temperate insects may die when
exposed to temperatures considerably above 0°C wbeproperly acclimated. Most attention
is focused on sub-zero temperatures and theirtsftetinsect organism.

Insects exposed to low temperatures may suffeldiopury. Mechanisms of cold injuries are
still not completely understood because of theimplexity (low temperature influences
biological processes at all levels). Cold injuryndze divided into two main categories: freeze
injury and chill injury (Storey and Storey, 1988yeeze injury occurs as a result of ice crystal
formation within the insect body. Damage causedbbyation of ice crystals within the cells is
generally considered to be lethal, however somemtians have been reported (see section
1.3.1.). In most insect species, freezing tempesatldead to formation of ice crystals in
extracellular fluids. As molecules of water attéagtyrowing ice crystals, the extracellular fluids
become more concentrated, which results in osmgtiadient between the unfrozen
extracellular fraction and the cytoplasm of thdscélvater is then drawn off the cells resulting
in higher concentration of intracellular solutesiebhmay reach toxic levels. In addition, ice
crystals alone may cause direct mechanical dancathe tcells.

In the case of chill injury, damage is caused lnygerature below the threshold for activity but
above the temperature of crystallization of bodyd#$. Chilling injuries can be further divided



into acute (cold shock) and chronic (cumulativedpR cooling to relatively low temperatures
results in cold shock, which is believed to cauamage predominantly to membranes (Quinn,
1985). The membrane normally exists in a liquidstaifine phase, but when exposed to low
temperatures it may transfer into a highly orgaghigel phase. In the gel phase the membrane
lipids exhibit no or minimal mobility, which resasliin the loss of function of the membrane.
Functions of the membrane proteins are also depe¢mslernembrane fluidity. Transition to gel
phase may seriously disrupt the membrane trangptazel, 1989). At temperatures above
optimal level, the membrane may transfer into aaliexal phase and loose its integrity.
Transition to the hexagonal phase may also be dalngdow hydration (Kirk et al., 1984).
Chronic chilling to relatively mild subzero temptnas negatively influences the function of
proteins. Enzymatic activity of proteins decreasth wecreasing temperature (Privalov, 1990)
and thus ATP production can be disrupted, whichltesn the collapse of vital processes such
as ion transports. Moreover, metabolites may actateand reach toxic concentration when
metabolic pathways are disrupted.

1.3.3. Ice nucleation, supercooling and water relatns in overwintering insects

Homogenous ice nucleation occurs when a sufficrmnnber of hydrogen bonds between
molecules of water develop spontaneously at theeskmation to form a compact initial
nucleus. The initial nucleus, when formed, slowharges its shape and size until it reaches a
stage that allows rapid expansion, resulting irsalization of the entire system (Matsumoto et
al., 2002). Homogenous nucleation in a small voluhextremely pure water does not occur
until temperatures as low as -39°C. Ice nucleai®m stochastic process dependent on
formation of sufficient number of water moleculasiice crystal (Ramlgv, 2000; Wilson et al.,
2003). The formation of the initial nucleus dependgshe number of water molecules available
to form it. The probability of ice nucleation thingreases with the volume of water.

Liquid which is cooled below its melting point witht a phase transition into solid is called
supercooled (Ediger, 2000). Apart from the exangflailtra pure water, all other aqueous
solutions (including those in living organisms) wihdergo heterogeneous nucleation, where a
substance other than water serves as the nucleusdawhich water molecules aggregate. Such
substances are called heterogenous nucleators XR6#; Wilson et al., 2003). Because of the
presence of nucleators, larger volumes of tap waggally freeze at temperatures close to 0°C
(Doucet et al., 2008). The nucleation activity wiescribed in both organic and inorganic
substances (Zachariassen, 1992). Many insect spggi¢hesize hemolymph proteins with their
capacity to catalyze ice nucleation at mild subzeroperatures. Ice-nucleating proteins allow
insect to control (to a limited extend) the forroatiof ice crystals within their bodies.
Especially insects which tolerate freezing of thmdy fluids often synthesize these proteins to
initiate freezing at relatively high sub-zero temgiares (Storey and Storey, 1988). Freezing at
mild subzero temperature allows them to adapt tnatie pressure caused by the formation of
ice as well as direct mechanical action of growice crystals (Storey and Storey, 1988; Lee
and Costanzo, 1998). In 1970s, a new category @& cleators, ice-nucleating
microorganisms, was discovered. So-called ice-ficlg bacteria have the capacity to catalyze
the formation of ice at temperatures as high a€.-RBlost of these bacteria are epiphytic plant
pathogens that facilitate freezing by nucleatingewan the plant surface, causing freeze injury.



These bacteria may be responsible for substamtialiat of crop losses due to frost (Lee et al.,
1996). These bacteria, when ingested by an insigetfeod, can promote freezing of its body
fluids. Some authors reported microorganisms wiithilar nucleating activity being a part of
normal flora of the insect gut (for example: Stra@dgnderson et al., 1990; Lee et al., 1991;
Worland and Block, 1999). Many other substances ke ice nucleating activity, but their
nature is still not well understood (Lee, 1991)eTdest ice nucleator available in nature is ice
itself. While some species try to avoid contacthwéixternal ice, for some other species the
contact with ice is crucial to initiate freezingraild sub-zero temperatures (Lee, 1991). Unlike
freeze-tolerant insects, freeze-avoiding insectstravoid formation of ice within their bodies
and promote supercooling. Since ice-nucleatorsapbus nature may be present in food, it is
essential for freeze-avoiding insects to stop fegdind to evacuate their gut, before the cold
season (Sgmme 1999).

