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Cryoresistance Differences Between Species of Autotrops
From Polar Regions Sensed by Chlorophyll Fluorescence

Pedrepar: [ns nobynoBu TemnepaTypHUX KpuBKX chryopecueHLii Xnopodiny B eKCNePUMEHTI 3 OXOMOMKEHHSIM MPY NOCTINHINA
wewuakocTi Bia 20 go —45°C 6yno obpaHo Tpu BuAM nuwanHukie (Xanthoria elegans, Umbilicaria cylindrica, Usnea sphacelata) Ta
npeacraBHMKa ekcTpemodinbHMX UiaHobakTepin Nostoc commune. 3a JonoMorow MoAynboBaHOro criyopuMeTpa BuMiptoBanu ABa
napameTpu riyopecueHLii Xnopodiny (MOTEHUiNHMA BUXiA GOTOCMHTETMYHIX npoueciB y doTocucTemi Il F/F, Ta edekTBHUIN KBaH-
ToBui Buxig Pps. TemnepaTypHa sianosigb Il F/F, i @,y mMana S-noaibHy kpuBy, sika cknaganacs 3 Nnato (3HWKEHHS TeMnepa-Typu
Big 20 go —-5°C), cnagy i nneva, WO Jocsrae KPUTUYHOI TOYKW, Ta BignoBigana TpbOoM hasdaM MiHIMHOTO OXONoAXeHHs. Ons BCix
eKkcnepuMeHTanbHMX 3paskiB 3anexHo Big Buay Ta napameTtpa dnyopecueHuii xnopodiny kpusi Manu pisHy dopmy. JinwanHmk
U. cylindrica BusiBuBCS HanbinbLL KPIOPE3UCTEHTHUM BiAMOBIAHO A0 (POTOCUHTETUYHMX MPOLIECIB, SKi BiAOyBaloOTbCA B TUMAKOIAHIN MeM-
GpaHi xnoponnacTa 3a Bif’eMHOi TeMnepaTypu.

KnrouoBi cnoBa: dnyopecueHuUist xnopodiny, OXONOoOXeHHS, KPiOPE3NCTEHTHICTb, NULLAWHKKK, LiaHobakTepii, MonspHi perioHw,
dotocuctema ll, poTocuHTes.

Abstract: Lichens from the cold regions of Earth exhibit high, but different degree of tolerance to drought and freeze stresses.
Therefore, three lichen species Xanthoria elegans, Umbilicaria cylindrica, Usnea sphacelata, and a representative of extre-
mophilic cyanobacteria Nostoc commune were selected to measure temperature response curves of chlorophyll fluorescence para-
meters in cooling experiment using a constant rate of cooling from 20 to —45°C. Two chlorophyll fluorescence parameters (F,/F,, —
potential yield of photosynthetic processes in photosystem Il and ®_,, — effective quantum yield) were measured with a modulated
fluorometer. For all experimental species, the temperature-response curves of Il F /F,, and ®_ , showed typical triphasic shape: plateau
(temperature decrease from 20 to —5°C), decline, and a shoulder reaching the critical point. The phase typically formed a S-curve
of different shape as dependent on species and chlorophyll fluorescence parameter. U. cylindrica was the most cryoresistant in

terms of photosynthetic processes ongoing in thylakoid membrane of chloroplast at below zero temperature.
Key words: chlorophyll fluorescence, cooling, cryoresistance, lichens, cyanobacteria, polar regions, photosystem II, photo-

synthesis.

JIummaitHuKY € HEBiZ' €MHOIO YaCTHHOIO TIOJIIPHUX
€KOCHUCTEM, IO MEMOHCTPYE CTIMKICTh A0 BUCYIIY-
BaHHSA Ta HHU3LKOTEMIICPATYpPHOTO BIUIMBY. AKJiMa-
TH3AIis JUIIAWHAKIB 3aJEKHO BiA BUAY Mae€ pi3Hi
BapiaHTH YyTIIMBOCTI 70 TeMIeparypH [8].

JlMmaiHUKY B TOJSPHUX PETiOHaX MOXKHA BH-
KOPHCTOBYBaTl SIK OIOMOHITOpH 3MiHH KITiMary.
B AnTapkTuii € BU3Hau€Ha KUIBKICTh iX BHIIB,
TOMY JUIIAWHUKA MOXYTh OyTH 3py4HUM OO0’ €K-
TOM JIJIs1 BiZICTe)KCHHS KIIMAaTHYHUX BIUTMBIB Yy TIPO-
CTOpOBOMY Ta 4acoBoMy BuMipax [32]. Ilow’s3aHi
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Lichens form an essential part of polar ecosys-
tems and seem to be tolerant to dry and freeze
stresses. Any acclimation processes in lichens are
species-specific and there is a high degree of res-
ponse variability and sensitivity to temperature in
different species [8].

Lichens in the polar regions can be used as
biomonitors for climate change, as there is a con-
sistent number of species in Antarctica and they
offer several excellent means to track climate effects
at geographic and temporal scales [32]. Changing
the temperature in Antarctic Peninsula due to climate
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AHTapKTHYHOMY MiBOCTPOBI OOYMOBIIOIOTH 301b-
LICHHS XOJIOZOBOTO CTpECy, IO BIUIMBAE HA TEMII
POCTY JIMIIAHHMKIB 3aJI€KHO BiJ BUAY. Y CBOIO uep-
Ty, II¢ TIPU3BOIUTE IO BTpaTu OiopizHOMaHITTS [33].
Hocmimkenass S.C. Schofield Ta cmiBaBt. [34] mo-
KazaJio, o 3HaYHa CE30HHA MOJIEKYIsIpHA akKiima-
tm3anis Lobaria pulmonaria BimOyBa€eThCS B Maii-
K€ CTaOUIBHIN MOMYJAIii KIITHH BOJOPOCTCH, sKa
HE IINThCA Ta 30epirae (HOTOCHHTETUYHY 31aT-
HICTb MPOTATOM 0araTbOX POKIB 1O 3MiHM HaBKO-
JUIIHBOTO cepenoBuiia. OCKUIBKU JTHIIAHHUKH MO-
KYTb JIETKO TIEPEHOCHUTH OyIb-sKi KIIMaTH4Hi SBHU-
ma B XoJonxHi mepiogm [5], Tomy ixHsS Kpiopesuc-
TEHTHICTh € MPEIMETOM MOCTIHHHX CIIOCTEPEKCHB,
30KpeMa 3 BUKOPHCTaHHAM KpioOioNOriYHUX METOAIB
[7].

OmHuM 13 BOXJIMBUX HAMPsSMIB BUBYCHHS XOJIO-
JTOCTIHKOCTI aBTOTPO(iB MOIIPHUX PETIOHIB € MONTYK
OpraHi3MiB, 31aTHHX 30epiratd (JOTOCUHTETUYHY aK-
THBHICTh TICISI E€KCIO3HWIlli B KOCMIYHHMX yMOBax
(y cyxomy crani). Hanpuxman, mumaiuauk Pleopsi-
dium chlorophanum (exctpemodin, skuii 3pocrae
B Y€ XOJIONMHUX i CyXMX MICIIX Ha BEJHKIA BH-
COTi) BMXKUB 1 3anumaBcsi OTOCHHTETUYHO AKTHB-
HUM B YMOBaX «MapciaHChKOi Hilli» Ta (i3ionoridyHo
aJlanTyBaBcs, 30UIBIIYIOYM CBOIO (POTOCHHTETHY-
HY aKTHBHICTH mpotsiroM 34 ni6 [36]. JInmaiHuku
Ta 1HII CUMOIOTHYHI CHUCTEMH IIUPOKO BHKOPHC-
TOBYIOTBCSI SIK MOZEINbHI OpTraHi3MU IS acTpoOio-
JIOT1YHUX JOCTIJUKEHb 3aBAAKM IXHIH 31aTHOCTI ajarl-
TyBaTHUCS 10 CYBOPUX YMOB HaBKOJIUIITHBOTO CEpPENIO-
Buima [24, 31].

