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Cold-Hardiness Strategies of Invertebrates

0O030p NOCBSIIEH KIIACCU(UKALIMN TUIIOB X0JI0I0YCTOHYMBOCTH OECII03BOHOYHBIX JKMBOTHBIX. B paboTe paccMOTpPEeHBI KIITaCCHYECKUEe
CTpPATEruy X0JIO0yCTOHUYMBOCTH U MX OMOXMMUYECKHE MEXaHU3MBI, a TaKXKe 00CY KICHBI PE3yNIbTaThl psijia paboT, TpeOyIoIIe HOBBIX
HO/IXOJI0B K KJIaCCH(HUKALMN XOJI010yCTOHYMUBOCTH OECIIO3BOHOYHBIX.

Kniouegvie cnosa: xononoycroiunBocTb, N30eraHne 3aMep3anus, yCTOHYNBOCT K 3aMEP3aHHUIO, ICPEOXJIAKICHUE, BHYTPU- U

BHEKJICTOYHAA KpUCTAJUIM3allnd, XOHO)IOBOﬁ IIOK.

Ornsig npucBsiueHO Kiacugikaiii THIIB XOMOAOCTIHKOCTI Oe3xpedeTHUX TBapuH. B poOOTi po3mIsHYTO KJIacH4HI cTparerii
XOJIOOCTIHKOCTI Ta iX 010XiMiuHI MeXaHi3MH, & TAKOX 0OTOBOPEHO JaHi HU3Ki pOOIT, SIKi BUMAararTh HOBUX IMiIXOIB 10 Kiaacuikarii

XOJIOAOCTIMKOCTI Oe3XpeOeTHUX.

Kniouosi cnosa: xononoctiiikicTb, yHUKHEHHSI 3aMep3aHHs, CTIMKICTh 10 3aMep3aHHs, IePEOXO0JIOPKEHHs, BHYTPILIIHbO- Ta

MO3aKJIITHHHA KPUCTATI3Allisl, XOJIOT0BHIA IIIOK.

The review is devoted to the classification of invertebrates’ cold-hardiness types. Classically distinguished strategies of cold-
hardiness and their biochemical mechanisms are considered in the research, as well as the data of research results requiring new
approaches to invertebrates’ cold-hardiness classification are discussed.

Key words: cold-hardiness, freeze-avoidance, freeze-tolerance, supercooling, intra- and extracellular crystallization, cold shock.

BonbmmHCTBO Ha3eMHBIX OECIIO3BOHOYHBIX, 00U-
TaIOIIMX B BHICOKMX LIMPOTaX, BBDKUBAIOT B 3UMHHM
NepUo/ IPH HU3KOH TEeMIIeparype 1Mo OfHOW U3 ABYX
CTpaTETHii: yCTOWYMBOCTD K 3aMep3aHHuIo IN00 n3de-
raHue 3aMep3aHus [yTeM IePEOXTaXKACHHS B 3aBUCHU-
MOCTH OT CHOCOOHOCTH KOHKPETHOT'O BHJIa BBKHBATD
MIPY KpUCTAILTH3AINH XKuAKocTer Tena [15, 60]. Onaako
3a MpoMUIeIee ASCATHIIETHE IOSBUIOCH MHOTO CO00-
IIeHNH, HA OCHOBAHUHU KOTOPHIX MOYKHO CUUTATh TAKYFO
KOHIIETIIIHIO YIPOIIEHHON U HE OTpayKalomle BCero
MHOT000pa3usl aJaTUBHBIX MEXaHU3MOB XOJIOJ0yC-
TOMYMBOCTH 0€CIIO3BOHOYHBIX. B 1anHOM 0030pe MbI
COCPEeNOTOYMIM BHUMaHUE Ha TeX (akTax, KOTOphIE
TpeOyIOT mepecMoTpa U YTOUHEHHsI JaHHOM KOHLIET-
WML

X0m010yCTOMYMBOCTE BAPbUPYET HE TOIBKO MEKITY
BUJaMH, HO U B Iipefiesiax ogHoro Buaa. Tak, crpare-
st BEDKUBaHUs Kyka Dendroides canadensis 6onee
CIIO)KHASA, MTOCKOJIBKY 3TOT BHJ MOXKET €€ U3MEHSTh
[35]. JInunHOK, 3UMYIOIINX MOA MEPTBOW KOPOW,
M3yJaliy Ha MPOTSHKeHUH mATH 3uM (1977-1982 rr).
3uma 1977-1978 u 1978-1979 rr. Obi1a 0O4EHB XONOI-
HOM, cllefyronue 18e 3UMbl — YMEPEHHBIMH, a 3UMa
1981-1982 rr. — Takoii K€ XOJOZHOM, KaKk U JIBE
nepBbie. 3umoit 1977-1978 u 19781979 rr. nuunnHku
OBUTH YCTOHYMBBI K 3aMEP3aHUIO, COJIEPKAIH HyKJIea-
TOPBI JIbA U Nepeoxiaxaanuch 10 —8...—12°C. Kpo-
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The most of high latitude inhabiting terraneous in-
vertebrates survive in winter under low temperature
due to one of two strategies: either freeze-tolerance or
freeze-avoidance by supercooling depending on capa-
bility of certain species to survive during crystallization
of body fluids [15, 60]. However, within the past dec-
ade there have appeared many reports, on the base of
which this conception might be considered as simpli-
fied one and not representing the complete variety of
adaptive mechanisms of invertebrates’ cold-hardiness.
In this review we concentrated the attention to those
facts, requiring a revision and refinement of this con-
ception.

Cold-hardiness varies not only among the range of
the species, but also within one species. For example,
survival strategy of the beetle Dendroides canadensis
is more complex, because this species can change it
[35]. Larvae, overwintering under dead bark were in-
vestigated during five winters (1977-1982). In 1977—
1978 and 1978-1979 the winters were very cold, the
next two ones were moderate and the winter in 1981—
1982 was as cold as two first ones. In 1977-1978 and
1978-1979 winters the larvae were freeze-tolerant, con-
tained ice nucleating agents and supercooled down to
—8...—12°C. In addition they contained antifreeze pro-
teins (AFPs). On the other hand larvae collected 1981—
1982 winter were sensitive to freezing, supercooled
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M€ TOTO, OHH COZEpX alu aHTH(PU3HbIE TPOTEHHBI
(ADII). Hanporus, miauHKY, cOOpaHHbIe 3uMoi 1981—
1982 ., ObLIM YyBCTBUTENBHBI K 3aMEP3aHUI0, TIEpe-
oxJIXIAIUCH 10 —26°C 1 mposBIsUTH 3PPEKT TepMO-
rucrepesuca. [lo-Bunumomy, hakTopbl OKpyKaromei
Cpebl HE TOIBKO PETYIUPYIOT CHHTE3 IIOJIUOJIOB, HY-
knearopoB u ADIl y D. canadensis, HO 1 KOHTPOIU-
PYIOT MEXaHU3M BKIIIOUEHHS CTPATETHH.

[TomHOE pa3BUTHE TUYHMHOK TPOUCXOIUT B TEUCHNE
IByx u Oounee jet. [lockonpKy 00bEeKTOM HccIe0Ba-
HUSL CITY>KHJIM TOJTBKO B3POCTIBIE IMIUHKH, BCE IKCIIEPH-
MEHTaJIbHBIE 0COOM EPEXKUIIH 110 KpalHel Mepe OHY
3uMy. V3mepenue Ttemmeparypsl 3aMep3aHus TeMo-
nuMQBI TIOKa3aJlo, 9TO “TepeKIioueHne” CTPaTernu
MIPOUCXOAMIIO Ha MPOTSHKEHUH ABYX MATKHUX 3UM, 1103-
TOMY MOYHO MPENIOI0KHUTh, YTO YCIOBUS, IIPU KOTO-
PBIX JINYMHKU BBDKUIM B IIEPBYIO 3UMY, ONPEACIUIN
CTpaTeruo Oyayuiei 3MMOBKH.

