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Evolution of Cold Tolerance Strategies in Insects

B 0030pe paccMOTpeHbI TUITOTE3bI OTHOCUTEIBHO MPOOIEMBI ABOJIIOLIMU OCHOBHBIX CTPATErHil X0JI0ZI0yCTOWYNBOCTH HACCKOMBIX.
OnucaHbl COBPEMEHHBIC IPEICTABICHHs O 3HAUYCHHWHU Juaray3bl B Pa3BUTHH YCTOWYHMBOCTH HAaCEKOMBIX K xojoxy. OOcCyxaaroTcs
BO3MOXXKHBIE MEXaHU3MbI BOSHUKHOBEHHSI OCHOBHBIX OMOXMMHYECKHX KOMIIOHEHTOB XOJIO/I0yCTOHYNBOCTH: ITOJIMOJIOB M CaXapoB, OSIKOB-

HYKJICaTOPOB M aHTH()PHU3HBIX IPOTSHHOB.

Knrouegwle cnosa: Xonoa0yCcToiunBOCTb, HACEKOMbIE, YBOJIIOLHSI.

B orsizi po3mIsiHyTO TiMOTEe3HU BiAHOCHO MPOOIEMH CBOMIONIT OCHOBHUX CTpaTerii xomomocTiikocTi komax. HaBeneHo cyvacHi
YSIBJICHHSI LIIOJI0 3HA4YCHHs [ianay3d B PO3BUTKY CTiHKOCTi KoMax 10 xoyiony. OOroBOPIOIOTHCS MOXIIMBI MEXaHi3MHU BHHUKHEHHS
rOJIOBHHX 0iOXiMIYHMX KOMIIOHEHTIB XOJIOIOCTIMKOCTI: MOJIiOMNIB 1 I[yKpiB, O1IKIB-HYKJI€aTOPiB i aHTU()PHU3HUX IPOTETHIB.

Knrouoei cnoea: XononoctiiikicTh, KOMaXH, €BOJIIOLIIS.

The hypotheses on the problem of evolution of the main strategies of insects cold-hardiness are contemplated in the review. The
present-day conceptions on the role of diapause in the development of insects cold-hardiness are described. The possible ways of
origin of the main biochemical components of cold-hardiness, polyols and sugars, ice-nucleating and antifreeze proteins, are discussed.

Key words: cold-hardiness, insects, evolution.

Hacexomble 00MTalOT B caMbIX Pa3IUYHBIX YCJIO-
BUSIX M 4aCTO UCIBITHIBAIOT ACHCTBHE TAaKUX IKCTpe-
MaJIbHBIX 20MOTHYECKUX (PAKTOPOB, KaK TEMIIEpaTypa
U BI2XXHOCTh. Hacekomble yCTenHo KOTIOHU3UPOBaIH
MIPaKTHYECKH BCE CPEIbl OOMTAHMS, KPOME MOPCKOM.
besycnoBHO, ncciaenoBaHne OCHOBHBIX aIallTUBHBIX
CTpaTeTruii XOJI0I0YCTOHIMBOCTH HACEKOMBIX M HX
WHTETpaIiy MpeACTaBiseT OONBIION WHTEpeC s
pasHbIX obnacreit bnonoruu. Hacexomble 13 ymepeH-
HBIX, TTOJISIPHBIX ¥ BBICOKOTOPHBIX apeaioB MOTYT BbI-
JKUBATh B HU3KOTEMITEPAaTypPHBIX YCIOBHX Onarogaps
MpHOOPETEHHBIM B ITPOLIECCE IBOJIIOLUN MEXaHU3MaM
XOJIOZI0YCTOMYMBOCTH. Beex X0noaoy cToNuMBBIX Hace-
KOMBIX IPUHSTO JETTUTH Ha IB€ OCHOBHBIE KATETOPHH
B 3aBUCUMOCTH OT CHOCOOHOCTHU BBIKMBATH IIPU KPHC-
TaJUTM3aLMY KUIKOoCcTel Tena. J{axe npu cymecTBeH-
HBIX BapHALUSIX MEXaHU3MOB XOJIO0YCTOHYMBOCTH [ 3,
54, 67] oOrienpuHsTa KJIaCCU(PHUKALIUS, COTTIACHO KOTO-
PO¥ yCTOMYUBOCTE K 3aMEP3aHUI0 U N30eTaHue 3aMep-
3aHUSA MIPEJICTABIAIOT COOOM aTbTepHATUBHBIE CTpaTe-
MY BEDKHUBAHYS B XOJIOHBIX KIIMMaTHUECKUX YCIOBHSIX
[1,20]. HecmoTps Ha 0OITHUPHYIO TUTEPATYPY 10 AaH-
Ho¥ pobneme [8, 9, 31,47, 64, 72, 82], npuduHbL, 110
KOTOPBIM Ta WJIM WHAasl CTPaTerys MpHCyIa onpese-
JICHHOMY BHJLy WJTH TIOITYJISILIUK, OCTAIOTCS HE BBISICHEH-
HBIMH.

OcHOBHBIE OMOXUMHYECKHE MEXaHI3MBI (HAKOILIE-
HHE CaxapoB W/WIH [OJINOIIOB U aHTU(PPHU3HBIX POTEU-
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Insects inhabit under very different conditions and
are frequently subjected to the effect of such extreme
abiotic factors as temperature and humidity. Insects
successfully colonized all the habitats except marine
one. The study of main adaptive strategies of insect
cold tolerance and their integration is obviously of great
interest for different areas of biology. Insects from
temperate, polar and high-mountain areas can survive
under low temperatures due to the acquired during
evolution mechanisms of cold tolerance. All cold tole-
rant insects are commonly divided into two main
categories depending on the ability to survive at crystal-
lization of body fluids. Even during significant variations
of cold tolerance mechanisms [3, 54, 67] there is a
traditional classification according to which the resis-
tance to freezing and its avoiding represent alternative
survival strategies in cold climate conditions [1, 20].
Despite numerous data on this problem [8, 9, 31, 47,64,
72, 82] the causes due to which any proposed strategy
is inherent to a certain species or population has
remained unstudied.

Main biochemical mechanisms (accumulation of
sugars and/or polyols and anti-freeze proteins (AFP))
are common for both strategies [9, 83], but their
components in the representatives of different strate-
gies perform various functions.