MoskHa BHIUTMTH JIBI OCHOBHI TpPyIH Cydac-
HUX JOCIHIDKEHB: in situ (BUBYCHHS XOJOIOCTIH-
KOCTi JIMIIANHMKIB y NPUPOTHUX YMOBax) i ex situ
(;mabopatopHi eKCTIEpUMEHTH, 30KpeMa MpOorpamMHe
OXOJIOMKCHHSI Ta BHBYECHHS MOTO BIUIMBY Ha MpO-
OyKTHBHICTH (oTocuHTedy). Cepen mepeBar mep-
ol TpynH JOCTIKEHb MOJKHA BiI3HAYUTH MOXKITHU-
BICTh OITIHIOBaHHS TIOTEHIIIHHOT aKTUBHOCTI (HOTO-
cuctemu I (PSII) Ta XOmMOmOCTIHKOCTI Il CHIrOM
3a IPUPOIHOIO TEMIIEPATYPOIO TaJIOMy Ta KIIMaToM.
Tak, C.W. Dodge [26] mocminuB (GOTOCHHTETHIHY
MIPONYKTUBHICTb Xanthoria mawsonii B yMOBaX 30B-
HIITHBOTO OCBITJICHHS Ta BECHSIHOI TEMIIEPATyPH.

Hpyra rpyna nociixeHb € OUIbII MOIINPEHOIO,
o OOyMOBIICHO 3[ATHICTIO JHUIIAHHUKIB 30epiratu
CBOIO ()OTOCHHTETHYHY aKTUBHICTb Micist 300Dy 1 BU-
cyuryBaHHS. TOMy JHMIIaHUKHA € TPUIATHUM 00’ €K-
TOM JAJISl TPAHCIIOPTYBAaHHS Ta €KCIIEPHMEHTIB Yy Jia-
Oopartopii.

J.W. Bjerke [6] BHB4aB BILUIUB CHIrOBOTO ITOK-
pHBY, JIbOAY Ta €KCIIO3HIIii Ha TIOBITPi Ha 3BOJIOXKEHI
KOPMOBI JIMIIAWHUKHN ITBHIYHOTO OJICHS, SKi ITif-
JaBAIMCS TiepenajaM TeMIepaTypd Big BUIIE 0
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changes is determining an increase of cooling
stress that is affecting lichens growth in different
rates related to species, having an ecological
impact that would also mostly cause a biodiver-
sity loss [33]. Studies by Schofield et al. [34] show
that large seasonal molecular acclimation in Lo-
baria pulmonaria occurs within a nearly stable,
nondividing algal cell population that maintains
photosynthetic capacity through many years of
changing environmental cues. As any climate events
in cold time may be readily tolerated by lichens [5],
their cryoresistance and underlying mechanisms
are under a close attention of researchers. Nowa-
days, translational cryobiology is applied in many
laboratory processes [7].

One of the important directions in studies
of the cold tolerance of autotrophic organisms
from polar regions is searching for the organisms
capable to maintain photosynthetic activity after
their exposure to space condition (in dry state).
For example, the lichen Pleopsidium chloropha-
num (an extremophile that lives in very cold, dry,
high-altitude habitats) survived and remained pho-
tosynthetically active under Martian niche condi-
tion and adapted physiologically by increasing its
photosynthetic activity over 34 days [36]. Lichens
and other symbiotic systems are widely used as
model organisms for astrobiology studies, for their
ability to cope with harsh environmental condi-
tions [24, 31].

There are two main groups of recent studies:
in situ, i. e. investigating the cold tolerance of li-
chens under natural conditions and ex sifu meaning la-
boratory experiments, particularly programed cooling
and its effect on the photosynthetic performance.
Among the advantages of the first group is an
opportunity to evaluate the potential PSII activity
and cold resistance under snow according to the
natural thallus temperature and climatic conditions.
So, C.W. Dodge has investigated a photosynthetic
performance of Xanthoria mawsonii under ambient
light and temperature conditions during spring [26].

The second group of the researches seems to
be more frequent, especially when taking into
account that lichens keep their photosynthetic
performance being collected and dried and so are
suitable object to be transferred and investigated
in the laboratory.

J.W. Bjerke studied the effects of snow cover, ice
encapsulation and air exposure on hydrated terri-
colous reindeer forage lichens subjected to tempe-
rature drops from above 0°C to well below freezing
[6]. Physiological parameters of the lichen Ever-
nia prunastri (L.) Ach. were measured after free-
zing of air-dried samples and short-term storage (15,
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3HayHO Hmxk4e 0°C. DizionoriyHi MOKa3HUKU JIH-
maitauka Evernia prunastri (L.) Ach BumiproBa-
T TICHS 3aMOpOKYBaHHS BUCYIICHMX Ha MOBITPi
3pa3KkiB 1 KopoTkodacHoro 30epiranas (15, 30 i
90 ni6). L. Paoli Ta cmiBaBt. [27] mifATm BUCHOBKY,
IO IIi JTMITAWHUKY 3aJTUIIAIOTCS JKATTE3ATHAMHU.

OmauM 3 METOMIB OIIHKH KPiOpe3UCTEHTHOCTI
JUTITARHUKIB € BUMIPIOBaHHS (IIyOpEeCIeHINii XJI0-
podiny mm Yac JiHIMHOTO oXoJomkeHHS Bim 20
no —50°C i3 moctiiiHot0 mBHaKicTIO 2°C xB™!. 3a
JONIOMOTOI0 LIBOTO MeTOoAy Oyno BHU3HAYEHO MiXK-
BHJIOBI BiIMIHHOCTI KPUTHYHOI TEMIIEpaTypH Iep-
BUHHHUX (POTOXIMIYHUX HpoueciB (HOTOCHHTE3Y IS
Usnea antarctica, Usnea aurantiaco atra ta Um-
bilicaria cylindrica [12]. M. Mareckova Ta cmiBapr.
[21] BuMipsin mapaMeTp (GIyopecUEeHIl XJIopo-
bimy B Dermatocarpon polyphyllizum minm dac -
HiiHOTO oOX0oMomxkeHHs Bixm 22 no—40°C. ®doro-
CHHTETUYHI BIAIMOBiZAlI HAa MIHYCOBY TEeMIIEpPaTypy
OIIIHIOBAJIM I CUMOIOTHYHOI BomopocTi Trebouxia
sp., SKa TijgaBaiacs JiHIHHOMY OXOJIOIKEHHIO Bill
¢izionoriunoi (20°C) nmo MiHycoBoi Temrepary-
pu (-30°C). InmykoBaHe OXONOIKEHHSM 3HHMKCH-
us norenuiany (F /F, ) 1 ebextuBHOrO KBaHTOBOIrO
suxony PSII (@, ) Oymu TpudasHumu, nokasyrouu
«IIBUKE—TIOBIIbHE—IIIBUJIKE» 3HWKCHHS JIBOX IIa-
pamerpiB ¢myopecuenuii Chl 3 maginHAM Temmepa-
Typu [13].