YcToiuMBBIE K 3aMEP3aHUI0 BHJIBI YAaCTO MpeETep-
[1E€BalOT HEOAHOKPATHBIE IUKIIBI 3aMOPa’KMBAHUSA-0T-
TaBaHMUSA, YTO YBEIIHMIHBAET PUCK KPUOTIOBPEKICHHIH.
[Ipu uccrnenoBanuy BBDKMBAEMOCTH YCTOMUYMBBIX K
3aMep3aHnI0 Cy0-aHTapKTHYECKOTO XyKa Hydrome-
dion sparsutum u xyp4anku Syrphus ribesii pu
MMOBTOPHBIX ITUKJIAX 3aMOPaXUBAHUA-OTTAaUBAHUS
OBUTH TIOJTy4YeHBI HEOXKHIaHHBIE pe3ynbTarsl [9, 11].
[Ipennonarany, 4To Kaxkaas ocoOb OyaeT 3amep3aTh
B Kak1oM 13 10 IUKIIOB, OMHAKO B KOHIIE KCIIEPUMEH-
Ta 0Ka3aJ10Ch, YTO HEKOTOPBIE JINYMHKH HE 3aMep3alin
npu TemmnepaTtype Ha 6—10°C Huxe TOYKH MEepeox-
naxaenus (TIIO), npucymieil TMUMHKAM B MEPBBII
J€Hb JKCIIEpUMEHTA. YCTAaHOBJIEHO, YTO Y€M HIDKE
”goBas” TIIO, Tem Goiblie BepOATHOCTH rudenu
JUYUHKN OT 3aMep3anud. O4eBHAHO, YTO TMOCIe
[IEPBOT0 3aMOPAKUBAHUS 4aCTh 0COOEH B MOMYIIALNN
cHuznia ceoro TI10, B pe3ynbTare 4ero BeposITHOCTh
3aMep3aHusl MPHU MOCIEAYIONUX IKCIO3ULIUIX TPHU
HU3KOHW TeMIlepaType yMeHbIIalach. Takum 00pazom,
MIOMYJISIIMS JIMYUHOK pa3feNuiiach Ha JABE TPYIIIHL:
nepBasi BCEraa 3aMep3aia B OHOM U TOM K€ TeMIle-
paTypHOM JHana3oHe W OcTaBajach YCTOWYMBOW K
3aMep3aHMIo, a BTOpas 3aMep3aja U norudana mnpu
ropaszo 0ornee HU3KUX TeMIepaTypax, T. €. IOMEHsIa
CBOIO CTPATEeruIO BBDKHBAHUS Ha U30eraHue 3amep-
3aHUS IIyTEM NEePEOXITaKIACHUS.

HewnsBecTHO, SBIAIOTCS M TaKWe MEPEKITIOUEHUS
cTparerui o0ImuM GEeHOMEHOM IS TaK Ha3hIBAEMBIX
YCTOWYMBBIX K 3aMEP3aHUI0 OPTaHU3MOB, TIOCKOJIBKY
Kiaccu(UKaIus Ha yCTOWYHBBIE K 3aMeP3aHHIO U U3-
Oerarolue 3amMep3aHus BUJbl OCHOBaHA Ha jabopa-
TOPHBIX JAHHBIX. BO3MOXHO, 4TO HEKOTOPHIE (I MHO-
r'ie) )KUBOTHBIE HCIIONB3YIOT 00€ CTpaTeruu B 3aBUCHU-
MOCTH OT YCJIOBUW 0OUTaHUS (PUCYHOK).

TpanuoHHO X0JI0A0YCTOWYMBOCTE XapaKTepH-
3yeTcsl TAKUMU IToKazareinsimu, kak TI1O, Huzmas se-
tanpHas Temmeparypa (HJIT), Bpems (mmpu mocTostH-
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down to —26°C and manifested a thermohysteresis
effect. Evidently, environmental factors do not only
regulate the synthesis of polyols, nucleating agents and
AFPs in D. canadensis, but also control a mechanism
of strategy onset.

A complete development of larvae takes two or
more years. Since only the mature larvae were the
research objects, all the experimental specimens sur-
vived at least one winter. Measuring of hemolymph
freezing temperature showed that strategy was
reorientated during two mild winters, therefore the
authors suggest that the conditions under which the
larvae survived in the first winter established the fu-
ture overwintering strategy.

Freeze-tolerant species often undergo multiple
freeze-thawing cycles increasing in that way the risk
of cryodamage. Investigation of survival of the freeze-
tolerant sub-Antarctic beetle Hydromedion sparsutum
and the syrphid fly Syrphus ribesii after repeated cy-

YcTonumBOCTb K 3amMep3aHuio
Freeze-tolerance

U3beraHue 3amep3aHus
nepeoxnaxpeHuem
Freeze-avoidance by

supercooling

% %

WNHAaykumMs BHEKNETOoYHOW
KpucTannuaaumm HykneaTopamu
npu =5...-10°C
Induction of extracellular crystalli-
zation by nucleating agents
at-5..-10°C

%

3awuTa 4yacTuyHo
3aMep3Lnx TKaHen

YnaneHue Bcex
noTeHumanbHbIX
HyKneaTopoB

Removing of all
the potential nucleating
agents

\%

MoBbiWeHNe cnocobHoCTU
K MepeoxnaxaeHuto

Monuonbl n caxapa
Polyols and sugars

Protection of partially frozen Increase of supercooling
tissues capacity

% \%

AHTUdpU3HBbIE Genku
Antifreeze proteins

MHrmbuposaHne BTOpUYHOW Crabunusaums
pekpucTannusauum nepeoxnaxneHHoro
CHuxenne HNT (kak npasuno, COCTOSIHUSA
Hxe —40°C) mbenb B pesynbraTe
Inhibition of secondary samepsanusa B AnanasoHe
re-crystallization —20..-40°C
Reduction of LLT (as a rule Stabilization

below —40°C) of supercooled state
Death resulted from
freezing within the range

of —20...-40°C

% \%

Hu3kas cmepTHOCTbL
Low mortality

Bbicokass cmepTHOCTb
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OCHOBHBIC KOMITOHEHTHI XOJIOJJOYCTOMYMBOCTH OECII03BO-
HOYHBIX [9].

Main components of invertebrates’ cold-hardiness [9].
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HOW TeMnepaType Wi TeMIeparype 3a pUKCHUpOBaH-
HBII TPOMEKYTOK BPEMEHH ), IPU KOTOPBIX THOHET 50%
nonynauuu [6]. B To ke Bpems ucnons3osanue TI1O
B Ka4eCTBE €IMHCTBEHHOTO TapaMeTpa sl OMMCAHUS
WM CPAaBHEHHUS XOJIOAOYCTONYMBOCTH HACEKOMBIX
ABIISIETCS HE BIIOJIHE aJI€KBaTHBIM, ITOCKOJIBKY THOEIb
Y TIOBPEKICHUS B PE3YJIbTaTe OXJIaXKIEHHUS 3a4acTyIO
MIPOUCXOSAT MPH OTCYTCTBUY 3aMEP3aHuUs KHUIKOCTEH
tena [10]. CrtocoOHOCTE K TEPEOXIIAKICHUIO MOKET
ABJISITHCS PE3YJIBTaTOM HE CBA3aHHBIX C XOJIOZOM aJial-
TaIi, HApUMeEp YCTOMYMBOCTH K 00€3BOKUBAHHIO
[56]. Kpome Toro, pacnpenenenue TI1O nmeer 6umo-
JAJIBbHBIN XapakTep, 4T0, BO3MOYKHO, CBSI3aHO C MOJIO-
BBIM IUMOP(PHU3MOM — 3TOT (HaKT peAKO TPUHIUMACTCSI
BO BHUMaHHE B OOJBIIMHCTBE PadOT.