The majority of basic groups of present-day insects
appeared in the Permian 250 mln years ago [11]. Their
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HOB (ADII)) sIBIISIFOTCSI OOIIIIIME J1J1s1 000MX CTpaTeTuit
[9, 83], HO X KOMIIOHEHTHI Y ITPEJCTABUTENEH Pa3HBIX
CTpaTeruii BBIIOIHAIOT Pa3IMyHble (QYHKLNH.
BonbIIMHCTBO OCHOBHBIX I'PYNI COBPEMEHHBIX
HacEeKOMBIX BO3HUKIIO B [Tepmuu 250 MiH et Hazaz.
[11]. BeposiTHO, HX paccelleHue Ha4ajloCh B TEMJIOM
BJIQXKHOM KJIMMarte JiecoB [lanrem, mpogomkanocs B
teuenue FOpckoro nepuosaa v, mo-BUAMMOMY, IPOIOI-
JKaeTcd M B HAIlIK JJHH B TOJIOMETa00JTMIECKUX MOPSIA-
Kax HacekoMbIX [46]. [TockonbKy 0CHOBHOE pa3HOOOpa-
3M€ HAaCEKOMBIX OOMTAEeT BO BIAXKHBIX TPOIHKAX,
JIOTHYHO MPEIION0KUTH, YTO KOJIOHH3AIHS XOIOIHBIX
PETHOHOB OCYIIECTBIISIIACH HEPETYIISIPHO OTACTHHBIMA
takcoHamu. B TlepMuu u mocje Hero KjiMMar ObLT
MEPUOANYECKH OYEHBb CYXUM, MOITOMY HACEKOMBIM
yrpoxano o0e3BoxuBanue [36]. MHorue coBpeMeH-
HBIE TPOIMYECKUE HACEKOMBIE B TOAOOHBIX yCIOBUSIX
BXozAAT B auamnay3y [30]. Ona HacTynaer Ha pa3any-
HBIX CTaJUsX OHTOI€HE3a y Pa3HBIX BUJOB, XOTS CY-
LIECTBYIOT ONpeesieHHbIe (PUIOreHETHYECKIE B3au-
MocBs3u. Hanprmep, O0IBITMHCTBO CaTypHUH Traray-
3UpYeT Ha CTauH KyKOJIKH [22], a 60’KBIX KOPOBOK —
Ha ctaauu uMaro [37]. BUuasr oTim4daroTcs CTEIICHBIO
MIOJIaBIICHNA MeTabonn3Ma BO BpeMsl quanaysbl U ee
SHIOKPUHOJOTHYECKHM KOHTposeMm. Kak mpaBuio,
JWYAHOYHAS W KyKOJOYHasl Auamay3bl KOHTPOJIH-
PYIOTCS HU3KHM YPOBHEM SKAM30HA U BEICOKUM ypPOB-
HEM I0BEHWJIBHOTO TOPMOHA, 8 UMaruajbHas Auanaysa,
Ha000pOT — HU3KMMH TUTPAMH IOBEHHUJILBHOTO TOPMOHA
[29]. HecMoTpst Ha OOIIHOCTD PETYISTOPHBIX MEXa-
HU3MOB, OOIIENIPUHSTA TUIIOTE3a, COTJIACHO KOTOPOi
Jyarnay3a BO3HUKala HEOIHOKPATHO HA MPOTSHKEHUN
9BOJIIOLIIMM HAaCEKOMBIX [24]. Jlmamay3y CUMTAIOT
IIPUMUTUBHOM CTpATEruel, XOTs JOKa3aTelbCTB 3TON
TOYKH 3pEHUA HE TocTaTouHO [24]. Ecnu npeBHuMe Ha-
CEKOMBIE yKe 001a1alii ClI0COOHOCTRIO JHaray3upo-
BaTh, TO OHW MOTJIM UMETh IPENMYIIECTBA I BHIKH-
BaHUSA B Oonee X0iIoaHOM Kiumare. Hacekombie, Ha-
XOZSIIIMECS B TOW VM WHOH (popMe TOKOsI, KaK MPaBHIIo,
0oyee yCTOWYMBBI K HU3KHUM TeMmIlepaTypam Io
CPaBHEHUIO C OJIM3KUMHU UM aKTUBHBIMH BHJIAMHU [47].
[Tpu 3TOM HEen30€KHO MOAABISIETCS META00IN3M, UTO
MOJKET OBITh MPSMOI peaknuell Ha U3MEHEHHE yCIIO-
BUI OKpY>Kalollel Cpeipl, a HEe pPe3ybTaTOM TOpPMO-
HaJlbHOTO KOHTPOJs. CylIecTBYIOT I KaKHe-TH0O
MIPUMHUTHBHBIE MEXaHU3MBI XOJIOJI0YCTOWYUBOCTH,
KOTOpbI€ BITOCIIEACTBHH MOTJIN OBbI CIIOCOOCTBOBATH
KOJIOHM3AITUH XOJOAHBIX PETHOHOB? SIBISIOTCS TN 3TH
MEXaHHU3MBI 4acThio (DEHOMEHA Iuamnay3bl WIH pas-
BHJIUCH TIapajuienbHo ei? JlokazaHo, 4TO HEKOTOphIE
KOMITOHEHTHI XOJI0ZI0y CTOMYNBOCTH HE BCET/Ia HAIPSI-
MYIO CBSI3aHBI C JUanay3od, HO 4acTO COBHAAAIOT C
Helt [60]. MHOrHeE HCCIIeTOBATEIN CYUTAOT CIIOCO0-
HOCTb K MEPEOXJIAKICHUIO HEKOTOPBIX HEeAHUarnay3u-
PYIOLIMX HACEKOMBIX J0Ka3aTElIbCTBOM OTCYTCTBUS
SBOJIIOLIMOHHOM CBSA3M MEXIY AMANAy30i U X0I0A0-
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settlement likely started in a warm climate of Pangea
and continued during Jurassic period and also now it is
continuing in holometabolic insects [46]. Since the
major diversity of insects habitats in humid tropics it is
natural to suppose that cold regions were colonized
irregularly by different taxons. In the Permian and after
it the climate was periodically very dry, therefore the
insects were dehydration threatened [36]. Many
present-day tropical insects under similar conditions
enter diapause [30]. It starts at different ontogenesis
stages in various species, though there are certain phy-
logenetic interactions. For example in the majority of
Saturniidae the diapause may occur at the pupae
stage [22] and in most of lady birds at imago one [37].
The species differ by the extent of metabolism suppres-
sion during diapause and its endocrinological control.
Asarule, larva and pupa diapauses are controlled with
a low level of ecdysone and a high level of juvenile
hormone and imago diapause vice versa with low titers
of juvenile hormone [29]. In spite of the similarity of
regulatory mechanism there is common hypothesis
according to which a diapause originated not once
during evolution of the insects [24]. Diapause is
considered as primitive strategy, though the evidence
of this point of view is not sufficient [24]. If ancient
insects have been already capable of diapausing, they
could have the advantages for surviving in colder
climate. The insects being in a quiescent state as a
rule are more resistant to low temperatures if compared
with close to them active species [47]. Herewith the
metabolism is inevitably suppressed that may be a direct
response to the changes in environment and not the
result of hormonal control. Are there any primitive me-
chanisms of cold resistance, which later could contri-
bute to the colonization of cold regions? Are these me-
chanisms the part of diapause phenomenon or did they
develop in parallel? It has been proved that some cold
tolerance components are not always directly related
to diapause, but frequently coincide with it [60]. Many
researchers consider the capability to supercooling of
some non-diapausing insects as the evidence of absent
evolutionary relationship between diapause and cold
tolerance. For example, non-diapausing pupae Pieris
brassicae are supercooled down to —21°C and dia-
pausing ones do down to —25°C. In some species of
insects the ability to supercooling in winter period
strengthens with no diapause onset [70]. Cold shock
reaction can be not related to diapause as well, virtually
it even not always is related to over-wintering and
inactive state [48]. The majority of insects of temperate
latitudes in winter is sensitive to freezing and accumu-
late different carbohydrates acting as cryoprotective
agents (CPAs). There is the evidence that the same
mechanisms are used by them to prevent dehydration
[65]. Accumulation of low molecular compounds is
necessary for water uptake from atmosphere in collem-
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ycrounBocThi0. Hanpumep, Henuanaysupyromue
KyKonku Pieris brassicae mepeoxiaxxJaroTcs 10
—21°C, a guanaysupyromue — 10 —25°C. Y HekoTo-
PBIX BUAOB HACEKOMBIX CIIOCOOHOCTB K IEpeoXIIaKae-
HUIO B 3UMHUM [IEPUO yCUINBAETCs 0€3 HACTYIUICHHS
nuanayssl [ 70]. Peakiust Xom00BOr0 II0KA TAKXKE MO-
XKeT OBITh HE CBsI3aHa C JHUaray30i, B CYIIHOCTH OHa
Jla)ke He BCErna CBsi3aHa C 3MMOBKOW M HEAKTUBHBIM
cocrostareM [48]. BonbIIMHCTBO HACEKOMBIX YMEPEH-
HBIX IIHPOT 3UMON YyBCTBUTENBHBI K 3aMEP3aHUI0 U
HaKaIUTMBAIOT T€ WM WHBIE YIJIEBO/BI, KOTOPHIE UTPAIOT
posb KpHONPOTEKTOPOB. CyIIEeCTBYIOT TOKa3aTeNb-
CTBA, YTO 3TOT K€ MEXaHN3M OHHW UCTOJIB3YIOT IS
3aluThI OT 00e3BoXkMBaHus [65]. Hakornnenune HU3Ko-
MOJIEKYJISIPHBIX COEIMHEHUH HEe0OX0OuMO AJs TO-
IJIOIIEHUS BJaru u3 arMocgepsl y kouieMoon [6] u
JUTS 3aIUTHI KJIETOK OT OCMOTHUYECKOTO CTpecca Npu
aKcTpeMalibHOM 00e3BoxuBaHuM [26]. Takum oOpa-
30M, HAaKOIUICHHE YTJIEBOMOB SIBISIETCS “KaHIUIATOM
Ha IPUMHUTHUBHBIA MEXaHNU3M XOJIOA0YCTOIHUNBOCTH, a
€ro B3aMMOCBS3b C Jarnay30i TpedyeT nambHeiero
HCCIIeIOBaHUS.