IToBinpHI mepeximHi mpouecH (IIyOpeCHeHIi
XJIOpOGily B aHTAPKTHYHHUX JIMIIAHHUKAX BHUMIPIO-
BaJIK TIiJ] 9aC MOBUILHOTO OXOJIOMKCHHS TaJIOMy Bif
20°C mo 5, 0 1 —=5°C 3 20-XBWJIMHHOIO aKJIIMaTH-
3amiero 3a KokHOI Temmeparypu [23]. Ix Bumipro-
BaHHS B Rhizoplaca melanophtalma, Umbilicaria
antarctica, Xanthoria elegans Oymu JONOBHEHI
IMIyIbCaMHd HACHYEHHs Ui aHallizy MapaMeTpiB
¢dmyopecuenuii xjaopodiny (MakCUMalbHUM BHXIiX
PSII F /F,). ¥V nocmimkenHsax mnapamerpu (oro-
cunresy U. antarctica ta X. elegans BuMmiproBain
B miama3oHi temmeparyp Bim —20 mo 10°C 3a mo-
[IOMOIOK0 CHCTeMH (DIIyOPUMETPUYHOI Bi3yalliza-
mii [3]. PesymbraTm mokazanu, MO I1i aHTAPKTUYIHI
BHIM JINIIAHHUKIB TOOpE MPHUCTOCOBAHI IO Bia €M-
HUX TEeMIIepaTyp 1 3maTHi 3MiACHIOBATH TICPBUHHUI
dbotocunTre3 mpu —15°C. Kpim TOrO, iCHYE HOCHTH
BENMKa Ipyma poOiT, MPUCBIYCHUX OLIHLI Ta MOscC-
HEHHIO MDKBHUIOBUX BIJIMIHHOCTEM BHUCHUXAaHHS Ta
xonoxocTikocTl aumaiHukis. T. Backhaus Ta
CriBaBT. [2] moOKa3aiu NIBHJAKE BiTHOBICHHS (POTO-
CUHTETUYHOI aKTUBHOCTI JmmiaiHukiB Circinaria
gyrosa ta Buellia frigida micns BUCUXaHHS Ta Mi-
HycoBux Temrieparyp. K.A. Solhaug ta cmiBasr. [35]
3a JIOIIOMOTOI0 MeTomy duryopectieHItii ximopodiry
BHBYAJIM MOPO3OCTIHKICTh TOJSIPHUX JIHIMTAHHUKIB
Lobaria virens 1 Lobaria pulmonaria. Ilpomyk-
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30 and 90 days). L. Paoli et al. [27] concluded that
lichens remained healthy.

Measurement of the chlorophyll fluorescence pa-
rameters during linear cooling is one of the methods
to estimate the lichens cryoresistance. The method
exploits cooling from 20 to —50°C at a constant
rate of 2°C min! and combines it with simultaneous
measurements of chlorophyll fluorescence para-
meters. In this approach, the differences between
species in the critical temperature for primary
photochemical processes of photosynthesis were
evaluated for Usnea antarctica, Usnea auran-
tiaco atra, and Umbilicaria cylindrica [12]. Marec-
kova et al. [21] measured the chlorophyll fluore-
cence parameters in Dermatocarpon polyphyl-
lizum during linear cooling from 22 to —40°C.
Photosynthetic responses to sub-zero temperature
were evaluated for symbiotic alga Trebouxia sp.
exposed to linear cooling from physiological (20°C)
to sub-zero temperature (-30°C). The cooling-
induced decrease in potential (F /F) and effec-
tive quantum yield of PSII (®, ) were triphasic,
showing a fast-slow—fast decline of the two Chl
fluorescence parameters with temperature fall [13].

Slow chlorophyll fluorescence transients in An-
tarctic lichens were measured during slowly
cooling of thallus from 20°C to 5, 0 and —5°C
with 20-minute acclimation at each temperature
[23]. Their measurements in Rhizoplaca melano-
phtalma, Umbilicaria antarctica, Xanthoria elegans
were supplemented with saturation pulses for the
analysis of chlorophyll fluorescence parameters
(maximum yield of PSII photochemistry F /F).
Photosynthetic parameters of U. antarctica and
X. elegans were measured within the tempera-
ture range from —20 to 10°C by a fluorometric ima-
ging system in the research [3]. The results sho-
wed that these Antarctic lichen species were well
adapted to sub-zero temperatures and capable
of performing primary photosynthesis at —15°C.
Moreover, there is a rather large group of pa-
pers devoted to the evaluation and explanation of
interspecific differences in desiccation and cold
tolerance in lichens. Results of T. Backhaus ef al.
[2] reveal fast recovery of photosynthetic activity
of lichens Circinaria gyrosa and Buellia frigida
after desiccation and subzero temperatures. Free-
zing tolerance of polar lichens Lobaria virens
and Lobaria pulmonaria using chlorophyll fluore-
scence technique was studied by K.A. Solhaug et
al. [35]. The performance of the photosynthetic light
reaction of isolated photobionts of different lichen
species (Usnea lambii, Pleopsidium chloropha-
num, B. frigida, Umbilicaria decussata, U. antarc-
tica, Fulgensia bracteata) was compared with their




THUBHICTh (POTOCHHTETHYHOI CBITIIOBOI peakiiii i30-
THOBaHUX (OTOOIOHTIB PI3HMX BUAIB JHUINANHU-
kiB (Usnea lambii, Pleopsidium chlorophanum, B. fri-
gida, Umbilicaria decussata, U. antarctica, Fulgen-
sia bracteata) TOPIBHIOBAIM 3 IXHBOIO PEAKITIEIO
Ha HHU3BKI Temmeparypu Ta BucuxaHHsa [30]. Mix-
BHJIOBI BiIMIHHOCTI B TOJICPAHTHOCTI JO BUCHUXaHHS
NEAKUX JIMIIaWHUKIB Takok BuBuaiad A. Puhovkin
Ta cIiBaBr. [28].

CrifikicTe 70 3aMep3aHHS Ta BUCHUXAaHHS CKC-
TpeMOQITPHUX aBTOTPO(GHHUX OPraHi3MiB BHUBYAIH
M. Sabacka Ta cmiBasr. [29]. MixBHIOBI BimMiH-
HOCTI KpiOpe3ucTeHTHOCTI Trebouxia asymmetrica,
Trebouxia jamesii, Trebouxia glomerata, Trebou-
xiaerici, Trebouxia irregularis Oynu BUSBJICHI IMiCIsA
MIOKOBOTO 3aMOPOXYBaHHS Ta MOAAIBIIOTO KYyIlb-
tuByBanHs [14]. F. Miguez ta cmiBaBt. [22] BU3HA-
YUK 3arajibHl MOJIeNi aKiIiMaru3aiii cUMOioTHY-
HUX 1 BUTRHOXKUBYUHX Trebouxiophyceae B ymoBax
OXOJNIOMKEeHHST Ta (orooxonomkeHHs. bymo moc-
JipKeHo BHpocnenudiuHi peakiii €BpONeHChKUX
mumaiuukiB Lasallia pustulata (L.) Mérat 1 Umbili-
caria hirsuta (Sw. ex Westr.) Hoffm. na nerigpara-
I[IF0 TaJOMy, CIPHUYMHEHY OCMOTHYHHUM CTPECOM
y MO€JHAHH] 3 BIUIMBOM HU3BKOI Temmeparypu [11].
J. Hajek Tta cmiBaBr. [15] Takox mociimKyBan
BIUTMB puOiTONY Ha (HOTOXIMIYHI MpoLECH Y Poio3-
HuX mumaiaukax (L. pustulata (L.) Mérat, U. hirsuta
(Sw. ex Westr.) Hoffm.) 3a Hu3pKO01 TEMIIEpATYpH.