YCTOoMuMBOCTb K 3amep3aHuio

Cuuraercs, 9T0 JUTsl BEDKUBAHUS OMOIOTHIECKOTO
00BeKTa 3aMep3aHue JOJDKHO OBITH OTPAaHNYCHO BHE-
KJICTOYHBIM IIPOCTPAHCTBOM, MTOCKOJIEKY BHYTPHUKIIC-
TOYHAs KpUCTAIIM3aLs sIBIsieTCs eTanbHoi. [Tocne
KPUCTAJUTU3AIHA CMEPTHOCTH TIPOJIOIKAET 3aBUCETh
OT TEMIIEPaTyphI U PACTH 110 Mepe e¢ CHUKCHHS (BCe
Byl umeroT HIIT) u yBenuueHus JUIMTeIbHOCTH SKC-
MO3UIMK OpraHu3Ma IMpU HU3KUX TEeMIepaTypax B
3améEp3uieM coctossHuu [65, 76].

OpranusMebl, yCTOMYHUBBIE K 3aMEP3aHUI0, MOKHO
Pa3denuUTh Ha IBE MOATPYIIIBL: YCTOHUKBBIC K 3aMep3a-
HHUIO B TEUCHHE BCETO I'0J1a ¥ MPUOOPETAIONTNE YCTON-
YUBOCTH K 3aMEP3aHHUI0 B 3aBUCUMOCTH OT ce30Ha [69].

YCTOWYIMBEIE K 3aMEP3aHHUIO apTPOIIOABI 00Ia1af0T
TpeMs OCHOBHBIMU OMOXMMHYECKAMHU KOMITOHEHTaMH,
KOTOPBIE 00ECIIEINBAIOT XOJI00yCTOWINBOCTD: HYK-
JIeaTopHI JibJia, MONUONbI U caxapa, ADII.

Hyxneamopwt 1vda. MHOTHE YCTOWYUBBIE K 3a-
MEp3aHHI0 HACEKOMBIE 00JIaaloT 3UMOM HYyKJIeaTo-
pam# Jipa, KOTOpbIe OTPaHUYMBAIOT CIOCOOHOCTh K
MEPEOXITAXKACHUIO 1 00€CIIeUNBAIOT 3alIUTHYIO BHE-
KJIETOYHYIO KPHCTAIUTH3AITUIO TIPU BBICOKUX CyOHYITe-
BBIX TemrepaTypax [28, 29, 75]. pyrue Buas! He 00-
JIAJar0T aKTUBHBIMH HyKJIeaTopamu (1u00 00namaroT
HUMH B HE3HAYUTEIbHOM KOJIMYECTBE) U IEPEOXIIaXK-
natorest 10 —50...—60°C, HO TIPH I3TOM OCTAIOTCS yC-
TOWYMBBIMH K 3aMEP3aHUI0 NIPH TAKUX HU3KUX TEM-
nepaTypax.

Hyxuneatopsl nbaa B remoiuMde oOHApYKEHBI y
KECTKOKPBUIBIX, IEPEIIOHYaTOKPBIIBIX H IBYKPBLIBIX
[75]. Kpome Toro, nykneupytommue arentsl (HA) nuen-
TU(UIUPOBAHBI Y TUXOXONOK Adorybiotus coronifera
[70] u monmrockoB Melampus bidentatus [33] u Myti-
lus edulis [47].

Hyxkitearopbl 6€CTI03BOHOYHBIX UMEIOT OCITKOBYIO
npupony [28, 53, 74, 77]. B narHOM paboTe MbI He OY-
JieM OAPOOHO XapaKTEPU30BaTh 3TU COEIUHEHUS, TAK

KpnoGMOnOrMM

T.21,2011, Ne3

cles of freeze-thawing revealed the surprising results
[9, 11]. It was suggested that each insect would un-
dergo freezing in each of 10 cycles, however, at the
end of experiment it was found that some larvae
avoided freezing under the temperature of 6-10°C
below the supercooling point (SCP), which was typi-
cal for larvae on the 1 experimental day. It was es-
tablished that the lower was “new” SCP, the higher
was probability of larva death after freezing. Evidently
after the first freezing a part of insects in population
reduced their SCP, that resulted in decreasing of freez-
ing probability at the following low temperature expo-
sures. Thus, population of larvae comprised two groups:
the first group always underwent freezing within the
same temperature range and remained freeze-toler-
ant, and the second one underwent freezing and died
under significantly lower temperatures, i. e. changed
the survival strategy to freeze-avoidance by supercool-
ing.

It is unknown whether this reorientation of strate-
gies is a common phenomenon for so-called freeze-
tolerant organisms, since the classification of freeze-
tolerant and freeze-avoiding species is based on labo-
ratory data. Some (or many) animals are likely to use
both strategies depending on the habitat conditions (Fig-
ure).

Traditionally cold-hardiness is characterized with
such indices as SCP, lowest lethal temperature (LLT),
time (at constant temperature or the temperature within
fixed time period) within which 50% of population dies
[6]. At the same time the application of SCP as the
only parameter to describe or compare cold-hardiness
of insects is not fairly adequate, as the death and dam-
ages due to cooling often occur without freezing of
body fluids [10]. Ability to supercool may be the result
of adaptations not associated with cold, e. g. dehydra-
tion resistance [56]. In addition, the distribution of SCP
is of bimodal character that is probably associated with
sex dimorphism. This fact is rarely considered by in-
vestigators.

Freeze-tolerance

Freezing is believed to occur in extracellular space
to allow the survival of biological object, since intracel-
lular crystallization is lethal. After crystallization the
mortality still depends on temperature and elevates to-
gether with rise of organism exposure duration under
low temperatures in a frozen state [65, 76].

Freeze-tolerant organisms can be divided into two
subgroups: freeze-tolerant during the whole year and
developing freeze-tolerance depending on a season
[69].

Freeze-tolerant arthropods have three main bioche-
mical components, providing cold-hardiness: ice nucle-
ating agents, polyols and sugars, and AFPs.
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KaK MX CTPYKTypa ¥ GYHKLIUH ObIIIM OCBEILIEHBI paHee
[4,22,25,42,77)].

HexoTopbie HacekoMble 001a1aI0T HYKJIEaTOpaMH
He OeJIKOBOH, a MUHEpaJbHOM npuponsl. Hanpumep,
YCTOMUYHMBBIE K 3aMEP3aHUIO TUYUHKY FAIJIOBOM MyXH
Eurosta solidaginis "MeroT B MabIIUTHEBBIX COCYAAX
chepyisl u3 pochara KaJIbIs, KOTOPBIE CIOCOOHBI MHH-
UUPOBATh KPUCTAJUTU3ANNIO TIOUTH IIPH TEMIIEpaType
—10°C, uro coBnamaer ¢ TeMIepaTypoi 3aMep3aHus
TarHOK (—9,5°C) 1 3HaUYMTENHFHO OTIIMYACTCS OT TEM-
nepaTypsl 3amep3anus remonuMpsr (—18°C) [50].

VY ycToiuMBOro K 3aMep3aHHIO TUTOPATEHOTO IBY-
CTBOPYATOTO MOJUTIOCKA MUTHIUAB Geukensia de-
missa HA B remonumde He 0OHapy>KEHBI, OTHAKO B
xalpax G. demissa BbIABIICHAa HyKJICHPYIOLIas JieH
Oaxrtepust Pseudomonas fulva [46]. Ananorudnas
POJIb TIPHUITUCHIBAETCS JTHJAOHYKICUPYIONIMM OaKTe-
pUSIM, KOTOpBIE OB OOHAPYKEHBI Y YCTOWYMBBIX K
3aMEp3aHI0 XeNToW pucoBoi xypuanku Chilo
suppressalis [67] n xyka H. sparsutum [73].