Removing the ice nucleators is not the only waydgulate ice formation within the insect
body. Some insect species synthesize anti-freepéeips (also called thermal hysteresis
proteins) which attach to ice crystals preventimgnt from further growth (Jorov et al., 2004).
The temperature of crystallization is lowered dodhe activity of these anti-freeze proteins,
but melting temperature remains unchanged. Theerdifice between freezing and melting
temperature is called thermal hysteresis and allosvso measure the activity of anti-freeze
proteins (Sgmme 1999).

When an initial ice crystal reaches a critical massgrrounding water molecules attach
themselves to it very rapidly, which results in kegive freezing in the whole volume of the
solution. The heat of crystallization released wgrifreezing allows us to measure the
temperature of crystallization, usually referrecatosupercooling point. The supercooling point
(SCP) is defined as a temperature at which spoatenieeezing occurs (Wilson et al., 2003). In
most animals (other than insects), the SCP of Hluitys ranges from -0.5°C to -1.7°C (Storey
and Storey, 1988). While the SCP refers to the shwemperature to which an insect may be
cooled before it freezes, the supercooling capaeitgrs to the maintenance of body water in
liquid state at temperatures below its equilibrifreezing/melting point (Lee et al., 1996). The
ability to manage supercooling is essential fohbioteze tolerant and freeze intolerant insect
species. Many insects show a seasonal variati®@Cip. While in summer the SCP is closer to
0°C, it drops in winter, in some species it eveactes temperatures as low as -60°C (Lee,
1989). Species relying on supercooling strategyelotiheir SCP during the cold season to
prevent freezing of their body fluids. The SCP eais influenced by several factors, such as
the portion of osmotically active water and itswk, nucleators of various nature, antifreeze
proteins, hydration, or microclimatic conditions the overwintering site. The SCP value can
also be modified by the presence of sugars, polgots free amino-acids. These substances,
called low-molecular mass cryoprotectants (for mofermation see section 1.3.5.), have an
effect on both colligative and non-colligative pesfies of body fluids and can significantly
modify the SCP value and reduce the effect of lemgeratures on many biological structures
(Lee, 1991; Lee et al., 1996; Zhao, 1997).

The percentage of water by weight in insects ugualy from 65 to 75 % of fresh weight,
although the level ranges from only 17% to morentB@% at different life stages of different
species (Danks, 2000). Most insect species musttfae problem of their water balance during



overwintering. Many insects relying on supercoolistgategy overwinter surrounded by ice
within their hibernacula. In such a case water ks tend to evaporate from the body and
join the crystals of surrounding ice, which resittslesiccation. In order to minimize the loss
of water, the cuticular lipid layers become thicled the composition of cuticular lipids also
changes before the cold season (Hegdekar, 1979gkidamand Katagiri, 2004). Other
mechanical barriers such as cavities build in soilcocoons also prevent water loss from
individuals. Insect cocoons represent a multifuoral barrier, which may protect its occupants
from desiccation, penetration of ice crystals aratew and also have anti-bacterial and anti-
fungal properties (Danks, 2004).

In the case of freeze-tolerant insect species, flattis become more concentrated as portion of
water molecules joins the ice crystals. The unfnozaction of body water which is locked in
hydration spheres of proteins and many other médscand particles is called “bound water”.
In many insects the concentration of solutes irsgsaluring overwintering, which results in an
increase of volume of bound water at the expensesafotically active water (free water).
Higher amount of bound water (relative to osmolcaktive water) limits the availability of
water molecules for evaporation and ice growth ¢BJ@2002). As free water molecules join the
ice crystals, the osmotic concentration of the exdn fraction increases. The vapor pressure of
the unfrozen fraction of body water then reachesamilibrium with the ice. Thus, freeze-
tolerant insect should not loose water in favoexternal ice.

1.3.4. Cold acclimation

Most diapausing insects require a period of colkdimation to attain maximum level of cold
hardiness. Cold acclimation can be defined as arséle phenotypic change that occurs in
response to declining ambient temperatures andneebathe level of cold hardiness. Cold
acclimation is often an integral component of disgea(Salt, 1961; Denlinger, 1991; Slachta, et
al. 2002). Non-diapausing insects can also undeodh acclimation. The importance of cold
acclimation can be illustrated by an example offthé fly larva (Drosophila melanogastgr
non-diapause stage of a tropical insect specieschwhecomes cold tolerant during cold
acclimation (Overgaard et al., 2008) and can ewgrdte partial freezing of its body fluids
(Ko&t'al et al., 2012).

Cold acclimation comprises several mechanismaudtieyy synthesis and accumulation of so-
called low-molecular mass cryoprotectants (for mdedails see section 1.3.5.) including
polyols, sugars and free amino acids (Dubach e18h9; Miller & Smith, 1975; Semme, 1982;
Lee, 1991, Sgmme, 1999). Other mechanisms incltategiive changes in the composition of
biological membranes. Changes of cell membrane ositipn represent an important part of
the cold acclimation process. Sinensky (1974) psedahe “homeoviscous adaptation theory”
(HVA), which postulates changes in membrane contiposiin order to maintain proper
viscosity of the membrane in response to temperatBecause of some discrepancies in
observations, McElhaney (1984) introduced a “horh@sjr adaptation theory” (HPA), which
reflects the need for preservation of the membraniés functional, liquid crystalline phase.
Hazel (1995) broadened the concept to “dynamic ¢ehlashavior” (DPB) to stress the
dynamism of the phase change. His model assumeth@ionship between body temperature



(or ambient temperature) and the temperature opliase transition of the membrane lipids. In
order to prevent transitioning to gel phase dutowg temperatures, and to keep the membrane
functional, changes in membrane composition areem@iie effect of low temperature on the
membrane is compensated by an increase of unsaduedty acids, incorporating shorter chain
fatty acids and by increasing the portion of pheagilylethanolamines relative to
phosphatidylcholines. Adjustments of membrane caitipm in response to temperature
changes have been observed in many insect spimiexampleCymbalophora pudicéKo&'al

& Simek, 1998),Drosophila melanogaste(Overgaard et al., 2008Chymomyza costata
(Ko&al et al., 2003)Pyrrhocoris apterugHodkova et al., 1999; Slachta et al., 2002; Tala

et al., 2006).