Mera mociipKeHHST — OIliHKa 6€310CepeTHBOTO
BIUIMBY HH3BbKHX TeMmIeparyp Ha (IyopecleHIIio
xJiopodiny B aBTOTPO(MHUX OpraHizMax i3 MOJsp-
HUX PETIOHIB, fAKi € KOHTPACTHHMH MOP(OIIOTid-
HUMU CKOTHIIAMHU XJIOpOJHIIAiHUKIB (X. elegans,
U. cylindrica, Usnea sphacelata) ta excrpeModisb-
HUX HiaHoOakrepiit (Nostoc commune).

Marepiajau Ta MeTOIH

VY poboTi 3acTocyBanu METO JiHIHHOTO OXOJO.-
JKEHHS JJI1 BCTAHOBJICHHS 3B’SI3KYy 3 TOMEpPEIHIMHU
TOCITIDKCHHSAMHA JIMIIAWHUKIB 13 TOJMSAPHUX PETio-
HiB. ABTOpHY OYiKyBaj¥ BU3HAYMTH BUAOCHCIM(IUHI
BIIMIHHOCTI Y KPIOPE3UCTEHTHOCTI, OIliHEHI 3a (o-
TOCHHTETUYHOIO TPOAYKTHBHICTIO (KOHTPOIHOBA-
HOIO KilbKoMa mapameTpamu ¢uyopecueniiii Chl).
HocmimpkeHHs 30cepekeHe Ha MoOyaoBi  Kpu-
BUX TEMIIEpaTypHOI peakuii Ta aHali3i mapaMmeTpiB
NEpBUHHUX (poTocuHTeTHYHUX Tpouecie F /F, Ta
@, IPOTATOM JIHIHHOTO OXOJIOZKEHHS.

Hocnioni euou. JIng BUMIpIOBaHHA KPUBHUX TEM-
neparypHoi peakuii mapameTpiB  (uryopecueHmii
XJIOpOily BHKOPHCTOBYBAJIM JEKiJIbKa EKCTPEMO-
¢binpHUX aBTOTpOGHUX OpraHi3MmiB: X. elegans, U.
cylindrica, U. sphacelata, N. commune. Tpun Bumn
JIMIIAHHUKIB OyJad BimiOpaHi s EKCIICPHMEHTIB
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response to low temperatures and desiccation [30].
Interspecific differences in desiccation tolerance
of several lichens were also studied [28].

Freezing and desiccation tolerance in extremophilic
autotrophic organisms was studied by M. Sabacka et al.
[29]. Interspecific differences in cryoresistance of 7re-
bouxia asymmetrica, Trebouxia jamesii, Trebouxia
glomerata, Trebouxiaerici and Trebouxia irregularis
were found after shock freezing and consequent
cultivation [14]. F. Miguez et al. [22] identified ge-
neral patterns of acclimation in symbiotic and
free-living Trebouxiophyceae under chilling and
photochilling. Species-specific responses of euro-
pean lichens Lasallia pustulata (L.) Mérat, and
Umbilicaria hirsuta (Sw. ex Westr.) Hoffm. to dehy-
dration caused by osmotic stress combined with
the effect of low thallus temperature were studied
[11]. J. Hajek et al. [15] also investigated the effect
of ribitol on photochemical processes of photosyn-
thesis in foliose lichens (L. pustulata (L.) Mérat.,
U. hirsuta (Sw. ex Westr.) Hoffm.) at low tempe-
rature.

The aim of the present study was to evaluate
the direct effects of subzero temperatures on chlo-
rophyll fluorescence in autotrophic organisms from
polar regions that represented contrasting morpho-
logical chlorolichen ecotypes or extremophilic cya-
nobacteria: X. elegans, U. cylindrica, Usnea spha-
celata, Nostoc commune.

Materials and methods

To compare with the already existing experi-
mental evidence, we applied the linear cooling
method so that we would be able to relate to the
results of former studies in the lichens from
polar regions. In our study, we expected species-
specific differences in cryoresistance evaluated
by photosynthetic performance (monitored by se-
veral Chl fluorescence parameters). We focused on
plotting the temperature response curves and ana-
lysis of the parameters of primary photosynthe-
tic processes F /F  and ®,  under effect of linear
cooling.

Experimental species. Several extremophilic auto-
trophic organisms were used to measure the
temperature response curves of chlorophyll fluore-
scence parameters: X. elegans, U. cylindrica, U. spha-
celata, N. commune. The three lichen species were
selected for the experiments focused on their cryore-
sistance because they represented contrasting morpho-
logical chlorolichen morphotypes: foliose (U. cy-
lindrica), and fruticose (U. sphacelata) from polar
regions. Moreover, colonies of N. commune were
used as representatives of extremophilic cyanobac-
teria (see Fig. 1). The selected species were cho-
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3 BHUBYCHHS iXHBOI KpPIOPE3UCTEHTHOCTI, OCKIJIBKH
BOHHM IMPEACTaBIAIOTE KOHTPACTHI MOpPQOIOTiyHi
OynoBr MOP(QOTHUIIB XJIOPOJIMIIAHHUKIB: JTUCTSIHHHA
(U. cylindrica) 1 xymmctnii (U. sphacelata) 3 1io-
nsapHUX perioHiB. Kpim Toro, xomonii N. commune
BUKOPHCTOBYBAJIH SIK TPEJCTaBHUKIB EKCTPEMO-
¢binpauX 1iaHobakTepii (puc. 1). [ami Bumm Oymwm
obOpaHi I EKCIIEPUMEHTIB, TOMY ITI0 BOHHU 3aiima-
FOTh CXOKI €KOJIOTIYHI Hillll, HE3BAKAIOYN HA Pi3HY
Mopdosoriuny cTpykrypy. N. commune Oyna o00-
paHa Uil eKCTIIEPUMEHTY B SKOCTI MOPIBHSUIBHOTO
BHY, Toi0HO 10 nocimimkenHs J. Hajek ta cmiBabr.
[14].

36ip ma obpobra npob6. X. elegans OyB 3i0-
panuii B AHTapktuni, Ha octpoBi [Dxeiimc Pocc
(63°48°50”S, 57°49°53”W). Micmie 300py po3Ta-
IIOBaHEe Ha KaM’ SHUCTOMY Tojii (BHcoTa 55 M Haf
pIBHEM MOps), SKE YTBOPIOBAJ0O OOpaHi IMOJITOHU
3 HENIMOOKWMH 3amajuHaMd 1o Kpasx. X. ele-
gans TEPEeBAXHO 3HAXOJWIM TaM 3a HasSBHICTIO
BOJIM, IO YTBOPIOETHCS B IMX 3alaJIMHAaX y Tepioj
MiBJCHHOTO JIITHHOTO CE30HY.