Ha Eurosta solidaginis 61710 IOKa3aHO, YTO TPHUT-
repoM HaKOIUICHUS YTIIEBOJOB/KPHOIIPOTEKTOPOB SIB-
nsgercs temmeparypa [5]. OqHako y MHOTHX BHIIOB
JUIS. HAKOTUIGHUS YIVICBOJIOB JMaray3a HeoOXoauMa.
Gehrken U. [33] nokasan, uto y Ips acuminatus Ha-
KOIJIEHUE STHJICHITIMKOJISA 3aBUCUT OT AHanay3bl. JTa
B3aMMOCBSI3b J€TAIbHO U3yueHa Ha 0abouke Pieris
brassicae, oOutaromeii B ymepenHoM kiaumare. Kon-
LEeHTpalus copOuTONa B TejIe U reMoanuMde HaceKo-
MOTO KOPPENHUPYET C YPOBHEM HHAYLUPYEMOIO JHa-
nay3oi mogasiieHUsI MeTaboJIn3Ma, OLIEHEHHBIM I10
HWHTCHCHBHOCTH 0OMeHa docdopa [61] u meixanwms [59].
Pullin A.S. u Wolda H. [62] npoBepuiu TUnoTesy o
TOM, YTO HAKOIUICHHWE TOJIHMOJIOB MOIJIO Pa3BUTHCS B
pe3yibTaTe MOAaBICHHUS METa0O0IM3Ma, CBI3aHHOTO
¢ Tponmdeckoi nuanay3oi. OHU HCCIEIOBAIIH KyKa-
miecHeena Stenotarsus rotundus, KOTOPBIA TPeObI-
BaeT B 10-mecssuHON nuamay3e Ha CTaAUM UMaro B
TEUEHHE CaMbIX BIIAXHBIX HIA CYXHX MecsleB (c
utoHs 1o mapt) [77]. Coneprxanue mIUIEepoIa B TOKI-
JUBBIA CE30H yBEIWUYHMBAECTCH MOYTH B 4 pasza, 4To
COOTBETCTBYET IEPUOY IMOAABICHHS MeTaboIn3Ma.
B Hadane 3acynuiMBOro ce3oHa cojepKaHHe ITHIIe-
poOJIa HAYMHAET CHIKATHCS. DTH )KyKH AUANay3UpyIoT,
cobupasich B OOJbIINE TPYIIIHI J1s1 COXpPAHEHHUS B Telle
BoJbI [82]. [loaTOMY HET OCHOBAaHHMHA CUHTATh, YTO
HAKOIUICHUE IJIMIIEPOJia CBSI3aHO C Yrpo3oii 06e3Bo-
KUBaHUSA. B maHHOM ciydae minnepos, BO3MOXHO,
SIBIISIETCSI TOOOYHBIM MPOJYKTOM TIOJaBICHHS METa-
O0onm3ma. Tem He MeHee 3Ta TOUKa 3peHUs He SIBIICT-
cs oowenpunstoit. Tak, Chen C.-P. et al. [14] ycTano-
BHJIH, YTO Y TPOIMUYECKUX MYX DIHUIEPOJI HAKAIUIH-
BaeTCs TOJILKO B OTBET Ha KPATKYIO XOJIOJJOBYIO 3KCIIO-
3unuro. B To e BpeMst ypoBEeHb ITOJIHOJIOB U yTJIEBOIOB
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bolans [6] and for protection of cells from osmotic stress
during extreme dehydration [26]. Thus the accumu-
lation of carbohydrates is a ‘candidate’ for primitive
mechanism of cold tolerance, and its relationship with
diapause requires the further studies.

It has been shown in Eurosta solidaginis that tem-
perature triggers an accumulation of carbohydrates/
CPAs [5]. However, in many species a diapause is
necessary to accumulate carbohydrates. Gehken U.
[33] has demonstrated that in Ips acuminatus the accu-
mulation of ethylene glycol is diapause-dependent. This
relationship is studied in details in temperate climate
inhabiting Pieris brassicae butterfly. Sorbitol concen-
tration in a body and hemolymph of the insect correla-
tes with the level of diapause-induced metabolism
suppression, assessed on the intensity of phosphorus
exchange [61] and respiration [59]. Pullin A.S. and
Wolda H. [62] have tested the hypothesis about the
fact that accumulation of polyols could originate as a
result of metabolism suppression related to tropical
diapause. They studied tropical fungus beetle Steno-
tarsus rotundus being in 10-month-long diapause at
imago stage during the most humid or dry months (from
June to March) [77]. Glycerol content in rainy season
is almost 4 times increased, that corresponds to meta-
bolism suppression period. At the start of droughty
season the glycerol content begins to be reduced.
These beetles are diapausing in big groups to keep
water in a body [82]. Therefore there are no reasons
to consider the accumulation of glycerol to be related
to dehydration threat. In this case glycerol is likely side
product of metabolism suppression. Nevertheless this
opinion is not a traditional one. For example, Che C.-P.
et al. [14] have found that in tropical flies glycerol is
accumulated only in response to a short cold exposure.
At the same time the level of polyols and carbohydrates
in hemolymph of many insects inhabiting in moderate
climate is not high enough for a significant reduction
of supercooling point (SP) [61]. Actually despite the
presence of 0.04 M sorbitol the SP of P. brassicae
during diapause does not change. Certainly a protective
action of low concentrations of polyols and carbohyd-
rates at temperatures above the SP can not be excluded
and this may consist in stabilizing the dissolved proteins
and lipid bilayer [12, 13, 23, 61].

Diapause-induced metabolism suppression leading
to accumulation of low concentrations of carbohydra-
tes initially could be selectively neutral. At first the
selection towards the rising concentrations of carbo-
hydrates could occur in response to stress conditions
of drought in tropical regions and strengthen later due
to their cryoprotective function in cold regions. In
Arctic collembolan Onychiurus arcticus the polyols
function simultaneously as CPAs and anhydroprotec-
tants [38, 39, 81] therefore the insects quite rapidly
colonized low temperature habitats and this occurred
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B reMoyinM(pe MHOTHX HAaCEKOMBIX, OOMTAIOMIHNX B
YMEPEHHOM KJIMMAaTe, HeIOCTATOYHO BBICOK JIJIsI 3HA-
YUTEIPHOTO CHUIKEHHUS TOYKH TMEpPeoXJIaxICHUS
(TTIO) [61]. HeiicTBUTENBHO, HECMOTPS HA MPUCYT-
cteue 0,04 M copbutona, TIIO P, brassicae Bo Bpems
nuanay3bl He n3MeHsiercsa. KoHeuHo, Helb3s HCKITIo-
YHTH 3ALIUTHYIO POJIb HI3KHUX KOHIIGHTPAIINH ITOJIHOJIOB
1 yIIIeBONIOB Ipu TeMiieparypax Boiie TT10, kotopas
MOXET 3aKJII0YaThCs B CTAOMIM3alMU PACTBOPEHHBIX
OCIIKOB M JIMITHIHOTO Omcos [12, 13, 23, 61].

WunynupoBaHHoe quanay30i mojaBieHne MeTado-
JU3Ma, TPUBOJSIIEE K HAKOTUIEHUIO HU3KUX KOHIIEHT-
pauuii yrieBoaoB, U3Ha4YaJILHO MOIJIO OBITH CEJIEKTUB-
HO HelTpaabHBIM. OTOOD B HANIPABJICHUH TOBBILICHHS
KOHIIEHTPAIINH YIJIIEBOAOB BHAa4ajIe MOT IPOUCXOANTD
B OTBET HAa CTPECCOBBIE YCIOBUS 3aCyXH B TPOIIUYEC-
KHX PErHOHaX, a MO3IHEe YCHIIMTHCS H3-3a UX KPUOIPO-
TEKTOPHOU (PYHKIIUHM B XOJIOAHBIX PETHOHAX. Y apK-
THYECKOU KOJIIEMOOIBI Onychiurus arcticus TIOJTHAOIBI
(DYyHKIIMOHUPYIOT OTHOBPEMEHHO KaK KPHO- ¥ KaK aH-
ruaponporektopsl [38, 39, 81], moaToMy Hacekomble
OTHOCHTEIIHO OBICTPO KOJIOHW3UPOBAIM HU3KOTEM-
repaTypHble MecTa OOUTaHUA, ¥ 3TO, BEPOSTHO, IIPO-
M30IIJIO B PE3YNIBTATe HE3aBUCHMBIX 3BOJTIOIIMOHHBIX
COOBITHH, YTO MOKET OOBSICHUTH HCIIOIb30BAHHE Pa3-
JUYHBIX XUMUYECKUX COEANHEHUN B Ka4eCTBE KPHO-
MIPOTEKTOPOB B paszHbIX TakcoHax [60]. [Iporpeccus-
HbI€ MIPU3HAKM, B YaCTHOCTH HAKOIJICHHE KPUOIIPO-
TEKTOPOB Yepe3 aKTHBALUIO ()EPMEHTOB B OTBET Ha
MOHM)KEHHUE TEMIIEPATYPhI IPH OTCYTCTBUH IAIAY3bI
(mampumep, y apkTuueckoil rycenunsl Gynaephora
groenlandica [45]), BO3HUKIIN TTO3THEE B DKCTPEMalb-
HBIX YCJIOBUSIX MOJISIPHBIX PETHOHOB.