The process of rapid cold hardening, when a shqubgure to low temperature extends survival
at freezing temperatures, represents a differgye of cold acclimation. Rapid cold hardening
was first described in the flesh-filgarcophaga crassipalpiéChen et al., 1987). The same
process was later observed in several other spélogeset al., 1987; Czajka and Lee, 1990;
Qiang et al., 2008). Capacity for rapid cold haidgns a process independent of diapause. It is
probably widespread among insects, allowing themegpond quickly to daily temperature
oscillations (Lee et al., 1987). Rapid cold hardgncan provide a significant advantage
especially in spring and autumn when temperatuwetdbtes and can drop rapidly. The
mechanisms responsible for rapid cold hardeningatesufficiently understood. Accumulation
of sugars and polyols (Chen et al., 1987, Michand Benlinger, 2007), or the synthesis of
heat-shock proteins, which represent a universadti@en to rapid temperature changes (Joplin
et al., 1990pre considered to be responsible by some authors.

Heat-shock proteins (HSPs) were first discovereftuit flies exposed to heat (Tissieres et al.,
1974). HSPs include both inducible and constitufimens. The constitutive form promotes
correct folding of newly synthesized proteins andintains their function in a normal,
unstressed cell. The inducible form serves as ratdecchaperone. They bind to partially
denatured proteins and mediate either their repaitegradation (Craig et al., 1994). HSPs are
not only expressed during a heat shock but alsor#sponse to a variety of other stresses such
as cold shock, oxidative and osmotic stress odiataon (De Maio, 1999). Synthesis of HSPs
in response to low temperature was reported inraéiresect species, for exampl@rosophila

sp. (Goto & Kimura, 1998)Leptinotarsa decemlineat@ocum, 2001) oDelia antiqua(Chen

et al., 2006). The most complex study has been donthe flesh flySarcophaga crassipalpis
(Joplin et al., 1990; Yocum et al., 1998; Rineleral., 2000; Hayward et al., 2005).

1.3.5. Low-molecular mass cryoprotectants

Seasonal changes in cold hardiness of insectslsraedated to changes in the concentrations
of low-molecular mass cryoprotectants in the hemmglly (Semme, 1999).

The role of low-molecular mass cryoprotectants veraintering insect was recognized in the
middle of 20" century (for example: Salt, 1957; Chino, 1957; Belbet al., 1959).
Cryoprotectants identified in insects include ssg@rehalose, fructose, glucose etc.), polyols
(glycerol, sorbitol, mannitol, ribitol etc.) andefr amino acids (proline, alanine etc.) as well
(Lee, 1991; Sgmme, 1999; Ramlgv, 2000). A numbemgéct species synthesize multiple



cryoprotectants, which may give an advantage tHferconcentration of none of the substances
reaches a toxic level (Ramlgv, 2000).

The cryoprotective role of these substances iscbadber on colligative or non-colligative
properties. High concentrations of cryoprotectgimsrder of mol.kg) will cause a substantial
colligative depression of melting and freezing pah insect hemolymph. In freeze-avoiding
insects, the high concentration of cryoprotectavitsresult in the promotion of supercooling
capacity, while in freeze-tolerant insects the prgtectants will regulate dehydration of the
cells caused by the formation of extracellular {Zachariassen, 1985; Lee, 1991; Ramigv,
2000). Non-colligative action of cryoprotectantc@mulated at low concentrations (order of
tens to hundreds of mmolRpis based on stabilization and protection of pirsteand
membranes (Storey and Storey, 1991). The non-etilig effect of solutes is based on
mechanism ofpreferential hydrationof proteins and membranes or, vice verzaferential
exclusionof solvents from the vicinity of proteins and mesufies. Solvents and water compete
for binding to the protein surface. When solvents excluded, they allow water molecules to
bind preferentially to the protein domain and tipusferentially hydrating it (Timasheff, 2002;
Shimizu and Smith, 2004). For example, trehalodenwvn to be an exceptional stabilizer of
proteins; it helps to retain activity of enzymesswiution as well as in their freeze-dried state
(Kaushik and Bhat, 2003).