Tamomu U. sphacelata 30upanu B MiCIIEBOCTI
Hallozetes Valley (63°47°52”’S, 57°49°12”W). Sk
npaBuio, Tagomu U. sphacelata 30upanu 3 BepXHbOL
JacTUHM KaMeHiB (po3mipom 15-60 cm), mo yTBO-
PIOIOTH TIOBEPXHIO KaM’ SHUCTOTO JIbOZOBUKA Ha
BHcOTi 220 M HaJl piBHEM MOPSI.

Komnownii N. commune Oynmu 3i0paHi 3 Tpocody-
BaHHS, PO3TAlOBAHOTO HA MIIHDKXKI, IO MEXYE
3 IUIOCKOIO0 AoiuHOI0 (63°48°14”°S, 57°53°01”W)
Ha BHCOTI 20 M Hax piBHEM MOPSI.

Tanom U. cylindrica 30upamu Ha lllmnbepreni
y nonmHi Munindalen (78°40°09.4»N 16°10°25.9”E)
Ha Bucori 80-100 M Hax piBHEM MOps, a TajoM
U. cylyndrica — 3 xam’sHUX TOBEPXOHb Ha PiBHI
3EMUII.

[licns 300py TanoMu JMIIAHHUKIB 1 KOJOHIT
N. commune BHUCYIIYBaJlH MPUPOIHUM LUIIXOM
(TiHb, BiTpsHEe Micme mobOmm3y cranmii J.G. Men-
del) Ta TpancmoptyBaau no0 €Bpomnu. 3i0paHi 3pas-
Ku 30epiraii CyxuMu B XONommwiabHUKY 3a 5°C.
Ilepen excnepuMeHTaMH iX 3MOYYBajd MPOTITOM
24 TomMH neMiHepalli3oBaHOIO Bomoro Tipum 5°C
i cmabkomy oceimienHi 10 Mmonb M 2-¢! pOTOCHH-
TETHYHOTO aKTUBHOrO BuUmpoMmiHioBaHHS (PAR).
[Ticns perimparamii Ta MOBHOTO BiJHOBIEHHS (OTO-
CUHTCTUYHHMX TpoIleciB (1o Oylno TepeBipeHo 3a
F/F,) IJis €KCEPUMEHTIB 3 OXOJIOMKEHHSIM BUKO-
PHUCTOBYBaJM TAJIOMH, SIKi JEMOHCTPYIOTb MaKCHU-
MainbHi 3Hadenns F /F .

Ipomoxonu oxonodacennss ma pryopecyenyis
xaopoghiny. Jng OIIHKK BHAOCHEHU(IYHOT CTiM-
KOCTI JIMIIAWHUKIB J0 B €MHUX TEMIIEpaTyp BU-
KOPHCTOBYBaJIM METOJI BH3HAYCHHS KPHUTUYHOI TEM-
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sen for the experiments because they occupy
similar ecological niches, in spite of their different
morphology. Colonial N. commune was selected for
the study as comparative species, similarly to the
study of J. Hajek er al. [14].

Sample collection and handling. The X. elegans
was collected in Antarctica, James Ross Island
(63°48°50”’S, 57°49°53”W). Site of collection was
located in a stony field (altitude 55 m a.s.l.) for-
ming sorted polygons with shallow depressions
along their margins. X. elegans was preferentially
found there because of availability of liquid water
formed in these depressions during austral sum-
mer season.

Thalli of U. sphacelata were collected from the
locality Hallozetes Valley (63°47°52°S, 57°49’
12”°W). Typically, thalli of U. sphacelata were collec-
ted from the upper part of stones (sized 15-60 cm)
forming a surface of a stony glacier. Thalli were
collected from the altitude of 220 m a.s.l.

Colonies of N. commune were collected from
a seepage located on a foothill bordering with
a shallow valley (63°48°14”’S, 57°53°01”’W) at the
altitude of 20 m a.s.1.

Thalli of U. cylindrica were collected from
Svalbard, the valley of Munindalen (78°40°09.4”N
16°10°25.9”E, the altitude of 80-100 m a.s.l.
The U. cylyndrica thalli were collected from stone
surfaces, close to ground level.

After collection, the lichen thalli and N. com-
mune colonies were dried out naturally (shade,
windy place close to the J.G. Mendel station), then
transported to Europe in a dry state. The collected
samples were kept dry in a fridge at 5°C. Before
experiments, they were wetted for 24 h by a de-
mineralized water at 5°C and dim light 10 pumol
m s of photosynthetically active radiation (PAR).
After rehydration and full restoration of photo-
synthetic processes (checked by F /F,) the thalli
showing maximal values of F /F were used for
the cooling experiments.

Cooling protocols and chlorophyll  fluore-
scence. To evaluate species-specific resistance to
subzero temperature, the method described by J.
Hajek er al. was used to estimate the critical cooling
temperature for photosynthetic processes of the
samples [12].

The Planer Kryo 10 series chamber (Planer,
Great Britain) linked to a 20 1 Dewar flask with
liquid nitrogen was used to cool the samples of
extremophilic autotrophic organisms. Cooling pro-
tocol started from 20 (initial temperature), and
ended at —50°C at a constant rate of 2°C-min'.
Lichen thallus temperature was monitored by a
built-in thermocouple. Before cooling, an indivi-
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Pwuc. 1. Buan aBTtoTpodbHMX opraHiamis. A — nuwanHuk X. elegans; B — nonepeyHuin pospis Tanoma X. elegans (Bepx-
Hin kopTekc (a), wap cotobioHTa (b) i HWXHIA KopTekc (c)); C — nuwanHuk U. cylindrica; D — nonepe4Huin poapis
Tanoma U. cylindrica (TOHKUIn BepxHii kopTekc (a), wap doTobioHTa (b), MO3KOBa pevyoBMHa 3 HUXKHLOK KOpoto (C)); E —
nuwanHuk U. sphacelata; F — nonepeyHunn pospi3 Tanoma U. sphacelata (TOBCTUIA KOpTeKkC (a), BHYTPILUHA MO3KOBa
peyvoBMHA 3 pPO3TaLLOBaHWMM CKyn4eHHs MU oTobioHTiB (b); cocoukn (c)); G — N. commune; H — nonepeyHnii 3pi3
N. commune (uiaHobakTepianbHi (a), HUTKONoAiGHI cTpykTypw (b) BcepeanHi 060MoHku, coco4ku (C)).

Fig. 1. Autotrophs’ species. A — X. elegans liche; B — X. elegans thallus cross section (upper cortex (a), photobiont
layer (b) and lower cortex (c); C — U. cylindrica lichen; D — U. cylindrica thallus cross section (thin upper cortex
layer (a), photobiont layer (b), medulla with lower cortex (c); E — U. sphacelata liche; F — U. sphacelata thallus
cross section (thick cortex (a), internal medulla with arranged clusters of photobionts (b); papillae (c); G — N. commune;
H — N. commune cross-section (cyanobacterial (a), filamentous structures (b) inside the sheath, papillae (c).
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neparypy  OXOJIOMKEHHSI Ui TpoueciB (OTOCHH-
Tesy [12].