B Hacrosimee BpeMst H3BECTEH OJIMH BHJI, CIOCO0-
HBIW BBIJIEPIKUBATH BHYTPUKIIETOUHYIO KPUCTAJITN3a-
LU0 — aHTapKTH4YecKas HemaTtoma Panagrolaimus
davidi, xoTopasi BBDKHMBAET NMPH BHYTPUKIECTOYHOM
KpHCTAIII000pa30BaHUM H ITPEBPALLICHUH B JIEA TOYTH
82% conepkarieiics B Tene BOJIBI [ 72] ¥ BCEIeNo 3aBu-
CHT OT HHOKYJISITUBHOTO 3aMep3aHHsl, UHIYLIHPYEMOTO
JIBJIOM OKpY>Karollel cpeabl. DTO €MUHCTBEHHBIHN 13-
BECTHBIN HayKe MHOTOKJICTOUHBIH OpraHH3M, JIsl KOTO-
POTO BHYTPUKIIETOYHASI KPHCTAIUTH3AIUS HE SIBIISICTCSI
JieTabHOM. [{axke po/iICTBEHHBIE BUJIbI HEMATO]1 HE CITO-
COOHBI BEDKHMBATH B TOJIOOHBIX ycioBusx [62]. Ilpu
9TOM HEJb3sl UCKIIOYHTh, YTO YHHKAJIbHAS CIIOCO0-
HocTh P. davidi BBDKUBATh Y 00pa30BaHUX KPHCTAI-
JIOB BHYTPH KJIETOK 00YyCJIOBJICHA HE CTICII(UUECKUMH
MEXaHU3MaMH YCTOWYMBOCTH K 3aMEp3aHMIO, a HC-
KITIOUUTEIbHBIM MOTEHIIMAJIOM KJIETOK M TKaHeH JaH-
HOTO BHJa HEMATOJ K PEreHEepalliy IOCIIE CEPhE3HBIX
KpHomnoBpexaeHuid. Ha BbIsicHEeHHEe MEXaHU3MOB YC-
ToiuuBocTH P. davidi Bo3naranucek OOJIbIINE HAEK-
Ibl, OZJHAKO TIOKA HET OCHOBAHUH yTBEP)KIaTb, UTO
BHYTPHKJIETOYHASI KPUCTAJUIU3ALIUSA MOKET CTaTh 00-
eONOITIOTHIC CKIM SIBIIEHHEM, KOTOPOE MOTJIO OBl Hali-
TH IIUPOKOE IPUMEHEHHE B IPUKJIATHON KproOHoIo-
ruu. Bo3sMo)xHO, BHYTPUKIIETOUHAS! KPUCTAIN3ALMS
OoJtee pacpocTpaHeHa B IPUPOJE, YEM MIPUHSTO CUH-
TaTh. Tak, BHyTPUKIETOYHAS KPUCTAJUIN3ALUS HE SIB-
JISieTCs JIETAIBHOMN TSI KJIETOK JKUPOBOTO Tena E. so-
lidaginis [44].

Kpuonpomexmopwi. YcTOHYHMBBIC K 3aMEP3aHUIO
HACEKOMBIE TaKXe CHHTE3UPYIOT KPUOIPOTEKTOPHI
(TommoIte! U caxapa), PyHKITHS KOTOPBIX — OTPaHUIH-
BaTh KPHOMIOBPEKJICHNUS Y BUIOB, 3aMEP3aIOIIHUX ITPH
-5...—10°C, HO UMEIONTIX TBOWHYIO (DYHKITHIO y BUIOB
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Ice nucleating agents. The most of freeze-toler-
ant insects in winter have ice nucleating agents, limit-
ing supercooling capacity and providing protective ex-
tracellular crystallization under high subzero tempera-
tures [28, 29, 75]. Other species do not have active
nucleating agents (or have a little number of them) and
supercool down to —50...—60°C, but remain freeze-tol-
erant under these temperatures.

Ice nucleating agents in hemolymph were observed
in coleopterans, hymenopterans and dipterans [75]. In
addition nucleating agents were revealed in the tardigra-
des Adorybiotus coronifera [70] and molluscs Melam-
pus bidentatus [33] and Mytilus edulis [47] .

Ice nucleating agents of invertebrates are proteina-
ceous [28, 53, 74, 77]. In this research we would not
characterize in details these compounds as their struc-
ture and functions were presented elsewhere [4, 22,
25,42,77].

Some insects have ice nucleating agents of not pro-
tein, but mineral nature. For example, Malpighian tubes
of freeze-tolerant larvae of the gall fly Furosta soli-
daginis contain calcium phosphate spherules, which
are capable to initiate crystallization near —10°C, that
is close to larva freezing temperature (-9.5°C) and
differ significantly from hemolymph freezing tempera-
ture (—18°C) [50].

No ice nucleating agents were found in hemolymph
of the freeze-tolerant littoral bivalve mussel Geukensia
demissa, however, gills of G. demissa contained ice
nucleating bacterium Pseudomonas fulva [46]. The
same action is attributed to ice nucleating bacteria,
which were revealed in the freeze-tolerant yellow rice
syrphid fly Chilo suppressalis [67] and the beetle
H. sparsutum [73].

Nowadays it is known one species, which is able to
survive intracellular crystallization. It is the Antarctic
nematode Panagrolaimus davidi, surviving after in-
tracellular crystal formation and transformation of
nearly 82% of body water into ice [72] and completely
depending on inoculative freezing induced by environ-
mental ice. This is the only known metazoan organism
in which the intracellular crystallization is not lethal.
Even related species of nematodes are not capable to
survive under such conditions [62]. Herewith one can
not exclude that unique capacity of P. davidi to sur-
vive intracellular crystal formation is stipulated not by
specific mechanisms of freeze-tolerance, but by ex-
traordinary potential of cells and tissues of this nema-
todes to regenerate after severe cryodamages. Eluci-
dation of the tolerance mechanisms of P. davadi is
promising, however, for the moment there are no rea-
sons to believe intracellular crystallization as common
biological phenomenon which could become widely
applied in cryobiology. Intracellular crystallization is
likely to be more spread in nature than widely thought.
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¢ oueHb Hm3kuMHU TI1O: M3Ha"ambHOE MOBBIIIEHUE
CIOCOOHOCTH K MEPEOXJIaxICHHUIO JIJIsl U30eTaHus 3a-
Mep3aHus (YTO MOXKET OBITh JOCTATOYHBIM) U ITOCIIE-
Jyrolliee KpHO3alIUTHOE NEHCTBHE, €CIIN 3aMEP3aHNE
Bcé-Taku npoucxonut [13]. I'muuepon — camslil pac-
MIPOCTPAHEHHBIN KPUOMIPOTEKTOP [76], KpoMe Hero y
0eCr03BOHOYHBIX HICHTH(UIIMPOBAHBI COPOUTOI, Tpe-
UTOJI, SPUTPUTOII, Tperanosa, ppykrosa u caxaposa [13,
76]. Tunu4HbIe YCTOMYMBHIE K 3aMEP3aHHUIO BUIBI Ha-
CEKOMBIX ITPH MOATOTOBKE K 3MME CHHTE3UPYIOT HYK-
JieaTopsl ¥ OJHoIbl. Ce30HHbBIE HCCIIEA0BAHMS Ky Ke-
sl Pterostichus brevicornis, oouTaromen Ha AJisc-
Ke, TIOKa3aJIH, YTO COlepKaHHe ITINIIEPOIIa B TEMOJTUM-
(e 3umMoit yBenmnuuBamock ooiee, aem B 22 paza [14].