The accumulation of cryoprotectants is influencgdskveral environmental factors such as
temperature, photoperiod and desiccation. The rfegior triggering biosynthesis and the
accumulation of cryoprotectants is low temperatureially below 5°C. In many insect species
the ability to accumulate cryoprotectants is retd to diapausing individuals, but in other
species, diapause is not a prerequisite for cryeptant accumulation (Lee, 1991).
Cryoprotectant biosynthesis takes place in fat biigbues and glycogen reserves serve as the
main source. Many authors reported conversion yéaglen to cryoprotectants during winter
and back to glycogen in spring (for example: Hayeka& Chino, 1981; Shimada et al., 1984;
Rojas et al., 1994; Bemani et al., 2010). The cotmagon of cryoprotectants in the hemolymph
usually shows a seasonal pattern, when the comtiemtrrises from low or even zero in early
autumn to its maximum value in mid winter and dr@gmin in early spring (for example:
Frankos and Platt, 1976; Li et al., 2000; Atapouwtt &oharramipour, 2009). The level of cold
hardiness (survival at low temperatures and/or S@feh correlates with the concentration of
cryoprotectants (for example: Mansingh and Smallnf8v2; Gehrken, 1984; Chen et al.,
1991; Goto et al., 2001; Atapour and Moharramip@®Q9). Some authors, however, reported
no correlation between cryoprotectant concentradioth cold hardiness, or the seasonal trends
of survival/SCP and of cryoprotectants were vaiipshifted (Pullin et al., 1991; Pullin and
Wolda, 1993; Li et al., 2003; Vesala et al., 201RMlin (1996) suggested an evolutionary
scenario explaining the accumulation of cryopraets to be a side-product of metabolic
suppression. In this scenario, the diapause-indueethbolic suppression typically results in
the accumulation of low concentrations of sugard palyols, which, later in the course of
evolution, may become subject to positive select@nsurvival in tropical regions (where the
compounds might serve as compatible osmolytespndueriods of drought. Further selection
of the cryoprotective role of accumulated compatillismolytic compounds might have taken
place during insect colonization of higher latitade



Besides sugars and polyols, some free amino aeii® $0 have similar cryoprotective role in
insects (Lee, 1991; Sgmme, 1999; Ramlgv, 2000)t&at al. (2012) reported a free amino
acid proline to have a significant impact on coétdiness irDrosophila melanogasteOther
authors reported an increase of alanin (Li e28l01) or alanin and serin (Goto et al., 2001).

1.4. Model species

1.4.1. Codling moth

The codling mothCydia pomonellais a major insect pest of apples and some othés fsuch

as pears, apricots, and walnuts. This speciesoiggtit to have originated in Eurasia but later
has spread around the world following apple cutiora It now occurs in most apple production
areas in the temperate zone (in both southern amithetn hemispheres) but has also been
reported in subtropical and tropical countries (& 1991; Willett et al., 2009). The great
economic importance of this pest, and still unresoldifficulties in practical implementation of
routine large-scale programs for management.opomonellain apple orchards (Dorn et al.,
1999), are two main drivers of scientific intergmsb this species.

The codling moth overwinters as a diapausing fiftar larva in a cocoon spun under the bark
of apple trees or in litter near the base of tkegr(Miller, 1956; Peterson and Hamner, 1968;
Sieber and Benz, 1980). The codling moth has fargdl instars regardless of temperature
conditions. Optimal temperature for the developma&tarvae ranges between 28 and 32°C
(Williams and McDonald, 1982). In central Europiee todling moth usually gives rise to one
or two generations. When caterpillars reach thgestaf fully grown fifth instar larva by
approximately half of July, they will continue démement and give rise to the summer
generation. Most central European populations, keweform only a partial summer
generation depending on local weather of that @aler year (Miller, 1956) and most
caterpillars of the spring generation do not coiepliaeir development to adult stage and
directly enter diapause (Miller, 1956; Peterson Hadhner, 1968; Sieber and Benz, 1980).

Most of the studies on the codling moth focus oapduse and/or its implications for pest
management (for example: Peterson and Hamner, 1R@8t and Croft, 1978; Sieber and
Benz, 1980; Steinberg et al. 1992a,b). Informasibout cold hardiness and winter survival are
rather sporadic in literature. Several studies mepery high mortality (often close to 100%)
caused by bird predation of the larvae that ovetevinnder the bark of apple trees (McLellan,
1958; 1959; LeRoux, 1959; Mailloux and LeRoux, 19&®dlomon et al., 1976; Glen and
Milsom, 1978). It is rather surprising, given thigh rate of predation, that, according to some
authors, overwintering sites under bark are preteover the litter sites (Gould and Geissler,
1941; McLellan, 1960). Survival rates in litter wenot studied in detail. Only two papers
report no or very little survival (Solomon, 1976te® and Milsom, 1978). Besides predation,
the winter cold represents another significant faakoverwintering larvae, but older literature
provides only little information about cold hardéseand overwintering in the codling moth
larvae (for references see Neven 1999). Only twpufations, in the Pacific Northwest in the
USA (Neven, 1999) and in the Middle East in Irarhé&di and Moharramipour, 2007; 2010;



Khani et al., 2007) were studied in more detailttBgroups of authors agree on the codling
moth being freeze-intolerant and the fact thabiéginot survive below its SCP, which ranges
between -22°C and -24°C. Both groups also repottedalose to be the major metabolite
present in overwintering larvae, but while Khaniatt (2007) found a positive correlation
between trehalose concentration and supercoolipgoity, no such correlation was reported by
Neven (1999). Despite the contributions of thesth@s, many aspects of cold hardiness and
underlying mechanisms are still not completely ustiod, and no elaborated study is available
regarding cold hardiness in central European paoipuals of this species.

1.4.2. Spruce bark beetle

The spruce bark beetlgpé typographusis the most serious pest of spruce plantatiorsutih
most of Eurasia (Christiansen and Bakke, 1988; Véknger, 2004). Under normal conditions
this pest prefers dead or dying trees, but whenwbreak occurd, typographuschanges its
behavior dramatically and is able to colonize aitideken healthy growing trees (Christiansen
and Bakke, 1988).