OxonomKeHHsT 3pa3KiB eKCTPeMOQUIFHIX aBTO-
TpoHUX OpraHi3MiB 3MIMCHIOBATN 3a IOTIOMOTOIO
kamepu oxonomkenHs «Kryo 10» (Planer, Bemu-
Ka bpuranis), crmomydeHoi 3 mocyauHOo JIproapa
(20 m) 3 pimkuM a30TOM. 3a TIPOTOKOJIOM OXOJIOI-
JKEHHS TI0YaTKOBa TEMIleparypa 30epiraHHs 3pa3KiB
oyna 20°C, a xianeBa — —50°C 3 IOCTIHHOO TIBUI-
kictio 2°C-xB"!'. Temmeparypy TajlioMy JHIIaiHH-
Ka KOHTPOJIIOBAJIM 3a JOIMOMOIo0 BOYJOBaHOI Tep-
Momapu. [lepen oOXomomkeHHAM OKpeMHUH 3pa3oK
BpiBHOBaxkyBanmu 10 20°C mporsrom 10 xB. IIpo-
LEC OXOJOMKCHHSI KOHTPOIIIOBABCS MOPTAaTUBHUM
KOMII'IOTEpOM, TEMIIepaTypy KaMmepu Ta 3paska pe-
TYJSIPHO BHIMIPIOBAJIM BOYIOBAaHUMH TepMoIIapa-
Mu. OIHOYACHO 3 OXOJIOMKEHHSM BH3HAuaJld IIa-
pamerpu Quryopecuenuii xnopodiry (F/F , @, )
3a moroMororo guryopumeTpa «PAM 2000» (H. Walz,
Himeuunna). 30Ha (ayopuMerpa moOMIMIaIM B 0XO-
JIOAKYBaJbHYy KaMepy Ha 3 MM HaJ 3pa3KkoM Ui
3a0e3MevYeHHs 33I0BIILHO BUCOKOTO CHTHany (iyo-
pecueHnii xmopodiny mig yac BUMiproBaHb. [loB-
TOproBaHi iMmynecu carypauii 5000 mmons M 2-c!
mpotsirom 0,8 ¢ momaBanu koxHi 30 C, MO0 BUK-
JUKAaTH MaKCHMaJIbHI CUTHAIM (QIyopecueHIii XJo-
podiny. [ns BushHauenns F /F,, Buxopucrosy-
B Qponose F 1 makcumanbue F 3HaueHns,
BHUMIpSHI Ha aJanTOBaHUX J0 TEMPSBH 3pa3kax. J[ims
ominku @, BUKOPHCTOBYBAJIM AKTHHIYHE CBITJIO
30 mmoms M2-¢c! PAR, sike BupoOstmocs ¢iyo-
pOMETpoM, 110 BMHUKaBcs 3a 5 XB J0 IOYATKy OXO-
JIOMKEHHS 1 IpalLlOBaB IIPOTAIOM YChOIO EKcIie-
pumenty. dns KoxHOro Buay Oyao TpOBEICHO
LIOHaMEHIlIe TPH BUMIPIOBaHHS MapaMeTpiB (iyo-
pecuenuii xnopodiny (F /F, @, ).

Obpooka danux. Jlaui F /F 1 @, Oynu Haue-
ceHi Ha rpadik 3aJIe)KHO Bl TeMIepaTypH 3pa3Ka Ta
anmpoKCUMOBaHi S-mogiOHMMU KpUBUMH. 3a IOTIOMO-
ror0 S-mofMiOHUX KPHUBHX OINHIOBAIM Taki Iapa-
METpU: TeMIlepaTypa 3pa3ka, 3a sSKOi ITOUYMHAETHCS
3a]eKHe Bil Temmeparypu iHriOyeammsa F /F
i@, (Tl); xpuTnuna Temneparypa, 3a sxoi F /F

PSII

i @, nocararote 0°C (T2), a T1/2 BusHavaeThCs
AK Temmeparypa, 3a skoi F /F i @, nocsarawors

50% cBOIX MaKCUMYMIB.

Pe3yabTaTi T2 00rOBOpeHHS

Pesynmpratm 'y BCIX JOCHIKCHHX BHUJIIB FV/
F,, Ta @, 3MiHIOBAIKCA 31 3HIKEHHAM TEMIIEpa-
Typu 3pa3ka, YTBOPEHHSM THIOBOI S-momiOHOI
kpuBoi (puc. 2, 3). Ha kpuBiii MOXHa BHIITATH
Tpu ¢as3u: MMOYaTKOBE IMOBLILHE JIIHIMHE 3HIDKCHHS,
BUSIBJICHE I Yac 3HIDKCHHS TEMIIepaTypH 3pa3Ka
Bix 20 no —10°C — ¢aza I; npomixkHa dasa, THIIO-
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dual sample was equilibrated to 20°C for 10 min.
The cooling was PC-controlled, and chamber and
sample temperature were regularly measured by
in-built thermocouples. Simultancously with the
cooling, chlorophyll fluorescence parameters (FV/
F,, ®,,) were measured with a PAM 2000 fluo-
rometer (H. Walz, Germany). The fluorometer
probe was placed into the cooling chamber typi-
cally 3 mm above the sample to assure a sa-
tisfactorily-high chlorophyll fluorescence signal
during measurements. Repeated saturation pulses
of 5,000 pmol m?-s' for 0.8 s were provided
each 30 s to induce maximum chlorophyll fluo-
rescence signals. For F /F, determination, values
of background (F) and maximum (F,,) values
measured on dark-adapted samples were used.
For @, evaluation, actinic light of 30 pmol
m2-s' PAR provided by a fluorometer was used.
It was switched on 5 min before the cooling pro-
tocol started and lasted until the end of the cooling
period. At least three measurements were conducted
in each species, and in particular the chlorophyll
fluorescence parameters (F /F,,, @, ).

Data processing. F /F and ®, were plotted
against the sample temperature and fitted by S-
curves. From the S-curves, the following parame-
ters were evaluated: sample temperature at which
temperature-dependent  inhibition of F /F,, and
®, , starts (T1), critical temperature at which F /
F_ and @, reach 0 (T2), and T1/2 defined as
reach 50%

M PSII
the temperature at which F /F  and @,

of their maxima.

Results and discussion

In all investigated species, F /F, (@, ) chan-
ged with decreasing sample temperature forming
a typical S-shaped curve (Fig. 2, 3). From the
curve, three phases could be distinguished: an
initial slow linear decrease found at the sample
temperature decreasing from 20 to —10°C — Phase
I; an intermediate phase typical of a rapid decrease
(typically in the temperature range of —20 to
—10°C) — Phase II, and the end part of the curve
(slow decrease or constant close-to-zero values
of F/F, (®,,) found typically below —20°C) —
Phase III.

Table shows F /F and ®,  parameters cha-
racterizing interspecific differences evaluated from
the S-curves.

All the investigated autotrophs exposed to
subzero temperatures showed a substantial level
of photosynthetic processes at the temperature be-
low 10°C and critical subzero temperature (T2)
below —20°C. As expected, F /F, was inhibited
in lower temperature (typically far below —25°C),

PSII
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Puc. 2. TemnepatypHi kpusi FV/FM (noTeHuinHmm Buxig dotoximidHux npouecis y ®CIl), 3anucaHri nig vac niHinHoro
OXOSOMKEHHS eKcrnepuMeHTanbHNX BuaiB nuwariHukie Big 20 go —40°C 3i wewuakictio 2°C-xB™": A — U. sphacelata,
B — X elegans, C — U. cylindrica, D — N. commune. [aHi € cepegHiM1 Ons TpbOX MOBTOPIB * CTaHAAPTHI Bigxu-
TNEHHS.