AHTU(PU3HBIE TPOTEHHBI MEHEE PACIIPOCTPAHEHBI.
Bale J.S. u Duman J.G et al. [4, 32] yka3piBaiu Ha
Hainane ADII 6onee uem y 40 BUIOB HaCEKOMBIX, B
ocHOBHOM Yy xkykoB (Coleoptera) B cemeiicTBax
Chrysomelidae, Pythidae, Silphidae n Carabidae.
W3BecTHBI eqMHIYHBIE COOOIIEHUS 00 MPUCYTCTBUU
A®II y 6abouek (Lepidoptera), myx (Diptera),
ceT4aToKphUILIX (Neuroptera) v xnonos (Hemiptera).
Takast orpaHueHHast HECKOJIBKUMU TAaKCOHAMH BCTpE-
YaeMOCTh CBUJETENBCTBYET O TOM, YTO ITOT MeXa-
HU3M JIM00 Y3KO CIIEHaTIM3UPOBAaH, THO0 SBOIOIIOHHO
MIpOrpecCUBHBIN 1 HOBBIM. OT™MeTHM, uTOo ADII naex-
TU(UIUPOBAHKI Y YepHOTENKH Tenebrio molitor, nns
KOTOpPOM XapaKTEpHbl YMEPEHHad XOJO0A0yCTONYH-
BOCTh M BBICOKAsl yCTOMYMBOCTH K O0E3BOKHBAHUIO
[35, 50, 58]. 3acnyxuBaeT BHUMAHUS THIIOTE3a O
npoucxoxaeHnn A®II oT BrICOKOTUIPODUIBHBIX
OCIIKOB, CITOCOOHBIX YIEPKUBATH B TEJIE BIIATY, IOTJIO-
meHnyio 1. molitor u3 atmMocdepsl B 3aCylLIUBBIC
niepuobl. Kak coobmanu Patterson J.L.. » Duman J.G.
[58], it ADII 7. molitor xapakTrepHa BEICOKasi THIPO-
(pUITBHOCTB.

CocraB Mno¢oprHa ¢ HyKJICUPYIOIIEeH aKTUBHOC-
tot0 Tipula trivitata B 11€IOM CXOJE€H C COCTaBOM
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apparently as a result of independent evolutional evens,
that may explain the use of different chemical com-
pounds as CPAs in various taxons [60]. Progressive
signs, in particular the accumulation of CPAs via
activation of enzymes in response to temperature
lowering in diapause absence (e. g. in the Arctic cater-
pillar Gynaephora groenlandica [45]) appeared later
in extreme conditions of polar regions.

Anti-freeze proteins are less common. Bale J.S.
and Duman J.G. et al. [4, 32] pointed to the presence
of AFPs more than in 40 insect species, mainly in
beetles (Coleoptera) in the families Chrysomelidae,
Pythidae, Silphidae and Carabidae. There are
several reports about AFP presence in butterflies
(Lepidoptera), flies (Diptera), lacewings (Neuro-
ptera) and bugs (Hemiptera). Such an occurrence
restricted by several taxons attests to the fact that this
mechanism is either highly specialized or evolutionally
progressive and new. It should be noted that the AFPs
were identified in the yellow mealworm Tenebrio
molitor for which the moderate cold tolerance and
high resistance to dehydration are characteristic [35,
50, 58]. The attention should be paid to hypothesis
about the origin of the AFPs from highly hydrophilic
proteins capable the retaining in a body the moisture
absorbed by 7. molitor from the atmosphere during
drought periods. As Patterson J.L and Duman J.G.
reported [58] the AFP of T molitor is characterized
by a high hydrophility.

The composition of lipophorin with nucleating
activity from Tipula trivitata is generally similar to
that of other lipoproteids of insects [15, 66]. It is also
of globular structure as well as previously described
lipoproteids [15, 16, 52, 57]. It is known that the latter
fulfils the function of lipophorins. Ice-nucleating protein
(INP) of T. trivitata in addition to the function of
crystallization initiation obviously fulfills the function
of lipid transport too [55]. Despite differences in the
T. triviata INP and regular lipophorin compositions
(lack of phosphoinositol and a higher portion of protein
component in them), lipophorins can be considired as
‘ancestors’ of insect INPs. Lipoproteins from hemo-
lymph of the tobacco hornworm caterpillars Manduca
sexta and the cockroach imago Periplaneta do not
have ice-nucleating activity.

As it has been mentioned the cold tolerance is tra-
ditionally divided into two alternative strategies: freeze-
tolerance and freeze avoidance. Bale J.G. [2, 4] pro-
posed the classification of the insects avoiding freezing
as follows: 1) avoiding freezing (the species capable
for a deep supercooling and dying only when freezing);
2) chill tolerant (the species with low SP (-20...-30°C)
and relatively high cold tolerance, but differring from
typical avoiding freezing species by the fact that they
partially die at temperatures higher than the SP); 3)
chill susceptible (the species which also may be super-
cooled down to very low temperatures, but they die
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JpYyTUX JINTIOTIPOTEUI0B HACEKOMBIX [ 15, 66]. OH Tak-
e UMeeT MOOYJIIPHYIO CTPYKTYPY, KaK M OIIMCAHHbBIE
panee nmunonpoteuasl [15, 16,52, 57]. U3BectHO, 4TO
MOCIIETHHE BBIMOTHSIOT (PyHKIHIO TUIOPOpHUHOB. Bo3-
MOXHO, uT0 6enmok-uykiearop (bH) 7. trivitata, mo-
MUMO (QYHKIIUM HHUIAAIMNA KPUCTAIUTA3AI[IH BBITTOJI-
HET U (GYHKIIIO TpaHCTIopTa THmUAoB [55]. Hecmotps
Ha orminuus B coctaBe bH 7. trivitata n 0OBIYHBIX
nunodoprHOB (0TCyTCTBHE (hOCHaTHAMITNHOZUTOIA B
cocrape JTUTIOQOPUHOB U OoJIee BBICOKAs yieabHasl 10-
I B HUX OGJIKOBOTO KOMITOHEHTa [15, 66]), numodo-
PUHBI MOXKHO paccMaTpHUBaTh B Ka4eCTBE “NPEKOB”
BH nacexombIx. JIunomnpoTtenasl u3 reMoauMQpsl Jiu-
YHHOK TabadHoro OpaskHuKa Manduca sexta u ©Maro
TapakaHa Periplaneta HyKkneupyomei ak THBHOCTBIO
He obOmamarot [55].