Aumugpusnvie npomeunsi. Psan ycToMUnUBBIX K
3aMep3aHUI0 BUAOB HACEKOMBIX coaepxuT ADII [27],
[IPHYEM HEKOTOPBIE U3 HUX CHHTE3UPYIOT TaKXkKe HyK-
JIeaTOPBI ATl OTPAaHUYEHUS EPEOXTAKICHHS. AHTH-
(puzHBIE TPOTENHBI A0COPOUPYIOTCS HA TOBEPXHOCTH
3apOJIBIIIEBHIX KPUCTAJUIOB JIbJA, 9TO HE TAET UM JI0-
CTUTaTh KPUTHUECKOTO pa3Mepa, JOCTATOYHOTO IS
nHykneanuu. Kpome toro, ADII MoryT urpars BaxxHyIO
pOJIb y 3aMep3aroIiX BHAOB OCEHBIO 10 Pa3BUTHA
YCTOWYHBOCTH K 3aMEP3aHUIO U BECHOH IOCIIE €€ T0-
TepH, ooecrneunBas 3GpHeKTUBHYIO0 aHTH()PU3HYIO 3a-
LIUTY OT PAHHUX M NTO3IHUX 3aMOpo3KoB. Kpome Toro,
A®II prIb aBIsIIOTCA upe3BbIYaiiHO 3()h(HEeKTUBHBIMU
uHruouropamu pexpucramzanuu [40]. [logobnas
¢ynkuus ADII HacekoMbix obecreunBaia Obl mpe-
MMYILECTBA YCTOMYMBBIM K 3aMEP3aHUIO BUJIaM, KOTO-
PpBI€ 3aMep3al0T IIPH MOBBILIEHHBIX TEMIIEpATypax, HO
BBIHY>KI€HbI BEDKUBATH U —30...—60°C B IpUpOoaHBIX
YCIIOBUSIX U MOJIBEPIKEHBI PUCKY TIOBPEXKICHHUS B pe-
3yJIbTaTe PEKPUCTAIIN3AIUN BO BpEMsI IEPHUOJIOB T10-
TEIUIeHUs J10 6oyiee BRICOKMX CYOHYIIEBBIX TeMIIepa-
Typ [6]. Benok, MHrHOMpYOIIUil peKpHUCTAIUTN3AIHIO,
Takxe BBISBIIEH y Hematoasl P davidi [71]. Uccre-
noanusm ADII nocesiieH psig 0030pos [2, 3, 12, 22,
24, 25, 32], nosToMy Mbl He OyaeM NPUBOJUTH B
JaHHOM paboTe X MOIPOOHYIO XaPaKTEPUCTHUKY.

M30eranue 3amep3aHuss nyTem nepeox-
AQXKAEHUS

Y 4yBCTBUTEIBHBIX K 3aMEP3aHUIO BUIOB IIEPEOX-
JIQXK ICHHE MOXKET ObITh 3HAYMTEIILHBIM, HO €CJIM KPHUC-
TaJLIBI JIbJA YK€ MTOSIBUIIUCH, TO OHH PACTYT TaK ObICT-
PO, UTO BHYTPHUKIICTOYHAS BOJIa HE ycneBaeT nudyH-
JIUPOBATh W MPEBPAIIATHCS BO BHCKJICTOUHBIN JIEH C
JIOCTATOYHOU CKOPOCTBIO JJISl MPEAOTBPAIICHUS JIe-
TaJIBHOTO BHYTPUKIIETOYHOTO 3aMOpaXKUBaHMs [26].

CriocoOHOCTB K ITePEOXIIaKICHHUIO 3aBUCHT OT CTa-
JTMH OHTOTeHe3a. Siia 3a4acTyro 6olee X0I010yCTOH-
YUBBI, Y€M HACEKOMBIE Ha JIPYTHX CTATUSIX KU3HECH-
HOTO UK. Sil1a HEKOTOPBIX YeITYEKPhLUIBIX MEPeoX-
naxpaarotcs 1o —50°C [5], a stifiia HEeKOTOpBIX T U
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For example intracellular crystallization is not lethal for
fat body cells of E. solidaginis [44].

Cryoprotectants.Freeze-tolerant insects also syn-
thesize cryoprotectants (polyols and sugars), which
function is to prevent cryodamages in the species freez-
ing under —5...—10°C, but in species with very low SCP
these have a double function: initial increase of super-
cooling capacity to avoid freezing (that could be suffi-
cient) and the following cryoprotective action in the
case if freezing occurs [13]. Glycerol is the most wide-
spread cryoprotectant [ 76], additionally sorbitol, threitol,
erythritol, trehalose, fructose, sucrose are found [13,
76] in invertebrates. Typical freeze-tolerant species of
insects synthesize ice nucleating agents and polyols dur-
ing preparing to winter. Seasonal studies carried-out in
the carabid beetle Pterostichus brevicornis, inhabit-
ing in Alaska have shown that glycerol content in
hemolymph in winter increased more than 22 times
[14].

Antifreeze proteins. Certain freeze-tolerant insect
species contain AFPs [27], moreover some of them
also synthesize ice nucleating agents to limit supercool-
ing. Antifreeze proteins absorb on surface of ice crys-
tal nuclei, preventing them to achieve a critical size
sufficient for ice nucleation. Moreover, AFPs could
play an important role in freezing species in autumn
before development of freeze-tolerance and in spring
after its disappearance, providing effective anti-freeze
protection against early and late frosts. In addition AFPs
of fishes are extremely effective inhibitors of recrystal-
lization [40]. A similar function of insects” AFPs would
provide advantages to freeze-tolerant species, which
freeze under higher temperatures, but need to survive
at—30...—60°C in natural environment and are exposed
to risk of injury due to recrystallization during periods
of warming up to higher sub-zero temperatures [6]. A
recrystallization inhibiting protein is also revealed in the
nematode P. davidi [71]. AFP studies were reviewed
earlier [2, 3, 12,22,24, 25, 32] therefore we would not
focus our attention on their characteristics in this arti-
cle.

Freeze-avoidance by supercooling

In freeze-sensitive species supercooling may be sig-
nificant, but if ice crystals have appeared, they grow
so fast that intracellular water is not able to diffuse
with adequate rate to freeze outside the cell to prevent
lethal intracellular freezing [26].

Ability to supercool depends on ontogenesis stage.
Eggs are often more cold-resistant than insects of other
stages of life cycle. Eggs of some lepidopterans are
supercooled down to —50°C [5], and the ones of some
aphides and psyllas are supercooled down to —40°C
[37, 65]. Maybe eggs do not contain ice nucleating
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nucrobmomtexk — 1o —40°C [37, 65]. BepositHo, sitna
HE COoJIeprKaT HyKJIeaTOPOB U MIPUTOIHBI ISl TEPEOX-
JIKICHUS B KaueCTBe cocyloB. Hampumep, siiiiia Heko-
TOPBIX TPOIIMUYECKUX HACEKOMBIX, B YACTHOCTH CapaH-
YOBBIX, CTIOCOOHEKI Iepeoxiaxkaarses 10 —30°C, xoTs
OHM HUKOTJIa He MPeOBIBAIOT AaKE B OKOJOHYJIEBBIX
Temnepartypax. CHiIbHOE IepeoXIaKICHHUE, T0-BUIH-
MOMY, — 3TO MPUPOTHOE CBOWCTBO SIMI] HACEKOMBIX,
KOTOpOe Mpruobdpesio OOoIbIoe 3HAYCHUE IS BUIOB,
3UMYIOMINX Ha CTaauu sima [6].

Hyxneamopwt n1vda. UyBCTBUTENBHBIE K 3aMep3a-
HHUIO 3UMYIOITIE THIUHKH porada Ceruchus piceus B
XOJIOHOE BpeMsi rofa criocoOHs! moHmxkars TT10 ce-
30HHBIM YAAJICHUEM HYKJI€aTOPOB-IUIONPOTEHHOB U3
remosiuM@sl. OcHOBHAS (PYHKIHSA 3TUX JTUIOIPOTEHU-
HOB — TPAHCIOPT JIMIIAJOB — BO BpEMS JHaray3bl He
cymiecTBeHHa [52].