Fig. 2. Temperature-response curves of FV/FM (potential yield of photochemical processes in PSIl) recorded during
linear cooling of experimental lichen species from 20 to -40°C at the rate of 2°C-min™": A — U. sphacelata, B —
X. elegans, C — U. cylindrica, D — N. commune. Data point represents the means of 3 replicates + standard deviations.

while ®_ _ associated with photosynthetic elect-

Ba T MIBUAKOTO 3HWKCHHS (K TpaBmio, Big —20
mo —10°C) — daza II; xiHmeBa dYacTWHA KpH-
BOI, IOBIJIbHE 3HMIKEHHSA a00 IMOCTIHHI ONMM3BKI 110
Hyns 3HadeHHs F/F ta @, (K IpaBWiIo, HIKYE
—20°C) — daza lll

VY tabmuui HaBE/ICHO MapameTpy Fy/FM Ta (Dpsu’
IO XapaKTepH3yIOTb MIKBUAOBI BiIMIHHOCTI, OLi-
HEHi 32 S-MoIiOHUME KPUBHMU.

VYci mocnigkeHi aBToTpogHI OpraHismH, sKi 3a3-
Haly BIUIMBY BiJ’€MHHUX TEMIIEPaTyp, IOKa3ajH
3HAUHHUH piBeHb (POTOCHHTETUYHUX MPOLECIB 32 TEM-
neparypu Hmwkde 10°C 1 KpUTHYHIA MIHYCOBIH
temmepatypi (T2) mmwxde —20°C. Sk i odikyBajo-
csa, F /F,, mpurnidyBascs 3a OLIbII HU3BKOI TeMIIe-
parypu (SK mpaBmiio, Habararo Hmwkde —25°C, Tomi
ak @, ., TOB’SA3aHMH 3 (HOTOCHHTETHYHUM  IO-
TOKOM €JIeKTPOHIB dYepe3 iX HOCIl y THIaKOIIHIN
MemOpani, nocsraB Bin —20 mo —30°C). Le ysroa-
KYETbCS 3 JTaHUMHU TOMEPEAHIX IOCIiIKeHb aHTap-
KTUYHUX JIMIIAWHWKIB, SKi TOKAa3ajdu HIXKIY KpH-
THUHy Temmneparypy ans F /F, mopisusno 3 @
[3, 12]. ®denomen obomexeHHS O

PSII

PSII

) o
PSIT IIOB sA3aHHUH 31

Pt
-
ﬁ%’i‘&\

PSII
ron flow through the electron carriers in thylakoid

membrane reached the range of —20 to —30°C.
This is consistent with previous evidence of earlier
studies in Antarctic lichens that showed critical
temperature lower for F /F  than @, [3, 12].
The phenomenon of @, limitation is associated
with freeze-induced limitation of photosynthetic
electron transport rate and NADP/ATP production
at extreme subzero temperature while PSII func-
tioning remains much less limited. In this concept,
a feedback regulation of photosynthesis appears
to balance the light absorbed by the primary pho-
tochemical reactions in photosystems, and the
transformation of the energy into NADPH and
ATP. The phenomenon is called photostasis [25]
and associated with an acclimation to low tempera-
ture mediated by the changes in redox state of
plastoquinone [9]. Photostasis is considered a pro-
tective mechanism of polar autotrophs [20].

For all experimental species, the temperature-

response curves of F /F  and @, showed ty-
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Puc. 3. Kpusi 3anexHocTi Big Temnepatypu OPSIl (edekTvBHMI KBaHTOBWUI Buxig doToximiyHmx npouecis y PSII),
3anucaHi nig 4Yac nNiHIMHOrO OXONMOMKEHHS1 eKcrnepuMeHTanbHuUX Buaie nuwanHukie Big 20 go —-40°C 3i wBuMAKICTIO
2°C-xe™": A — U. sphacelata, B — X. elegans, C — U. cylindrica, D — N. commune. [aHi npeactasneHi sk cepegHe
3 TPbOX MOBTOPIB £ CTaHOAPTHI BiAXUNEHHS.
Fig. 3. Temperature-response curves of ®PSIl (effective quantum yield of photochemical processes in PSII)
recorded during linear cooling of experimental lichen species from 20 to —40°C at the rate of 2 °C-min~": A — U. sphacelata,

B — X. elegans, C — U. cylindrica, D — N. commune. Data point are means of 3 replicates + standard deviations.

3MEHIIEHHSAM MIBUAKOCTI ()OTOCHHTETUYHOTO TPAHC-
MOPTYy €NIEKTPOHIB 1 BupoOieHHIM HAJID/ATD
i 4ac 3aMOPOXKYBAaHHS JJO €KCTPEMaJIbHO HU3BKOI
TeMIiepaTyps, Toii sk ¢yHkumioHyBaHus PSII 3a-
JUIIAETHCS MEHII oOMexeHHM. TakuM YMHOM Bin-
OyBaeTbCs pPEryislisis (OTOCHHTE3y 31 3BOPOTHHM
3B’3KOM /7S 30ajaHCyBaHHS CBiTJa, IO IONIHU-
HaeTeesl (orocucTeMaMy Y XOAl MEpBUHHHX (o-
TOXIMIYHUX peaknid. Taka perymsmis CynpoBO-
KyeTbes iepetBopeHHsM eHeprii B HAJIDOH 1 ATO.
Ile sBume HaswBaeThesl (oTocTazoM [25] 1 OB’ s-
3aHe 31 3BMKaHHIM 3pa3Kka O HU3bKOI TeMIIEepary-
pH, OTIOCEPEIKOBAHUMHE 3MIHAMH OKHCHO-BiTHOBHO-
TO CTaHy IUTacTOXiHOHY [9]. PoTOCTa3 BBAKAETHCS
3aXHCHUM MEXaHI3MOM IMOJISIpHUX aBTOTpodiB [20].
JIist  BCiX eKCIepUMEHTALHUX BHIIB  KPHBI
Temreparyproi  Bimmosini F /F, Ta @, mO-
Kazanu TUNoBy TpudaszHy Qopmy: miaro (3HHKEH-
Hs Temneparypu Big 20 mo —5°C); cman i mueue,
IO J0CSTae KpUTHYHOI Touku (puc. 2, 3) 3a3Buyaii
¢dopmyerbest S-momiOHa kpuBa pizHOi Qopmu 3a-
JEKHO BiA BHIy Ta napamerpa ¢ayopecueHii
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pical triphasic shape: plateau (temperature de-
crease from 20 to —5°C), decline, and a shoulder
reaching the critical point (Fig. 2, 3). The phase
typically formed a S-curve of different shape as
dependent on species and chlorophyll fluorescence
parameter. In between the phase I and II, a turning
point might be distinguished (for T1 temperature)
which was found within a temperature range of
-8 to —18°C (for F /F,, see Fig. 2) and -5 to
-10°C (®,,, Fig. 3). This range was similar to
that reported in previous studies [4, 12] and
corresponded to the temperature reported as cri-
tical for ice-nucleation in hydrated lichen thalli [18].
At the T1 temperature, photosynthetic LHC-PSII
complex passes structural and functional changes
which is associated with an increase in back-
ground chlorophyll fluorescence (F)) reported by
Folgar-Cameén and Bartak (2019) [10]. Our data
on F, (not shown) support the phenomenon for
X. elegans, U. cylindrica, U. sphacelata, N. com-
mune. With further decrease of temperature, the
F, rises, typically until the critical temperature T2
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MapameTpu, WO XapakTepusyoTb MKBUOOBI BigMIHHOCTI
Parameters characterizing interspecific differences