Kak ynomunanoce, TpaAUIIMOHHO X000y CTOWYH-
BOCTH MOZIPA3AEIAIOT Ha 2 anbTepHATUBHBIC CTpaTe-
TUH: YCTOWYUBOCTH K 3aMEp3aHMIO M n30eranue 3a-
mep3anans. Bale J.G. [2, 4] mpeanmoskun u30erarmmux
3aMep3aHne HaCEKOMBIX KJIaCCU(HUITUPOBATh Ha 4 Ka-
teropuu: 1) m3berarommue 3amep3aHus (BUIBL, KOTOpbIe
CHOCOOHBI K TITYOOKOMY MEPEOXIaKICHUIO U THOHYT
TOJIBKO IpH 3aMep3anun); 2) “chill tolerant” — Buabl
Hu3kumMu TI1O (=20...—30°C) 1 OTHOCHTEIHHO BHI-
COKOH X0JI0JJ0yCTONYHBOCTBIO, HO OTJINYAIOIINECS OT
TUIMYHBIX U30ETaroIuX 3aMep3aHusl BUAOB TEM, YTO
OHH YaCTUYHO TMOHYT NpH Temmepatypax Boiuie TI1O;
3) “chill susceptible” — BuBI, KOTOpBIE TAKXKE MOTYT
MePeoXIIaKAATHCS IO OYCHb HU3KUX TEMITEpaTyp, OA-
HaKo TMOHYT Jake MOCie KPaTKUX IKCIIO3UINH (MH-
HYTHI WIN 4achl) IPU TEeMIeEpaTypax, 3HaUUTEILHO
npesbrmatontix TT10; 4) “opportunistic survival” (“or-
MOPTYHUCTUYECKOE™ UITH “KOHBIOHKTYPHOE™ BBIKMBA-
HUE) — BUABI, HE CIIOCOOHBIE CYIIECTBOBATH HUXKE IO~
poroBoii Temneparypsl ux pazBuTus. OZHAKO C TOUKH
3pEHHS SBOJIIOLUH HE SICHO, SBIISIOTCS JIU 3TH KaTero-
MM UCTUHHBIMHU IPYIIIAMHU UK IPEJICTABIAIOT COO0H
HEIpephIBHOE U3MEHEHHE OJHOTO Mpu3Haka. Kpome
TOr'0, HE CKJIFOUYEHO, YTO MHOTHE BUIbI MOTYT HCIIOJIb-
30BaTh KOMOMHALIMIO CTPATEr Ui, a IPUPOAA UX UHTET-
panuy NpaKTHYECKH HE U3BECTHA.

BonpmMHCTBO HA3€MHBIX apTPOIIOX U30€raroT 3a-
Mep3anawms [9, 79]. Ota cTparerus, mo-BUANMOMY, TIEp-
BHUYHA Y apTPOIOJ, IOCKOJIBKY IIPUCYIIA LIEJIbIM TaK-
COHaM HM3IIHMX WICHUCTOHOTHX (PUCYHOK). YCTOMYH-
BOCTb K 3aMEpP3aHUIO BCTPEYAETCs B Pa3HBIX CHCTe-
MaTHYECKUX EAMHHIIAX apTPOIoA, B TOM YHCIIE H
SBOJIIOIIMOHHO JANEKUX IPYT OT JIpyTa, I03TOMY OHa,
M0-BUAMMOMY, BOZHUKAJIa HEOAHOKPATHO B Ipeeiax
Pa3IUYHBIX TAKCOHOB.

YcTOWYMBOCTE K 3aMep3aHuio 0oyiee XapaKTepHa
U151 TOJIOMETa00JIMUECKUX HACEKOMBIX (1 YaCTHYHO —
HEKOTOPBIX MIO3BOHOYHEIX ). Vernon P. u Vannier G. [76]
CUMTAIOT, YTO YCTOHYMBOCTh K 3aMep3aHHI0 Oonee
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even after short exposures, minutes or hours, at tem-
peratures considerably exceeding the SP); 4) opportu-
nistic survival (the species not capable to exist below
the threshold temperature of their development). How-
ever, from the point of view of evolution it is not clear
whether these categories are true groups or they repre-
sent a continuous change of one character. Moreover,
it is could not be excluded that many species may use
the combination of strategies, and the origin of this
integration is virtually unknown.

The majority of terrestrial arthropods avoid freezing
[9, 79]. This strategy is likely primary in arthropods,
since it is inherent to whole taxons of lower arthropods
(Figure). Freeze tolerance is found in different syste-
matic units of arthropods, including evolutionally distant,
therefore it apparently appeared not once within the
limits of different taxons.

Freeze tolerance is more characteristic for holome-
tabolic insects (and partially for some vertebrates).
Vernon P. and Valier G. [76] believe that freeze-tole-
rance is a later character than the ability to supercool-
ing. In addition, phylogenetic and molecular-genetic
analysis demonstrates that freeze-tolerance is a conver-
gent character and appeared during evolution inde-
pendently at least in 6 insect taxons: Blattaria, Ortho-
ptera, Coleoptera, Hymenoptera, Diptera and
Lepidoptera [69]. Freeze tolerance is more frequently
found in the insects of the Southern hemisphere [1].
Each of arthropod species can have an own evolutional
history due to which cold tolerance appeared [76].

Weather conditions of the Southern hemisphere
within a year cycle and even one season are not predic-
table[7, 19, 63, 68]. Generally oceanic currents contri-
bute to the fact that the habitat conditions in middle
latitudes and mountain areas of the Southern hemi-
sphere are milder, but less predictable if compared with
the areas on the same latitudes of the Northern hemi-
sphere. Positive temperatures (so the availability of li-
quid water in winter and in Antarctic regions), favo-
rable for growth and development of organisms may
take place in any season [20, 27]. Thus to survive cold
season in the Southern hemisphere the ability to endure
unpredictable temperature fall at any season and use
the advantage of mild winters are necessary rather
than only long-term survival at extremely low tempe-
ratures. The researchers [1, 43] supposed that oceanic
nature of the Southern hemisphere contributed to the
development of freeze tolerance due to an increased
risk of inoculative freezing in humid habitats (see below
nucleation hypothesis 2). The pterygotas of the
Southern hemisphere in 85% of cases are freeze-tole-
rant and those of the Northern one only in 29%. Statis-
tical analysis has shown that the dominating of the
freeze-tolerance in the Southern hemisphere is not coin-
cidence. Sinclair B.J. et al. [69] associate this with
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[TO3/THUH TPU3HAK, YeM CITOCOOHOCTH K ITEPEeOXIaXKIe-
Huto. Kpome Toro, GuaoreHeTHYSCKU B MOJIEKY-
JIIPHO-TEHETUUECKUI aHAJIN3 TOKA3bIBAET, UTO YCTOM-
YUBOCTh K 3aMEP3aHUIO SIBISIETCA KOHBEPIEHTHBIM
[IPU3HAKOM M BO3HUKJIA B IIPOLIECCE IBOMIOIMH HE3a-
BHCHMO, 110 KpaiiHel Mepe B 6 TAKCOHAX HACEKOMBIX:
Blattaria, Orthoptera, Coleoptera, Hymenoptera,
Diptera n Lepidoptera [69]. YcTORYNBOCTb K 3aMep-
3aHUIO Yallle BCTpeyaeTcs y HaceKoMbix HOHOTO
nosrymmapus [ 1]. Kaxxasiid 13 BUIIOB apTpOTIOA MOKET
MMETh COOCTBEHHYIO MCTOPHIO 3BOJIIOIUH, BCIIEI-
CTBHE KOTOPOI BO3ZHUKJIA XOJIOJ0yCTOUIUBOCTS [76].