Kpuonpomexmopwi. I'maniepoin 0bu1 0OHApYKEeH y
64 13 96 ncceIOBaHHBIX HA ITPEIMET HATHIHSI TI0JTHO-
JIOB M CaXapoB BUJIOB YyBCTBUTEIHHBIX K 3aMEP3aHUIO
aprponof [65]. OcTanbHbIe MOIUOIBI BKIIOYAIOT COP-
ouron [49, 63], marHUTON [64] M STHIICHIIIUKON [31].
[IpencraBuTensiMu caxapoB SIBISIOTCA TJIFOKO3a, TPe-
rano3a u ¢ppykrosa [ 16, 64, 66]. Xpomarorpaduaeckuii
aHaJIN3 MTOJINOJIOB M caxapoB MOKa3all, YTO MHOTHE 3H-
MYIOIIE HAaCEKOMBIE 00J1aJat0T MHOTOKOMITOHEHTHBI-
MU KpHOTIPOTEKTOPHBIMU cricTeMaMu. OHH BKITIOYAIOT,
HanpuMep TIHIEPOIT, COPOUTOI, HPYKTO3Y U TPETraaosy
Y YCTOWYMBBIX K 3aMeP3aHHI0 TMUMHOK E. solidaginis
[49], tmuniepoit, COpOUTOI, TITFOKO3Y M TPETaNo3y — Y
JTIUHOK 3200JI0HHUKA Oepe30oBoro Scolytus ratzeburgi
[58], muiepos, MAHHUTON U TPETaio3y — y aHTapK-
TH4eckoil HoroxBocTku Cryptopygus antarcticus [65].
MHOTOKOMIIOHEHTHBIE CHUCTEMBI CUHTAIOTCS OoJjee
MIPEeAMOYTUTENEHBIMHA, TOCKOIBKY OHU CHH)KAIOT BO3-
MO>KHBIE TOKCHYeCKHEe 3 (EeKThI, CBSI3aHHBIE C BBICO-
KMMH KOHIIEHTPALUAMH OTHOTO KOMIIOHEHTA, KOTOphIE
MoTpeOOBANUCH ObI TS JOCTHKEHUS TAKOTO JKE YPOB-
Hs kpro3amuTsl [13, 49, 58, 59]. ¥ uzberaromux 3a-
Mep3aHus HACEKOMBIX TTOJIMOJIBI M caxapa MOTYT UTPaTh
BaXKHYIO pOJib, OWIN4HYO0 OT porut ADII [27, 59]. ['mu-
LEPOJI MOXKET CTaOMIM3UPOBATH (PEePMEHTHI IPH HU3-
KHX TeMIIepaTypax, 3aluias uX OT IeHaTypanuu [34],
Y JeHCTBOBATh B Ka4eCTBE AHTHBBHICYIIMBAIOIIETO
areHTa (KaK y aHrMAPOOMOTHYECKHUX OpraHn3MoB [21]).

Aumughpusznvie npomeunsvi. Y HEKOTOPHIX BUIOB
A®II crtoco6Hb! nHAKTHBUPOBaTh HA, 4TO Tarke Mo-
KT MPOSBISITHCS KaK CE30HHOE MOBBIILIEHHE CIIOCO0-
HOCTH K repeoxiiaxaeHuto [26]. [Tpu nodbasnenn ouu-
meaHoro A®II 6onpmroro Mmywnoro xpymaka 7. moli-
lor x remonmmmdbe Tapakana Periplanela americana
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agents and are suitable for supercooling as containers.
For example, eggs of some tropical insects, particu-
larly Acrididae, are able to supercool down to —30°C
even though they never meet near-zero temperatures.
Evidently, significant supercooling is a natural property
of insect eggs which gained a great importance for the
species, overwintering at egg stage [6].

Ice nucleating agents. Freeze-sensitive overwin-
tering larvae of the stag beetle Ceruchus piceus are
able to reduce SCP by seasonal removing of lypoprotein
ice nucleators out of hemolymph. A main function of
these lypoproteins, i. e. transport of lipids, is not sig-
nificant during diapause [52].

Cryoprotectants. Glycerol was revealed in 64 from
96 of freeze-tolerant arthropod species screened for
the presence of polyols and sugars [65]. Other polyols
were sorbitol [49, 63], mannitol [64] and ethylene gly-
col [31]. The sugars were glucose, trehalose and fruc-
tose [16, 64, 66]. Chromatographic analysis of polyols
and sugars showed that the most overwintering insects
had multicomponent cryoprotective systems. These
comprise, for example, glycerol, sorbitol, fructose and
trehalose in freeze-tolerant larva E. solidaginis [49];
glycerol, sorbitol, glucose and trehalose were found in
the birch bark beetle larvae Scolytus ratzeburgi [58];
glycerol, mannitol and trehalose in the Antarctic
springtail Cryptopygus antarcticus [65]. Multicom-
ponent systems are considered to be more preferable,
as they reduce potential toxic effects, associated with
high concentration of one component, required to
achieve the same level of cryoprotection [13, 49, 58,
59]. In freeze-avoiding insects polyols and sugars can
play an important role that differs from the one of AFPs
[27, 59]. Glycerol can stabilize enzymes under low tem-
peratures, protecting them from denaturation [34] and
act as anti-dessication agent (as in anhydrobiotic or-
ganisms [21]).

Antifreeze proteins. In some species AFPs are able
to inactivate ice nucleating agents that could be also
manifested as a seasonal increase of supercooling ability
[26]. Addition of purified AFP of the yellow mealworm
T. molilor into hemolymph of the cockroach Peripla-
nela americana reduce SCP of hemolymph by 2°C
(from —14 down to —16°C), but this effect disappeared
after thermal exposition of the sample [27].

Antifreeze proteins have advantages if compared
with low-molecular antifreezes such as polyols and sug-
ars [27]. AFPs act non-colligatively and do not cause
significant increase of osmotic pressure, unlike high
concentration of polyols does. Moreover, such cryopro-
tectants as glycerol and trehalose take part in impor-
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nonmxanack TIIO remonumost Ha 2°C (ot —14 nmo
—16°C), HO 3TOT 3 deKT ucuesan, ecau odpaser mos-
Bepraycs TeIoBoi oopadotke [27].

AnTH(pU3HbIE TPOTEHHBI UMEIOT IIPEUMYILECTBA 110
CPaBHEHHIO C HU3KOMOJIEKYIISIPHBIMU aHTH(QpH3aMu —
rosonamMu U caxapamu [27]. ADII neficTByIOT HEKOII-
JIUTaTUBHBIM 00pa30M U HE TIPUBOIAT K 3HAYUTEILHO-
MY MOBBIIICHUIO OCMOTHYECKOTO JJABJICHUSI, CBSI3aHHO-
My C BBICOKOH KOHLIEHTpauuen noimosnos. Kpome Toro,
TaKye KPHOTPOTEKTOPHI, KaK TIUIEPOJ B TPErayiosa,
SIBJIIIOTCS. YYaCTHUKAMHU BaXKHBIX METa0OJIMYECKUX
IIPOIIECCOB, a 3TO TPeOyeT KOMILJICKCHOM IMepecTPOrNKU
UX PETYIATOPHBIX MEXaHU3MOB JJisl 00ecredeHHUs
CHHTE3a MPU MOATOTOBKE K 3MME M MOCIEIYIOLIETO
KaTabOJIM3Ma STUX COSAMHEHHUH MOCie 3UMOBKH [6].