In central Europe, when the day-length shortenswel5h, around the middle of August
(Schopf, 1985,1989), adult beetles cease theiodemtion and enter reproductive diapause.
Diapausing beetles overwinter under the bark oficprtrees. Diapause is terminated during
December/January (Dolezal and Sehnal, 2007) andbd#etles then remain in a state of
guiescence until temperature begins to rise dutimg spring, when development and
reproduction resume. Several weeks after laying ¢lgg parental beetles leave their first brood
and give rise to a sister brood. The first brood miae rise to a second generation or feed and
enter diapause, depending on the photoperiod amgeti@ture. Central European populations of
I. typographus usually develop two complete generations and s¢veister broods
(Wermelinger, 2004).

Despite the great destructive capability and thigh Bconomic impact of this pest, knowledge
of its overwintering is relatively limited. typographusrely mostly on supercooling strategy
(Hansen et al.,, 1982) but some possibility, attlgestial, of freezing tolerance was also
reported (Annila, 1969). The only earlier record puflyol analysis, reporting glycerol and

glucose to be the major polyols present, is theepdyy Hansen et al. (1982) on Estonian
population ofl. typographusMore recently, a paper by K& et al. (2007) found glycerol to

be only a minor polyol and it described a relativebmplex system of cryoprotectants with
glucose, trehalose, sorbitol, mannitol and erybhas major components.

1.4.3. Red firebug

The red firebug Ryrrhocoris apteruk inhabits the western part of the palearctic regat
reaches into southern Siberia, Mongolia and Ch8taltel, 1959; Puchkov, 1974) as well. In
central EuropeP apterusclusters, often in large humbers, at the basenafeh trees whose
seeds are the main component of its diet. Besitteli seed®. apterusalso feeds on other
plants like mallows Nalvaceag (Tischler, 1959; Socha, 1993) and was reportechedo
occasionally necrophagous (Southwood and Lestds0)19



Under natural conditions of central Europe, adoftB. apterusenter a facultative reproductive
diapause in response to the photoperiod in Julyfarmgist, and remain in diapause through the
end of summer and until early autumn. When tempegatdecrease in autumn, the bugs find
shelters in the upper litter layer and their diggais gradually terminated. The bugs then
remain in state of low temperature quiescence dunimter and resume their activities when
the temperature increases in spring (Slama, 196diek 1968, 1983; Hodkova, 1999; Kéabk

& Simek, 2000; Kol et al., 2004a,b).

OverwinteringP. apterusdoes not tolerate freezing of its body fluids aelies on supercooling
strategy with mean SCP of approximately -17°C, Watige individual variability ranging from
-12°C to -23°C. Diapause is an essential preraguisi overwintering in P. apterus, because
non-diapausing beetles are not capable of coldnaatibn nor do they accumulate any polyols
(Slachta et al., 2002). Only diapausiRg apterus when exposed to temperatures below 5°C,
can accumulate polyols, which probably functionnas-colligative cryoprotectants (K&
and Slachta, 2001; K64l et al., 2001).

1.4.4. Fruit fly

The genudDrosophilaas well as the whole familprosophilidaeis thought to have a tropical
origin, but later spread to other climatic zones. inembers now inhabit wide range of
environments from the tropics to the edges of tan@pecies oDrosophila are a part of
saprophytic food chains, because in their immalifee stages they depend on organisms
causing fermentation (Throckmorton, 1975). Thetffly Drosophila melanogastenas been
one of the favorite model organisms, since ThomastHVorgan decided to use it for his
research regarding chromosomal theory of inheréatche beginning of 30century (Kohler,
1994).

D. melanogasters relatively easy and cheap to rear in the laiooyalts life cycle duration is
temperature dependent and lasts about 10 days°@t @emerec and Kaufman, 1967). The
larval development consists of three stages.

Most of the recent species Bfosophilastill have tropical and/or subtropical distributfoand
are chill susceptible (Kohler, 1994). The developtmaf immature stages @&.melanogaster
halts at temperatures below 10°C (Loeb and Northt8f7), some mortality occurs below 6°C
(Bliss, 1927), and all developmental stages dienwtielled below -5 °C, even if only for a few
hours (Czajka and Lee, 1990). Most of the studieshe cold tolerance dd. melanogaster
focus mainly on cold shock response (Czajka and, 1&90; Chen and Walker, 1994;
Rajamohan and Sinclair, 2009). KaE et al. (2012) recently showed, that larvae Dof
melanogastercan even survive partial freezing of their bodyids, when fed with diet
containing proline and acclimated properly.



1.5. Aims of research

Paper I: Physiological and biochemical analysis of overwiritggy and cold tolerance in the
spruce bark beetle, Ips typographus.

1) To assess cold tolerance and winter survival in pepulations (lowland and highland) of
spruce bark beetléps typographuswith respect to microhabitat selection.

2) To test physiological limits for survival at lownperatures.

3) To measure physiological parameters such as sugargocapacity, osmolality of body
fluids, relative amount of osmotically active wattrermal hysteresis, sugars and polyols,
and to examine their relationship to cold tolerance

Paper Il: Seasonal changes of free amino acids and thermasthyesis in overwintering
heteropteran insect, Pyrrhocoris apterus.

1) To extend our knowledge of the complexity of phimijical adjustments linked to cold
tolerance in red firebudPrrhocoris apterus

2) To assess the capacity to stabilize the supercatéed by thermal hysteresis factors.

3) To examine the accumulation of solutes other th@yots, namely free amino acids.

Paper Ill: Long-term cold acclimation extends survival time &C and modifies the
metabolomic profiles of the larvae of the fruit flprosophila melanogaster.