[Toromnsie ycnoBust FOxxHOTO Momymapus B pe-
JieJIax TOJUYHOTO IUKJIA U Jake OJHOTO Ce30Ha He-
npenckasyemsl [7, 19, 63, 68]. B nienom okeanuveckue
TEYEHHUS CIOCOOCTBYIOT TOMY, UTO YCIIOBHSI OOUTaHUS
B CPEAHMX LIMPOTAX U BBICOKOTOPHBIX paiioHax HOx-
HOTO NOJyIIapus Oosee MIrKrue, HO MeHee MpecKa-
3yeMBbI€ 10 CPAaBHEHUIO C apeajaMH Ha aHaJIOTMYHBIX
mupoTax CeBepHoro nonymapus. [lonoxurensHble
TeMIIepaTypsl (CIeA0BATEIbHO, TOCTYTHOCTD YKUIKOH
BOJIBI 3UMOM U B aHTAPKTUIECKUX PETHOHAX ), O1aro-
MIPUSATHBIE JJI POCTa U Pa3BUTHUS OPTaHU3MOB, MOTYT
ObITh B J1H000€ BpeMms rozaa [20, 27]. Takum obpasom,
IUTSE BBDKMBAHUS B XOJIONHOE Bpems roaa B FOxHOM
MOJTyIIapuHu HEOOXOAMMO HE CTOJIBKO AJIUTEIHHOE
BBDKMBaHHE IPH YPE3BBIUANHO HU3KHUX TEMIIEpaTypax,
a CKOJIBKO CIIOCOOHOCTH NEpEeXUBaTh HENpeacKa-
3yeMbIe MOXOJIOJaHHUs B JII000€E BpeMs ToJia 1 IOJIb30-
BaTbCA NPEUMYILECTBOM MATKUX 3UM. Mccienosare-
i [ 1, 43] npeArnonokKuiy, 4To OKeaHnIecKas Ipupoaa
HOxHOTO0 Moy 1Iapus cnocoOCTBYET Pa3BUTHIO yCTOM-
YUBOCTU K 3aME€P3aHMIO M3-3a MOBBIIIEHHOTO pHCKa
MHOKYJISITHBHOTO 3aMeP3aHHsI BO BIIAXKHBIX YCIOBHAX
oOuTtaHus (CM. HUKE TUTIOTe3y Hykieanuu 2). [Ttepu-
rotel FOxHOro nmomymapus B 85% cirydaeB ycroitun-
BBl K 3aMep3anuio, a CeBepHOro — TOJIBKO 29%.
CraTucTuyuecknii aHajIu3 MoKa3aj, 4To JOMUHUPOBA-
HHUE YCTOHYMBOCTH K 3aMep3anuio B FOxHOM momyta-
puu He cinyyvaiino. Sinclair B.J. et al. [69] cBs3bIBatOT
3TO C KIIMMaTHYE€CKUMH OCOOEHHOCTSIMH HOTYILAPUHL.
B x0101HBIX KOHTHHEHTAJIBHBIX apeasiax CeBepHOro
MOJTyLIapHsl YCTOHYUBOCTD K 3aMEP3aHUIO T03BOJISIET
OpraHu3My BBDKHBATH IPU OUYEHb HU3KHUX TeMIIepa-
Typax JuiuTenbHOe BpeMms. Takas ycTOHMYMBOCTB K
3aMep3aHUI0 OOBIYHO MMEET CE30HHBIM XapakTep,
HaceKOMbI€ B 3TUX MECTaxX OOMTaHUS yCTOMYMBHI K
3aMep3aHuI0 TOIBKO 3uMoi. Hao60poT, B MsITKOM, HO
HempeackazyeMoM kinMare FOxxHOoro momymapus,
HACEKOMbIe 00JIaJaf0T HyKJIeaTopaMH KpyDIbIi ToJ,
YTO ITO3BOJIIET UM ITEPEKUBATH PE3KHE TTOXOIOIaHUS
JIETOM U O00XOAUTHCA 0€3 CIOXKHBIX MEXaHHU3MOB
CE30HHOH 3aKaJKH B MATKUE 3UMHHE Iepuobl. OTTe-
TeJIM B 3MMHUHN NIEPUOJT CO3/AAI0T YCIIOBHUS I pOCTa,
Pa3BUTHS U Ja)ke Pa3MHOXEHHUS! HaceKoMbIX. bornee
Toro, B FO>xHOM monymapuu oOMTaeT OYeHb Majlo
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dusnoreHeTHYeCcKOe pacrpeesieHne CTPaTeruii Xo0JI0/10yc-
TOWYMBOCTH B TAKCOHAX HA3eMHBIX apTpomnoja (A) u Hace-
koMbIX (B): M- u30eranue 3amep3anus, [ — ycTod4nBOCTD
K 3amMep3anuio [69].

Philogenetic distribution of cold tolerance strategies in
taxons of terrestrial artoropods (A) and insects (B): l —
freeze avoidance; O — freeze tolerance [69].
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nuanaysupyromux Bugos [17, 21, 25, 28, 71]. Oto
03HAYAET, YTO O0COOM JOIKHBI OBICTPO MEPEXOTUTH
13 XOJIOAOYCTOMYMBOIO COCTOSIHUSA B aKTHBHOE U
BBDKUBATh NPU PE3KOM OKOHYAHUM OTTENENH. DTO
MPEACTaBIAETCA MaJOBEPOATHBIM A1 BHJOB, Op-
TaHM3M KOTOPBIX IPETEPIEBAET CYLIECTBEHHYIO OHO-
XHUMHYECKYIO IEPECTPOMKY PU CMEHE COCTOSTHUM, UTO
XapakTepHO 1151 OOJBIIMHCTBA XOJI0J0YCTONYUBBIX
HacekoMbix CeBepHoro momymapus [47, 73, 83]. Otre-
nexu B CeBepHOM MOJIYIIAPUX MPUBOIAT K UCTOIIIe-
HUIO SHEPrOpPeCypPCOB OPTaHU3Ma 1, B KOHEYHOM CUETe,
MOTYT MPUBECTH K JeTalbHOMY ucxomy [41, 42].
Taxkum 00pazoM, yCTOWMYMBBEIC K 3aMEP3aHUIO BHIIBI
Oomee mprcrocoOIeHbI K 09€Hb XOJIOMHBIM, HO TIPE/I-
CKa3yeMbIM YCJOBUSM OOMTaHMA (CE30HHAS yCTOM-
YUBOCTb), @ TAK)KE K YACTO MEHSIOIIUMCS YCIOBHIM
C MATKUMH 3UMaMH (KpYIJIOrogu4YHasi yCTOHYMBOCTD
B IPUCYTCTBHUU HYKJIEaTOPOB KUILICYHHUKA). OUeBHIHO,
YTO YCTOHYMBOCTB K 3aMEP3aHUI0 BO3HHUKJIIA HE3aBUCH-
MO B 00OUX MOJIYIIAPHUSIX.

Sinclair B.J. [67] pazaenun yCTOWYHBBIX K 3aMep-
3aHHUIO HACEKOMBIX Ha “‘yMEpPEHHO”’ U ““CHIIbHO” YCTOM-
YUBBIX B 3aBUCUMOCTH OT UX HU3LIEH JIETAIBHON TEM-
neparypsl — IPU3HAK, TO-BUANMOMY, CHIHHO MTOJBEP-
JKEHHBIN naBneHuto otoopa [18]. Ecou morpanmanoit
cuutath Temmeparypy —15°C [1, 67], To Bce ycToiun-
BBIE K 3aMep3aHuIo BUABI FOKHOrO nomymapus npu-
HaJUIeXkaT K “yMEpeHHO” yCTOWYUBBIM, a 22 u3 35 yc-
TOMYMBBIX K 3aMep3aHUI0 BUJI0B U3 CEBEPHOTO MOITY-
mapus — K “CUIbHO” yCTONYMBBIM.

@daxT HEOTHOKPATHOTO BO3HUKHOBEHHUS YCTOWUH-
BOCTH K 3aME€p3aHHIO0 Ha IPOTSHKEHUH 3BOIIOLUH YJle-
HUCTOHOTHX CBHJIETENBCTBYET O CIEAYIOIUX TPEUMY-
LIECTBAX 3TOM CTpaTEruu.

1. Puck 3amep3aHus py IJIUTEIbHON 3KCITO3ULIMT
pu CyOHYNEBBIX TEMIIepaTypax (THIoTe3a HyKJIeauu
I). Korna HacexombIe epeoxiakaloTcs Ipy CyOHy-
JIEBBIX TEMIIEpaTypax, BEPOATHOCTh KPUCTAIUIH3AINN
YBEIMYUBAETCS MPOTOPIIMOHAIBHO BPEMEHH IKCIIO-
3unuH [72]. Ilpu 5TOM CMEPTHOCTB TOpa3io MEHBIIIE,
€CIIM OpraHU3M CIIOCOOEH BBDKHUBATD ITPH 3aMEP3aHUH.

2. PUCK HHOKYJISITUBHOTO 3aMep3aHUs IPU KOPOT-
KOM 3KCTIO3ULIMH NP HU3KHUX TEMIIepaTypax (FHIoTe3a
nykieanuu 11). Hacekombie, 3MMyoIue BO BIaKHBIX
YCIIOBUSIX, IOCTOSIHHO HO/IBEPTalOTCsl PUCKY HHOKYJISI-
THUBHOTO 3aMEP3aHHUs OT KPUCTAIUIOB JIb/Ia OKPYKat0-
el cpenbl uepes KyTukyiry [56, 84]. Jns MHOTHX yC-
TOWYMBBIX K 3aMEpP3aHUI0 HACEKOMBIX 3TOT (haKkTop
HE TOJIBKO TepecTaeT OBITh (PAKTOPOM pHCKa, HO SAB-
JsieTcst HeOOXOIMMBIM YCIIOBHEM BBKHBAHHS, TAK KaK
OHH 3aMep3ar0T IPH BBICOKMX OTPHUIIATEIBHBIX TEMIIE-
parypax TOJbKO IPU HHAYKLUHI KPHCTaI000pa3oBa-
HUSA OCPEICTBOM MHOKYIIALUU U3BHE [49]. BonbiiuH-
CTBO HACEKOMBIX, 3UMYIOLIMX B BOIHOW cpene WiH
BJIaYKHOH 10UBE, 1eHICTBUTEIBHO YCTOMYMBHI K 3aMep-
3aHumo [34, 40, 47].