FBenku-waneponst. B nocneaHee BpeMsi MHOXKECT-
BO paboT OBUIO MOCBAIMIEHO HCCIEJOBAHUIO POJU
CTPECCOBBIX OCIIKOB B periapariuy OBPEKICHUH, BO3-
HUKIIKX B Pe3yJIbTare ASUCTBHUS IKCTPEMaIbHbBIX (pak-
TOpoB. [{nanay3upyromue “3uMHNE” U XOJI0I0AKKITH-
MHpPOBaHHBIE “JETHHE KyKOJIKH JIyKOBOH Myxu Delia
antiqua XapaKkTepU3yITCS BBICOKOH X0JIOI0Y CTONYH-
BoCThIO [38]. OOHapyskeHa MONOKUTEIbHAS KOppes-
s Mexxay yposaem MPHK ojHOro u3 mamnepoHoB,
BBDKHBAEMOCTBIO TIPH HU3KOH TEMIIEpaType U CTeTe-
HBIO MTOJTUMEPU3AIIUHN aKTHHA, KOTOPBIH SBJISETCS CyO-
CTpaTOM JUJISl JAHHOTO IIarepoHa. AKTHH MaJIbITUTHE-
BBIX COCY/IOB HE aKKJIIMMHUPOBAHHBIX K XOJIOTY KYKOJIOK
HaxOAUTCS B ACTIOTUMEPHU30BAHHOM COCTOSIHUH, B TO
BpeMsI KaK aKTHH XOJIOA0aKKIMMHAPOBAHHEIX D. antiqua
OCTaeTcs B IOJTMMEPHU30BaHHOM BHIE. 3a JAETIONNMe-
pHY3aluel akTHHA CIICTYIOT SIBHBIC HAPYIIICHUS CTPYK-
TYpBI KJIETOYHBIX MeMOpaH. Takum 00pa3oM, TaHHBIH
[IarepoH MPUHUMAET HETOCPEICTBEHHOS YUacTHe B
Pa3BUTHH XOJIOAOYCTOWYHUBOCTH 3TUX HACCKOMBIX,
MIpeIoTBpaIiast UHAYIUPYEMYIO XOIOA0M JIETOTHME-
pusaruto aktuna. [llarepon u3 cemeiicTBa O€NKOB TeN-
JIOBOTO IIOKa ¢ MoJeKyasipHol Maccoil 70 x/la
(BTIII70) sBisieTCcs 94acThIO CIOKHOTO KOMILIEKCA
OMOXMMHUYECKIX Al TaIlIi K XOJIOAY Y KpaCHOKJIOMNa
00BIKHOBEHHOTO Pyrrhocoris apterus [41]. Y cepbix
MSCHBIX MyX mopaaBieHue skcrpecun bTII23 u
BTHI70 He BIMANO HAa BXOXJEHHE HACEKOMBIX B
Ianay3y 1 Ha €€ JJTUTEeIbHOCTb, OJHAKO PE3KO CHIKA-
JI0O BBDKUBAEMOCTh JIHATIAY3UPYIOIIUX KYKOJIOK IpHU
HU3KUX TeMriepaTypax. Ponib 1ianepoHoB B MEXaHU3-
Max XOJIOJIOyCTOMYMBOCTH 00Cyxmanach B [18, 45, 48,
55]. Rinehart J.P. et al. cuutarot, 4T0 MHIYKITUS CHH-
Te3a IalepPOHOB — OCHOBHOM (DaKTOp pa3BUTHS XOJIO-
JIOYCTOMYHMBOCTH HACEKOMBIX [57].

Xonooosou wox. Xotst TIIO mpencraBiseT co-
00if TeOpeTUIECKH HU3MINH TP TeMIIEPaTypPHOM
YCTONYIHBOCTH, OBIIIO OOHAPYKEHO, UTO OXJIAKICHUE
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tant metabolic processes, that require a complex chan-
ges in regulation of these processes to provide synthe-
sis of these substances during cold-hardening and the
following catabolism of these compounds after overwin-
tering [6].

Chaperone proteins. Recently many authors paid
their attention to the role of stress proteins in repara-
tion of damages, resulting from the effect of extreme
factors. Diapausing “winter” and cold-acclimated “sum-
mer” pupae of the onion fly Delia antiqua are char-
acterized by a high cold-hardiness [38]. Positive cor-
relation was observed among mRNA rate of the one
of chaperones, low-temperature survival and actin po-
lymerization rate, being a substrate of this chaperone.
Actin of Malpighian tubes in non-acclimated pupae was
depolymerized, while actin of cold-acclimated D. anti-
qua remained polymerized. Significant impairment of
cell membrane structure follow actin depolymerization.
Thus, this chaperone directly takes part in cold-hardi-
ness development in these insects, preventing cold-in-
duced depolymerization of actin. In the fire bug Pyrrho-
coris apterus [41] the heat shock protein chaperone
with molecular mass of 70 kDa (HSP70) is a part of
complex biochemical cold-adaptations. In the flesh flies
the suppression of HSP23 and HSP70 did not affect
insects’ diapause and its duration, however, sharply re-
duced the survival of diapausing pupae under low tem-
peratures. The role of chaperones in cold-hardiness
mechanisms was already discussed [18, 45, 48, 55].
Rinehart J.P. et al. believed that induction of chape-
rone synthesis is the main factor of cold-hardiness de-
velopment in insects [57].

Cold shock. Although SCP is the lowest limit of
temperature resistance it was revealed that even cool-
ing without tissue freezing might result in lethal dam-
ages [39, 43]. In one species (for example, larvae of
Mamesta configurata) these damages appear only
after long periods of low-temperature exposure [68],
and in other ones even a short-term exposure at the
temperatures above SCP is lethal. For example, SCP
of freeze-tolerant pupae S. crassipalpis makes —23°C,
however, they do not survive after 20 min exposure at
—17°C [43].

Cold shock is a stress, caused by short-term expo-
sure under low, but not freezing temperatures [23]. It
is suggested that mechanism of damages due to cold
shock lies in induction of phase transfers of membrane
lipids, resulting in the following loss of membrane in-
tegrity [54]. The role of membranes in this phenome-
non has still been a matter of arguments. Shreve S.M.
et al. showed that addition of cholesterol into the food
the Drosophila melanogaster sharply increased the
ability of flies to rapid cold hardening: more than 70%
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0e3 3aMopaXMBaHUA TKaHEH MOXKET MPUBOIUTH K
JIeTabHBIM TTOBpexaeHusaM [39, 43]. Y ogHux BUAOB
(mammpumep, rycenunsl Mamesta configurata) Takue
MOBPEXKIEHNUS OSABIISIOTCS TOJIBKO MOCIIE ATUTEIBHBIX
[IEpHOA0B HU3KOTEMIIEPATYPHOH SKCIIO3UIMH [68], ¥
JOPYTUX — KPaTKOBPEMEHHBIE SKCIIO3ULIUH TP TEMIIe-
patypax Boiuie TTIO neransusl. Hanpumep, TIIO ky-
KOJIOK, YyBCTBUTEIIBHBIX K 3aMEP3aHUIO S. crassipalpis,
coctaBysieT —23°C, oHAKO OHU HE BBDKMBAIOT ITOCIIE
20-muHyTHOH 3Kcrio3utn mpu —1 7°C [43].

XO0JIOZOBBIM IIOKOM HAa3bIBalOT CTPECC, BBI3BaH-
HBII KPaTKOBPEMEHHOM AKCIIO3ULMEN ITPU HU3KUX, HO
HE 3aMOpaXHBaIOIMUX TeMreparypax [23]. [Ipenmo-
JIATaloT, YTO MEXaHU3M ITOBPEXKICHUN BCIIEICTBUE XO-
JIOOBOTO LIIOKa COCTOUT B MHAYKLMH (ha30BBIX EPEXO-
JIOB JUMHMIOB MEMOpaH, BEAYIIUX K HOCIEOYIoUIeH
noTepe 1eNocTHOCTH MeMOpaH [54]. Pons MemOpan B
9TOM SIBJIEHHH JI0 CUX IIOP ABIIAETCS IPEAMETOM JHC-
kyccwuii. Shreve S.M. et al. moka3anu, 4to 1o00aBICHHUE
xonectepona B nuity Drosophila melanogaster pe3ko
YBEJIIMYHUBAJIO CIOCOOHOCTh MYX K OBICTPON XOJIOJI0-
BoH 3akaiike: 6osiee 70% MyX BBDKHABAIIO ITOCE 2-49a-
coBoi axcriozutmy pu —5°C [61]. YeTaHOBIEHO, 9TO XO-
JIECTEPOJT YBETUYUBAET MPOYHOCTH KIETOYHBIX MEM-
Opan [1]. 3BeCTHO TaKkXke, YTO OJHUM U3 KOMITOHEH-
TOB XOJIOZIOYCTOWYHUBOCTH MHOTHUX OPTaHU3MOB SIB-
JII€TCS1 CE30HHOE YBEIMUYEHUE CONEP)KaHUs HEHAChI-
meHHbIX kupHbIX KucioT (HXKK) B memOpanax, uro
CHIDKAET TeMIieparypy (a3oBbIX IEPEXOA0B MeMO-
pauHbIX TUnUAOB [1]. Tem He MeHEe y CBOOOTHOKH-
By1ei Hematonel Caenorhibditis elegans, nmerotnei
noBsiieHHoe coaeprkanne HXXK, ne HaOmomamu kop-
PEISALUN MEXIy CTEIICHbIO HEHACHIILICHHOCTH JIUIIU-
JIOB 1 YPOBHEM XOJoAoycToiuuBoctH [51].