1) To examine the influence of long-term acclimationtbe development of indirect chilling
injuries in third-instar larvae of the fruit flypfosophila melanogastgr

2) To assess the influence of long-term acclimatiomloifity to survive freezing injury.

3) To examine if long-term acclimation modifies the tatmlomic profiles of organic acids,
free amino acids, free fatty acids, sugars, and/gb®land stimulates restructuring of
biological membranes.

Paper IV: Overwintering strategy and mechanisms of cold t@lece in the codling moth
(Cydia pomonella).

1) To assess cold tolerance and the mortality caugedifiter cold in the larvae of Central
European population of codling mot@ydia pomonellpon tree trunks and in litter layer.

2) To assess the capacity for survival in supercoatatipartially frozen state.

3) To measure changes in water content and energywessguring overwintering.

4) To measure physiological parameters such as sugergocapacity, thermal hysteresis,
osmolality of body fluids, and to perform a detdil@metabolomic analysis of organic acids,
amino acids, sugars, polyols and free fatty aci$ 8 examine their relationship to cold
tolerance.
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cold seasons. Evidence for a supercooling strategy in overwintering adults is provided. The lower lethal
temperature corresponds well to the supercooling point that ranges between —20 and —22 °C during
winter months. The supercooled state is stabilized by the absence of internal ice nucleators and by
seasonal accumulation of a mixture of sugars and polyols up to the sum concentration of 900 mM. The
cryoprotective function of accumulated metabolites is probably based on increasing the osmolality and
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Cryoprogtectants viscosity of supercooled body fluids and decreasing the relative proportion of water molecules available
Spruce bark beetle for lethal formation of ice nuclei. No activity of thermal hysteresis factors (stabilizers of supercooled

state) was detected in hemolymph. Lethal times for 50% mortality (Lts50) in the supercooled state at -5,
—100r —15 °C are weeks (autumn, spring) or even months (winter), suggesting relatively little mortality
caused by chill injury. Lts50 at —15 °C are significantly shorter in moist (6.9 days) than in dry (>42 days)
microenvironment because there is higher probability of external ice nucleation and occurrence of lethal
freezing in the moist situation.
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Article history: Overwintering adults of Pyrrhocoris apterus do not tolerate freezing of their body fluids and rely on a
RecerEd 19 May 2011 supercooling strategy and seasonal accumulation of polyols to survive at subzero body temperatures. We
Received in revised form 9 June 2011 sampled the adults monthly in the field during the cold season 2008-2009 and found active thermal
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Available online 27 June 2011 hysteresis factors (THFs) in hemolymph of winter-sampled adults. The hysteresis between the equilibrium

melting and freezing points ranged from 0.18 °C to 0.30 °C. No signs of THFs activity were found in the
autumn- and spring-sampled insects. The total free amino acid pool almost doubled during winter time. The

gg:;‘:lrsf sum concentrations of 27 free amino acids ranged between 35 and 40 mM in whole body water and 40—
Cold tolerance 45mM in hemolymph during December-February. Two amino acids, Pro and a-Ala most significantly
Ice nucleation contributed to the seasonal increase, while GIn showed the most dramatic seasonal decrease. Moderate levels
Antifreeze of amino acid accumulation in overwintering P. apterus suggest that they are by-products of protein
Cryoprotectants degradation and pentose pathway activity during the state of metabolic suppression imposed by diapause and
Osmolytes low body temperature. Potential colligative effects of accumulated amino acids, extending the supercooling

capacity of overwintering P. apterus, are negligible. Non-colligative effects require further study.
© 2011 Elsevier Inc. All rights reserved.
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Abstract

Background: Drosophila melanogaster is a chill-susceptible insect. Previous studies on this fly focused on acute direct
chilling injury during cold shock and showed that lower lethal temperature (LLT, approximately —5°C) exhibits relatively low
plasticity and that acclimations, both rapid cold hardening (RCH) and long-term cold acclimation, shift the LLT by only a few
degrees at the maximum.

Principal Findings: We found that long-term cold acclimation considerably improved cold tolerance in fully grown third-
instar larvae of D. melanogaster. A comparison of the larvae acclimated at constant 25°C with those acclimated at constant
15°C followed by constant 6°C for 2 d (15°C—6°C) showed that long-term cold acclimation extended the lethal time for
50% of the population (Ltse) during exposure to constant 0°C as much as 630-fold (from 0.137 h to 86.658 h). Such marked
physiological plasticity in Ltso (in contrast to LLT) suggested that chronic indirect chilling injury at 0°C differs from that
caused by cold shock. Long-term cold acclimation modified the metabolomic profiles of the larvae. Accumulations of
proline (up to 17.7 mM) and trehalose (up to 36.5 mM) were the two most prominent responses. In addition, restructuring
of the glycerophospholipid composition of biological membranes was observed. The relative proportion of glyceropho-
sphoethanolamines (especially those with linoleic acid at the sn-2 position) increased at the expense of glyceropho-
sphocholines.

Conclusion: Third-instar larvae of D. melanogaster improved their cold tolerance in response to long-term cold acclimation
and showed metabolic potential for the accumulation of proline and trehalose and for membrane restructuring.
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Abstract

Background: The codling moth Cydia pomonella) is a major insect pest of apples worldwide. Fully grown last
instar larvae overwinter in diapause state. Their overwintering strategies and physiological principles of cold
tolerance have been insufficiently studied. No elaborate analysis of overwintering physiology is available for
European populations.