KpuoGMoROrIM

T.21,2011, Ne4

climate peculiarities of hemispheres. In cold continental
areas of the Northern hemisphere the freeze-tolerance
enables an organism to survive at very low temperatu-
res during long time. This resistance to freezing usually
is of season character, the insects in these habitats
are freeze-tolerant only in winter. And vice versa, in
mild but unpredictable climate of the Southern hemi-
sphere the insects possess nucleators the year around,
allowing them to endure strong temperature falls in
summer and use no complicated mechanisms of seaso-
nal hardening during mild winter periods. Thawing
periods in winter create the conditions for growing,
development and even propagation of insects. More-
over, in the Southern hemisphere too small amount of
diapausing species inhabits [17, 21, 25, 28, 71]. This
means that the species should rapidly be switched from
the state of cold tolerance into active one and survive
at abrupt stop of thawing period. This is hardly probable
for the species which organism is subjected to signi-
ficant biochemical rearrangement during switching the
states, characteristic for the majority of cold tolerant
insects of the Northern hemisphere [47, 73, 83]. The
thawing periods in the Northern hemisphere lead to
the exhaustion of energy resources of an organism
and finally may result in lethality [41, 42]. Thus, freeze
tolerant species are more adapted to very cold, but
predictable habitat conditions (seasonal tolerance) as
well as frequently changing conditions with mild winters
(all year tolerance in the presence of intestinal ice
nucleators). Freeze tolerance evidently appeared in-
dependently in both hemispheres.

Sinclair B.J. [67] divided the freeze-tolerant insects
into ‘moderately’ and ‘strongly’ resistant depending
on their the lowest lethal temperature (LLT), the
character which is strongly subjected to selection
pressure [18]. If temperature of —15°C is considered
as aboundary [1, 67], all freeze tolerant species of the
Southern hemisphere belong to ‘moderately’ resistant
and 22 of 35 of freeze tolerant species of the Northern
hemisphere to ‘strongly’ resistant.

The fact of numerous appearance of freeze toleran-
ce during evolution of arthropods testify to this strategy
advantages as follows:

1. Risk of freezing during long-term exposure at
subzero temperatures (nucleation hypothesis 1). When
insects are supercooled at subzero temperatures, crys-
tallization probability increases proportionally to expo-
sure time [72]. Herewith the lethality rate is quite lower
if an organism is capable of surviving during freezing.

2. Risk of inoculative freezing during short-term
exposure at low temperatures (nucleation hypothesis
2). The insects overwintering in humid conditions are
constantly subjected to a risk of inoculative freezing
from environmental ice crystals via cuticle [56, 84].
For many freeze-tolerant insects this factor not only
discontinues to be the risk one but becomes an essential
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3. PaBHOBecue naBieHus napa (Tumnoresa usodera-
HUA BBICBIXaHHA). Hacexkomsbie, KOTOpbIE 3UMYIOT B
MEPEOXJIAKICHHOM COCTOSTHIH ITPH CyOHYJIEBBIX TEM-
nepaTypax, Heu30eKHO HaXOAATCS B yCIOBUAX Aedu-
LMTa JaBJICHUS Mapa 10 OTHOIIEHUIO K BO3AyXy [26,
51]. Ring R.A. u Danks H.V., a Takxxe Worland M.R.
u Block W. [65, 78] npuBoasT psig mpuMepoB 00€3B0-
KUBaHUS NEPEOXTAKICHHBIX HACEKOMBIX B 3UMHHUUI
nepuojl. Y yCTOMUMBBIX K 3aMEP3aHUI0 HACEKOMBIX
JABJICHHE TIapa HAXOIUTCS B PABHOBECHU CO JIBIOM
pu Jito0oit Temmneparype [47, 51], cienoBarenbHo,
TaKue BUABI He TepstoT Boxy [42]. CymecTByeT rurmo-
T€3a, YTO TUII CTPATErvH XOJI0A0YCTOMYHUBOCTH OITpe-
JeNsgeTcss 0COOEHHOCTSIMU BOIHOTO OanaHca Buzia. B
CBSI3U C 3TUM OBLI IPOBEIEH CPABHUTEIBHBIN aHAIIN3
npeAcTaBUTENeH IBYX ONM3KOPOICTBEHHBIX CEMEHCTB
KecTKOKpbIIbIX Cerambycidae n Chrysomelidae
[85]. LlepamOuIuap! — n30erarmuii 3aMmep3anus BUJT
¢ HuskuMu TIIO, a xpuzoMenuasl 3amMep3aroT Mpu
BBICOKHX TEMIIEpaTypax U yCTOWYMBBI K 3aMEP3AHUIO.
bnaromapsi HU3KOW MPOHUIIAEMOCTH KyTHKYJBI JIJISt
BOZBI Y IIepaMOUITHI TOTEPH BOBI M3-3a TPAHCKYTH-
KYJISIPHOTO HICTIAPEHHSI MUHUMANBHBIL. Y XPH30MEIH/T
MIPOHUIIAEMOCTH KYTHUKYJIBI TOPa31o OOJIbIIe, OMHAKO
[IPH 3aMOPAKUBAHHUH )KUIKOCTH MX TeJIa HaXOSATCS B
COCTOSTHUH PaBHOBECHS MEXKIY JAaBICHUEM BOJSHBIX
[1apoB U JIBJOM, UYTO MIPEIOTBpPALIAET NOTEPIO BOJIBI B
pe3ynbrare ucnapeHus. PazHble cTpareruu Xononoyc-
TOMYMBOCTH U pa3IndMsl B ypOBHE IIOTEPU BOJIbI, BO3-
MO>KHO, IETEPMUHUPOBAHBI XapaKTEPOM IIUTAHHS Ha-
ceKoMbIX. LlepaMOUIMIBI MUTAIOTCS CYyXOW APEBECH-
HOW C HU3KUM COZICP>KaHUEM BOJIbI, @ XPU30MEIH b —
JMCTBSIMH C BBICOKMM COZEP)KaHHEM BOJIBI, TOITOMY
[IepPBBIE BBIHYKJIEHBI 3KOHOMHUTH BOJY, a BTOPBIE H3-
0aBIATHCS OT M30BITKA BOABI IyTEM €€ HCIIapeHUs
yepe3 KyTUKyny. [IpuHATO cumTarh, 4TO CTpaTeTuu
XOJIOJI0Yy CTOMYMBOCTH OECII03BOHOUHBIX TIPEAOIIPEe-
JISIOTCS MX YCTOHYMBOCTRIO K 00e3BokuBanuio [10].

4. YcTOWYHBOCTD K YpE3BBIYAITHO HU3KUM TEMIIe-
paTypaMm (runores3a BBDKHBAHHS B SKCTPEMAaJbHBIX
ycnoBusix). B cybapkTuueckux apeanax Temmeparypa
MoskeT ObITh HIke —60°C [71]. B aTom Temneparyp-
HOM /INana3oHe pUCK FTOMOTE€HHON HyKJI€aluy Ype3Bhl-
YalHO BBICOK, 1, XOTSI HEKOTOPbIE HACEKOMBIE CIIOC00-
HBI MEPEOXJIAXIAATECA 10 TakuxX Temiepatyp [53],
ropaszo 0oJIbIIIe BHIOB IPHUCIIOCOOMINCH BEIKUBATD
B TAKUX YCIIOBUSIX, PEaTU3ysl CTPETETHIO yCTOMIUBOC-
TH K 3aMep3anuio [8, 79].