X0110/10BOM IOK MOXKET TAKAKE BbI3BIBATH CEPHE3HBIE
H3MeHeHus B snpax kietok. Garsia S.L. et al. [30]
[IOKa3aJji, YTO TOCJIE XOIO0I0BOTO IIOKA SAPa KIETOK
MaJIBIIMTHEBBIX COCYIOB Kitona Panstrongylus megistus
CITMBAJINCh, 00pa3ys “THranTel . [ eTepoxpoMaru B si-
pax Obur pazBepHyT. OObIUHBIE SApa U “TUTAHTHI”
HMEJH NPU3HAKU TUIMYHOTO U MOTEHIMATIBHOTO arloll-
TO3a cpasy HOCIe MIOKa, a BIIOCIECICTBUH U HEKPO3a.

Bale J.S. [8, 9] mpemioxu, TOMIMO IBYX TPaIUIIMOH-
HBIX CTPaTeruii XoJ010yCTOHYUBOCTH — YCTOHYHUBOCTb
K 3aMep3aHuIo U n30eranue 3amep3anusi, — BbLICIATD
emie 3 rpymmsl BUOB B 3aBUCUMOCTH OT UX PEAKIUU
Ha [TOHIDKEHUE TEMIIEPaTyPhI.

I'pymma “chill tolerant” o6beauHsET BUIBI C HU3KU-
mu TTIO (—20...—30°C) 1 OTHOCHUTENHHO BBICOKOH XO-
JIOJI0yCTOMYNBOCTHIO, HO OTIIMYAETCS OT TUIHYHBIX
n30eraromux 3aMep3aHus BUIOB TeM, YTO OHM Hac-
TUYHO TUOHYT npu Temneparypax Boime TI1O. K
TaKUM BU/IaM OTHOCSTCS MOJISIpHBIN Kiew 4laskoze-
tes antarcticus, nmeroruii TIIO —30°C u 73%-10 BEI-
xuBaeMocTh nociie 100 cyrok npedbiBanms npu —20°C
[17], nonroHocuk Rhychaenus fagi w3 cpemHUX IIH-
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of flies survived after 2 hours of exposure at —5°C
[61]. It was established that cholesterol increased sta-
bility of cell membranes [1]. It is also known that one
of the components of cold-hardiness of many organ-
isms is a seasonal increase of content of unsaturated
fatty acids (UFAs) in membranes, decreasing tempera-
ture of phase transfers of membrane lipids [1]. Never-
theless, in the free living nematode Caernorhibditis
elegans with an increased content of UFAs the corre-
lation between lipid unsaturation rate and cold-hardi-
ness level was not observed [51].

Cold shock could also cause severe changes in cell
nuclei. Garsia S.L. et al. [30] showed that cold shock
resulted in fusion and formation of “giant” nuclei of
Malpighian tube cells in the bug Panstrongylus megist-
rus. Heterochromatin in nuclei was decompacted. Both
“normal” and “giant” nuclei revealed signs of typical
and potential apoptosis just after cold shock, followed
later by necrosis.

Bale J.S. [8, 9] suggested in addition to two tradi-
tional strategies of cold-hardiness, i.e. freeze-tolerance
and freeze-avoidance, to specify more 3 groups of spe-
cies depending on their reaction on temperature re-
duction.

“Chill tolerant” group combines the species with
low SCPs (-20...-30°C) and relatively high cold-har-
diness, but differing from typical freeze-avoiding spe-
cies by their partial death at the temperatures above
SCP. These include the polar mite Alaskozetes antar-
cticus, possessing SCP of —30°C and 73% survival
after 100-day-long keeping at —20°C [17], and the beech
weevil Rhychaenus fagi from mid-latitudes with SCP
of —25°C and only 26% survival after 56-day-long keep-
ing at —15°C [7].

“Chill susceptible” are the species, which also can
be supercooled down to extremely low temperatures,
but die even after short exposures (minutes or hours)
at the temperatures which are significantly higher than
SCP. In overwintering anholocyclic clones of the aphi-
des Myzus persicae LLT is by 15-18°C higher than
SCP (-25°C) after just a minute exposure [19, 36].

“Opportunistic survival” group combines species not
capable to exist under threshold temperature of their
development. M. domestica pupae undergo freezing
under 15°C, but 100% mortality is observed after 5 days
at 0°C [20]. These species overwinter under thermally
protected conditions, e. g. in animal burrows.

We could conclude, that recently the most of re-
searches of invertebrate cold-hardiness have been di-
rected to specify the classification of cold-hardiness
species and determination of cold-hardiness molecular
mechanisms, herewith the studying of specific mecha-
nisms of hardiness to intracellular crystallization is of a
special interest. In addition the task about cold-hardi-
ness occurrence in different taxons of invertebrates
during evolution has remained open.
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port ¢ TITIO —25°C u Bcero iumrb 26%-i1 BBDKHBaeMOC-
TBIO ocTie 56 cyTok nmpebsBanus mpu —15°C [7].

I'pyrma “chill susceptible” — 310 BUIBI, KOTOpPBIE TaK-
K€ MOTYT NEPEOXTKAATHCA 10 OYEHb HU3KUX TEMIIE-
partyp, oaHaKo THOHYT Jake Ocie KPaTKUX IKCIIO3HU-
Uil (MUHYTBI WIIM Yachl) TIPU TeMIIEpaTypax, 3Hauu-
TenbHO npesplmatomux TI10. ¥V 3uMyrommx aHroso-
LUKINYECKUX KIOHOB adua Myzus persicae HIIT Ha
15-18°C Breime TIIO (—25°C) mocne Bcero JHIIb
MHHYTHOH 3Kcrio3unuu [ 19, 36].

I'pynma “opportunistic survival” (“onmopTyHuCTH-
YeCKO€ WM KOHBIOHKTYPHOE BBDKUBaHHE ) O0bEIH-
HSIET BU/IBI, HE CITOCOOHBIE CYIIIECTBOBATH HIXKE ITOPO-
roBoil Temmeparypsl ux pasputusd. Kykomku M. do-
mestica 3amep3arot npu —15°C, ognako 100%-1 cMepT-
HOCTh HaOmoaaeTcs yxe nocie S cytok mpu 0°C [20].
Taxue BUBI 3MMYIOT B TEPMUYECKH 3aIIUIIEHHBIX yC-
JIOBUSIX, HAIPIMEP B HOPAX KUBOTHBIX.

MO>KHO 3aKJIFOYUTh, YTO B ITOCIEAHUE TOIBI OOJIb-
LIMHCTBO MCCIJIEIOBAHUH 110 XOJI0I0yCTOMINBOCTH Oec-
[T03BOHOYHBIX HAIIPABJIEHBI HA YTOYHEHNE KIIACCHU(H-
KaIli¥ XOJI0I0YCTONYHNBHIX BUIOB H BHISICHEHHE MOJIe-
KYJISIPHBIX MEXaHHU3MOB XOJOAO0YCTOWYHBOCTH, MPHU
3TOM HCCIIEJJOBaHUE CHENU(PUISCKUX MEXaHHU3MOB
YCTOWYMBOCTH K BHYTPUKJIETOUHOHN KPHCTAIUIN3AIAN
peAcTaBisieT 0coObIi nHTEpec. Kpome Toro, ocraer-
Cs OTKPBITBIM BOIIPOC O BO3HUKHOBEHHH XOJIOA0YCTOM-
YUBOCTH B Pa3IMYHBIX TAKCOHAX OECIIO3BOHOYHBIX B
MIPOLIECCE IBOJIOLUH.
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