Principal findings: We observed that codling moth larvae of a Central European population prefer to overwinter

in the microhabitat of litter layer near the base of trees. Reliance on extensive supercooling, or freeze-avoidance,
appears as their major strategy for survival of the winter cold. The supercooling point decreases from
approximately -15.3°C during summer to -26.3°C during winter. Seasonal extension of supercooling capacity is
assisted by partial dehydration, increasing osmolality of body fluids, and the accumulation of a complex mixture
of winter specific metabolites. Glycogen and glutamine reserves are depleted, while fructose, alanine and some
other sugars, polyols and free amino acids are accumulated during winter. The concentrations of trehalose and
proline remain high and relatively constant throughout the season, and may contribute to the stabilization of
proteins and membranes at subzero temperatures. In addition to supercooling, overwintering larvae acquire
considerable capacity to survive at subzero temperatures, down to -15°C, even in partially frozen state.
Conclusion: Our detailed laboratory analysis of cold tolerance, and whole-winter survival assays in semi-natural
conditions, suggest that the average winter cold does not represent a major threat for codling moth populations.
More than 83% of larvae survived over winter in the field and pupated in spring irrespective of the overwintering
microhabitat (cold-exposed tree trunk or temperature-buffered litter layer).



3. Summary of results and conclusions

Paper I: Physiological and biochemical analysis of overwintering and cold tolerance
in the spruce bark beetle, Ips typographus.

Cold tolerance and winter survival with respect to microhabitat selection

Our data suggest that low winter temperatures themselves only seldom represent an important
mortality factor for Central European populations of I. typographus. Beetles that were sampled
during the end of summer and the course of autumn (August-November) 2008 showed
relatively low levels of cold tolerance. By the beginning of winter (December), survival at sub-
zero temperatures increased considerably in both populations, while survival at an above-zero
temperature either remained relatively low (lowland) or increased less conspicuously
(highland). The maximum levels of cold tolerance at sub-zero temperatures were achieved
during the winter months (December—February, March). A spring loss of cold tolerance was
apparent in the population sampled in the lowland, but not in the highland, where March
temperatures remained relatively low.

The overwintering success in microhabitats with high moisture (litter and moss, under bark of
fallen trees) may be negatively influenced by relatively high risks of lethal nucleation by
external ice. The survival at longer exposure times was markedly lower in moist than in dry
conditions, which provides an additional explanation why most beetles prefer overwintering
sites on standing trees over litter.

Physiological and biochemical parameters of cold tolerance

Lower lethal temperature corresponds to the beetle supercooling point which ranges
between -20 and -22°C during winter. Beetles collected during the end of summer (August)
displayed relatively low supercooling capacity (lowland, average SCP = -11.7 °C; highland,
average SCP = -12.1 °C). SCPs then gradually decreased during autumn and reached a seasona
minimum during winter (ranging between -20 and -22 °C during December—March in both
populations). Spring (April) beetles lost their high supercooling capacity (lowland, average SCP
= -6.6 °C; highland, average SCP = -8.6 °C). Osmolality of hemolymph followed a seasonal
pattern that was almost reciprocal to SCP. Average values of 335 and 527 m®sverkg
measured in lowland and highland, respectively, during the end of summer. Winter maxima
rose to 1359 and 1582 mOsmkip lowland and highland, respectively. Spring levels (April)
were again low: 454 and 401 mOsmi*kg lowland and highland, respectively. The osmolality

of hemolymph tightly correlated with the sum concentration of all sugars and polyols.

Accumulation of cryoprotectants

The supercooled state appears to be well stabilized by the absence of internal nucleators and by
high concentrations of sugars and polyols which increase the osmolality and viscosity of body
fluids on the one hand and decrease the relative proportion of osmotically active water
molecules on the other. The levels of trehalose were stable during early autumn, increased
steeply starting in September (highland) or October (lowland), reached maximum levels during
winter months and, finally, decreased during spring (a decrease was observed only in the
sample taken in the lowland). The concentrations of glucose followed a similar seasonal pattern
as trehalose. Sorbitol, mannitol, erythritol, threitol, fructose (and glycerol during 2009-2010)
occurred at very low or undetectable levels during autumn, rapidly accumulated during early



winter (December in highland, January in lowland), and were maintained at high levels during
winter.

Thermal hysteresis factors and ratio of osmotically active and inactive water

No signs of thermal hysteresis factors were found in hemolymph of overwintering beetles. The
fresh mass and hydration of overwintering beetles remained essentially constant. We observed
significant seasonal changes in the relative proportion of osmotically active (OA) vs. inactive
(OI) water. Beetles collected during August 2010 showed a relatively high proportion of OA
water (74 %), which then decreased to 55 - 60 % during the winter months.

Paper Il: Seasonal changes of free amino acids and thermal hysteresis in
overwintering heteropteran insect, Pyrrhocoris apterus.

Stabilization of supercooled state by thermal hysteresis factors

We detected active thermal hysteresis factors (THFs) to be present consistently in all winter-
collected adults of P. apterus, while no signs of THFs activity were found in the autumn- and
spring-collected insects. The average levels of THFs activity was relatively low, ranging from
0.18°C to 0.30°C, which is not sufficient to significantly extend the supercooling capacity of P.
apterus.

Accumulation of free amino acids

We found that free amino acids accumulate in overwintering adults of P. apterus, however, their
contribution to the observed change in hemolymph osmolality is relatively small, up to 20
mOsm. The total free amino acid pool almost doubled during winter time compared to early
September in both hemolymph and whole body samples. Three amino acids, BrAlar@ne

and Glutamine, represented between 48 and 67 % of the total amino acid pool. The levels of
Proline andu-Alanine increased with the progression of cold season, peaked during winter, and
decreased during early March. Concentration of Glutamine showed a reciprocal trend with a
broad minimum during winter.