5. CHmxeHue ypoBHs MeTaboau3Ma (TUIIoTe3a Co-
xpaneHust SHeprun). OOMEH BelllecTB He MpeKpaliacT-
csl Tipu CyOHYNEBBIX TEMIIEpaTypax, U He3aMep3aro-
IIMe HACEKOMBIC MOTPEONSAIOT dHEPreTUYECKUe
3amackl 3uMoi [74]. Irwin J.T. u Lee R.E. Jr. [42] mo-
Ka3ald, YTO YPOBEHb METa0O0JIM3Ma Yy MEepeoxyiaxk-
JIEeHHOW raoBod Myxu Eurosta solidaginis Bole,
4YeM y 3aMepIIMX NPH OJHOH U TOH ke TeMIiepaTtype
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condition for surviving, as they freeze at high negative
temperatures only when inducing crystal formation by
inoculation externally [49]. The majority of insects win-
tering in water and humid soil are actually freeze tole-
rant [34, 40, 47].

3. Balance of vapor pressure (drying avoidance hy-
pothesis). Insects overwintering in a supercooled state
at subzero temperatures are inevitably in the conditions
of vapor pressure deficit in respect to air [26, 51].
Ring R.A. and Danks H.V. and Worland M.R. and
Block W. [65, 78] exemplify some facts of dehydration
of supercooled insects in winter. In freeze-tolerant
insects the vapor pressure is in a balance with ice at
any temperature [47, 51], so, these species do not lose
water [42]. There is a hypothesis that cold tolerance
strategy type is determined by the water balance
peculiarities of the species. In this connection there
were comparatively analyzed two closely related fami-
lies of coleopterans Cerambycidae and Chrysomeli-
dae [85]. Cerambycidae are freeze avoiding species
with low SP and Chrysomelidae freeze at high tempe-
ratures and are freeze tolerant. Due to low permeability
of cuticle to water in Cerambycidae the water losses
because of trans-cuticle evaporation are minimal. In
Chrysomelidae the permeability of cuticle is much
bigger, but during freezing their body liquids are in a
balance between the pressure of water vapors and
ice, that prevents water loss as a result of evaporation.
Different strategies of cold tolerance and distinctions
in water loss rate are probably determined by the
character of insects feeding. Cerambycidae feed with
dry wood with a low water content and Chrysomelidae
feed with the leaves of a high water content, therefore
the first ones have to keep water and the seconds ones
should get rid of water surplus by evaporation via
cuticle. It is traditionally known that cold tolerance
strategies of invertebrates are pre-determined by their
resistance to dehydration [10].

4. Resistance to extremely low temperatures (hypo-
thesis of survival in extreme conditions). In sub-Arctic
areas the temperature may be below —60°C [71].
Within this temperature range the risk of homogenous
nucleation is quite high and though some insects are
capable of supercooling down to these temperatures
[53], much more species adapted to survive in these
conditions by implementing the freeze tolerance stra-
tegy [8, 79].

5. Reduced metabolism level (hypothesis of energy
saving). Metabolism does not stop at subzero tempe-
ratures and non-freezing insects consume energetic
stocks in winter [74]. Irwin J.T. and Lee R.E. Jr. [42]
have shown that metabolism level in the supercooled
gall fly Eurosta solidaginis is higher than in frozen at
the same temperature individuals. Exhaustion of ener-
getic reserves led to reduced survival and fertility of
E. solidaginis [41]. Freeze tolerance is the most ener-
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ocobeii. cTomenne sHepreTHIeCKUX Pe3epPBOB IPH-
BOJIMJIO K CHHYKEHHUIO BBDKMBAEMOCTH U TUIOJJOBUTOCTH
E. solidaginis [41]. YcTOHYMBOCTB K 3aMEP3aHUIO SIB-
nsieTcs Hauboliee YHEPreTHYECKH BBITOAHBIM CIIOCO-
OOM BBDKHMBAHUSI TOJIBKO B TOM CJydae, €cii 0coOb oc-
TaeTcs 3aMep3IIeH Ha MPOTSHKEHUHU BCETO XOJIOJHOTO
ce3oHa. B apeanax ¢ neproanyeckuMu KojaeOaHUSIMH
TEMIIEPaTypHl BbILIE U HUXKeE “HadanbHO™ TIIO anep-
TeTHYECKHE 3aTPaThl, CBI3aHHBIE C HEOOXOANMOCTHIO
MTOBTOPSAIONINXCS ITUKIOB 3aMOPaXUBAHUA-OTTaAN-
BaHHS, HACTOJBKO BEJIUKH, YTO JIJIsI OPTaHU3Ma IIPEJI-
MIOYTHUTENbHA CTpaTeTus u30eranus 3amep3anus [4].

Ha ocHoBaHWM BBIIEN3TI0KEHHOTO, MOKHO CJie-
JIaTh HEKOTOPHIE MPEIMTOIOKECHHS.

1. N3beraromue 3amep3aHus BUIBI BBIHYKICHEI
CTpaxoBaTh ce0sl OT BO3MOXKHBIX IIOTEPb BOABI, @ HEKO-
TOpBIE 0COOH TOJDKHBI UMETh HU3KHE TOUKH MEPEOX-
JIaKIeHNs1 HE3aBUCHMO OT CE30Ha, HalpuMep, cy0-AH-
TapKTU4ecKas rycenuna Embryonopsis halticella [44).

2. M36eraromtye 3amMmep3aHust BUIBI TOJKHBI 00J1a-
JIaTh CIIOCOOHOCTHIO K OBICTPOH (B TEUECHUE HECKOIb-
KHX 9aCOB) XOJIOIOBOM 3aKaJIKe, IPUIEM 3Ta peaKIns
JOJDKHA OBITH TaKoke OBICTPO oOpaTuma. Takas peak-
Hst OBICTPOH XOJIOMOBOM 3aKaJIKU OblIa MPOIEMOH-
CTPUPOBaHA Y HECKOJIBKUX AHTapKTHUECKUX MUKPO-
aptponox [80].

3. XonoaHble, HE3aBUCUMO OT CE30HA, HeTIpecKa-
3yemble MecTa oOuTanuss B CeBepHOM MOITyIIapHH
(ocTpoBa WM NpUrpaHUYHbIE KOHTHHEHTAJIBHBIE pe-
THOHBI) IOJKHBI OBITH HACEJICHBI ““yMEpEeHHO”’ yCTOM-
YUBBIMH K 3aMep3aHHI0 HaceKkoMbIMU. Hampumep, B
coobmiectBe 6poH30BOK B onTenOno (Opanmus) 5
13 7 BUAOB yCTOMYMBBI K 3aMep3aHuto [75].

MOoXHO 3aKITIO9XTH, YTO B IMOCTIEIHUE TOABI 00JIb-
ITUHCTBO UCCIIEA0BAHUH X000y CTOMIMBOCTH OECIIO-
3BOHOYHBIX HalleJICHbI HA yTOYHEHHE KIIacCU(PUKALTUH
XOJIOZIOy CTOMYMBBIX BUIOB, BEIICHEHHE MOJIEKY ISIPHBIX
MEXaHU3MOB XOJIOJIOYCTOHYMBOCTH M BOCIIPOM3BE-
JeHre HanOoJiee BEPOATHBIX ITyTeH pa3BUTHS Pa3HBIX
(hopM X0J1000y CTOHYHBOCTH B MPOLIECCE IBOIIOLHH.
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getically beneficial way of surviving only in that case
when an individual remains frozen during the whole
cold season. In the areas with periodic temperature
fluctutations higher and lower than ‘initial” SP the
energy consumption related to the need in repeated
cycles of freeze-thawing are so high that for an orga-
nism the strategy of freeze avoiding is preferable [4].

On the base of above mentioned some conclusions
are possible:

1. Freeze avoiding species have to hedge them-
selves from possible water losses and some individuals
must have low supercooling points independently on
the season, e.g., sub-Antarctic caterpillar Embryo-
nopsis halticella [44].

2. Freeze-avoiding species must have the ability of
rapid (during some hours) cold hardening, moreover
this reaction should be also quickly reversible. This
reaction of rapid cold hardening was demonstrated in
some Antarctic microarthropods [80].

3. Cold independently of season and unpredictable
habitats in the Northern hemisphere (islands or near-
border continental regions) must be inhabited with
‘moderately’ resistant to freezing insects. For instance,
in the community of flower chafers in Fontainebleau
(France) 5 from 7 species are freeze-tolerant [75].

One may conclude that recently the bulk of resear-
ches in cold tolerance of invertebrates has been targe-
ted to elucidation of the classification of cold-resistant
species, revealing the molecular mechanisms of cold
tolerance and searching the most probable ways of
developing different forms of cold resistance during
evolution.
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