Paper Ill: Long-term cold acclimation extends survival time at 0°C and modifies the
metabolomic profiles of the larvae of the fruit fly Drosophila melanogaster.

Effect of long-term acclimation on survival at low temperatures

We observed a clear effect of relatively low rearing temperature of 15°C on subsequent survival
at low temperatures in"Binstar larvae. Survival of the 15°C acclimated larvae further
improved on exposure to 6°C for 2 days. The larvae did not show survival ability in conditions
favorable for external ice inoculation and partial freezing of their body fluids. None of the
larvae survived cooling to -5°C when freezing of the surrounding diet was stimulated by adding
a small ice crystal. In contrast, relatively high proportions of the larvae survived cooling to -5°C
under the supercooling conditions. However, acclimation at 15°C or 15°6°C was a
prerequisite for their survival in supercooled state.

Effect of long-term acclimation on metabolomic profiles and restructuring of membranes
Almost two-thirds of the 39 major metabolites identified in this study exhibited statistically
significant concentration changes in response to long-term cold acclimation. Most of the



changes, however, were relatively small and rarely reached a several-fold magnitude. Two
compounds, trehalose and proline, were present in relatively high amounts (>10mM) and
showed a positive association with increasing cold acclimation.

Long-term cold acclimation stimulated small but statistically significant changes in the lipid
composition of biological membranes in D. melanogaster larvae. The relative proportion of
unsaturated FAs and the length of FA chains did not change significantly with cold acclimation.
The relative proportion of GPEtns was significantly lower in the 25°C- and 15°C-acclimated
larvae than in the 15 °G> 6°C-acclimated larvae.

In both the larvae and the adults of D. melanogaster, the most prominent change related to cold
acclimation was the increase in the relative proportion of GPEtns with linoleic acid (FA 18:2)
esterified at the sn-2 position of glycerol.

Paper IV: Overwintering strategy and mechanisms of cold tolerance in the codling
moth (Cydia pomonella).

Overwintering sites, cold tolerance and the mortality caused by winter cold

Our data suggest that low temperatures do not represent a major threat for codling moth
populations, when considering the conditions of an average winter. The cold tolerance in field
collected larvae increased gradually with seasonal time and remained at high level until spring.
The larvae survived equally well in the litter layer (86.1% survival) and on tree trunks (83.6%
survival). When considering the conditions of an extremely cold winter, the survival rate would
most likely be zero, provided Codling moth larvae overwinter in the exposed microhabitats of
tree trunks. We believe, however, that larger parts of Central European populations prefer
overwintering sites in the buffered microhabitat of the litter layer.

Survival in supercooled and partially frozen state

Our study confirms supercooling as the main strategy of cold tolerance but also shows that the
overwintering larvae ofC. pomonella possess a good physiological capacity for freeze-
tolerance. The July-collected non-diapause larvae displayed relatively low capacity to tolerate
subzero temperatures. They also did not tolerate freezing of their body fluids. In diapausing
larvae, the cold tolerance increased gradually with seasonal time and reached a broad plateau
between November and April. The capacity to tolerate freezing was first observed in
November-collected larvae and, later, it stayed very high, ranging between 75-100%, until
spring.

Water content and energy reserves during overwintering

We found that larvae of codling moth gradually lose water during overwintering. This partial
dehydration contributes to the increase of body fluids' osmolality that, in turn, correlates with
the decrease of SCP. During the almost 6-month-long overwintering period from November to
April, the larvae displayed considerable losses of fresh mass (average loss of 43.0% of initial
FM), dry mass (43.8%), total lipids (46.0%) and water (56.8%). Despite these losses in absolute
units, the relative contents of water and total lipids remained almost unchanged: water, 61.9%
in Novvs. 61.7% in Apr; total lipids, 11.7% in Noxs. 11.1% in Apr.

Whole-body glycogen content was approximately half in July-collected non-diapause
caterpillars when compared to September-collected diapausing caterpillars. High levels of



glycogen were maintained during the whole autumn. Practically all glycogen deposits were
depleted between November and January, and partially re-accumulated during the spring.

Physiological and biochemical parameters of cold tolerance

The osmolality of hemolymph was relatively low (252 mosmof)kip July-collected non-
diapause larvae. In diapausing larvae, the osmolality gradually increased during autumn from
370 mosmol kg in September to a broad maximum of 667 - 665 mosmdlikglanuary -

March, respectively. The April-collected larvae exhibited a slight decrease of osmolality to 414
mosmol kg. Supercooling capacity was relatively low in the July-collected non-diapause
larvae. The SCP gradually decreased with seasonal time, reached a minimum during March (-
26.3°C), and also remained very low in the April-collected caterpillars. The correlation
between hemolymph osmolality and whole body supercooling point (SCP) was close to
statistical significance.

No thermal hysteresis was detected in the non-diapause larvae, and extremely low (ranging
between 0.07°C to 0.11°C) in hemolymph samples of winter collected larvae.

Accumulation of several metabolites, dominated by fructose and alanine, represents an
additional source of increasing osmolality/decreasing SCP in overwintering larvae of codling
moth. The concentration of trehalose was relatively high and more or less stable. The levels of
fructose, glucose, sorbitol and mannitol, appeared in high concentrations between November
and January but were almost completely cleared between March and April. Total pool of free
amino acids increased during winter and alanine contributed most to the winter peak. Proline
was the second most abundant amino acid and its seasonal pattern resembled that of trehalose -
relatively stable.
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