Xanthoria elegans Usnea sphacelata Umbilicaria cylindrica Nostoc commune
MapameTtp
Parameter
FV/FM ¢PS\I FFV/FM ¢PSII FV/FM ¢PSII FV/FM ¢PS\I
T1, °C -15,6 £ 0,9 | -14,1 =+ 1,0 -5,6 + 0,6 -2,1 £ 3,0 -19,6 £ 0,2 -4,6 + 2,0 -5,8 £+ 1,3 -0,9 £ 0,4
T2, °C -280+1,1|-2562+156(-233+08 | -200+1,1| -430+0,2 | -224+1,2|-272+1,7|-17,9 + 0,6
T1/2, °C -21,6 £03 | -21,2+0,6 | -12,6 + 0,2 -8,7 £ 1,2 -30,6 £+0,2 | -130+056 | -15,7 + 0,6 | -10,6 + 0,2

xnopodiny. Mix ¢azamu I 1 II moxHa BUIiINIHTH
MEpeIOMHY TOYKy (mis Temmeparypu T1), sKa
Oyna 3HaiileHa B Aiama3oHi Temmeparyp Bix —8 1o
~18°C (mna F/F,,, nuB. puc. 2) i Big -5 no —10°C
(s @, puc. 3). lel nianason Oys momiOHui
0 TOTO, SIKWH BHKOPHUCTOBYBaBCA Y TIOMEPEHIX
nocmmkeHHsX [4, 12], 1 BigmoBigaB Temmeparypi,
0 BBA)XAETHCS KPUTHUYHOIO IJIsl HyKJeamii Jbomy
B TiApaToBaHWX TajoMax Jumaaukis [18]. 3a
temmepatypu T1 ¢orocuaTeTnanmii kommureke LHC-
PSII mpoxoauTe CTPYKTYypHI Ta (QyHKIIOHATBHI
3MiHM, SKi TIOB’s3aHI 31 30UIBIICHHAM (POHOBOI
¢myopecuenuii  xnopodpiny F, [10]. Hami nani
mono F, (B crarTi He HaBENEHO) MiATBEPIKYIOTH
ne suine ans X. elegans, U. cylindrica, U. sphace-
lata, N. commune. 3a ONAIBIIOrO 3HWKEHHSI TEM-
neparypu F 3pocrae, sk mpaBujio, 10 JOCATHEH-
Ha KpuTHaHOi T2. OXONOmKEHHS 0 TeMIlepaTypHu
HKk4e T2 He TPHU3BOAUTH JO IOMAJBINOTO 30ih-
mwenHs F, Mo cBiI4UTE Npo NpHNUHEHHS (o-
TOXIMIUHUX TIpomeciB y Komimiekcax LHC-PSII
gepe3 3aMep3aHHsI TAJIOMIB.

TakuM yuHOM, KpUTHYHA Temmeparypa T2 (mpu
postsani F /F ) moxe Oyrn oOymoBineHa yTBO-
PEHHSIM KpHUCTaJiB JIbOAY B KIiTHHaX (poTOOIOHTIB,
AKi TIOBHICTIO MPUTHiuyroTh (yHKuioHyBanHs PSII
per se. Kputnuna temmeparypa —20°C i/abo Hmx-
ye MOXe OyTH MOB’s3aHa 3 TEMIEpPaTyporo, SKy
PEECTPYIOTH 3a JOMOMOTO0 METOIB au()epeHIIiaib-
HO1 ckaHyro4oi kaiopumeTpii Ta H-SAIMP cmexrpo-
cxomii [1, 17]. OmHaK, OKpiM yTBOPEHHS KPHCTAIiB
Oy, B KJIITHHAX, MO (OPMYIOTH TaJIOM JIHIIAi-
HUKa, T JI€I0 MIHyCOBHX TeMIeparyp BinOy-
BaeThCA Ie Kigbka mporeciB. Ha momnexynn Bomau
MOXXHa BIUIMBaTH ULIOHAaWMEHIIE 5 pPI3HUMHU CIO-
cobamu [16], 30KpeMa 3aMOpPOKYBAaHHSIM CIAOKO-
1 MIITHO3B SI3aHUX MOJICKYJ Boau [19].
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is reached. Cooling to the temperature below T2
do not bring any further increase in F, sug-
gesting that photochemical processes in LHC-
PSII complexes are stopped due to freezing of the
thalli.

Therefore, critical temperature T2 (when con-
sidering F /F,) might be associated with for-
mation of ice crystals in photobiont cells that fully
inhibits functioning of PSII per se. In this concept,
the critical temperature of —20°C and/or lower
might be associated with that reported by other
techniques such as e. g. differential scanning colo-
rimetry and H-NMR spectroscopy [1, 17]. Ho-
wever, apart extra-/intracellular formation, several
processes co-act in the cells forming a lichen
thallus exposed to the sub-zero temperature.
Water molecules could be affected at least by 5
different ways [16]. These include e. g. different
modus operandi of freezing of loosely- and tightly-
bound water molecules, their shares, respective-

ly [19].

Conclusions

Based on the critical (cooling) temperature
T2 for F/F, that decreased in the order of
U. sphacelata, N. commune, X. elegans and
U. cylyndrica, we may suggest that the potential
photochemical processes in PSII were the most
cryoresistant for U. cylindrica. Among the in-
vestigated species, however, the T2 temperature
for @, showed similar value for N. commune, X.
elegans and U. cylyndrica, but significantly higher
for U. sphacelata. Therefore, the species might
be considered less cryoresistant than the other
ones in terms of photosynthetic processes ongoing
in thylakoid membrane of chloroplast at below
zero temperature.
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BucHoBkH
3a KpUTHYHOIO TEMIIEpaTyporo (OXOJIOKEH-

i) T2 mma F/F, saka sHmKyBanacsi B HOPAAKY

U. sphacelata, N. commune, X. elegans i U. cylyn-
drica, MOXHa TPHUITYCTUTH, IO TMOTEHIIHHI (o-
ToximiuHi mporiecn B PSII Oynmu mHaiOGimem Kpio-
pesuctenTHuMEu st U. cylindrica. OpHak cepen
JOCIIDKEHNX  BUIIB Temneparypa T2 nus @,
Moka3ana TmofiOHe 3HaueHHS sl N. commune,
X elegans i U. cylyndrica, ane 3Ha4yHO BWILE IS
U. sphacelata. Taxum unHOM, 32 HOTOCHHTETUIHUMHU
nporecaMu el BUI MOXHA BBa)KaTd MEHII Kpio-
PE3UCTEHTHUM TMOPIBHAHO 3 IHIIWMH, L0 BigOy-
BalOTbCA B THJIAKOINHIM MeMOpaHi XJIOpoIuiacTa
3a TeMIIepaTypy HUKIE HYIS.

Aemopu eucnoguoomes nooaxy Yecokiii anmapi-
muyniti docnionuywkiu npoepami 2022 (CARP 2022),
KA HAOAAQ MOJNCAUBICMb 30upamu ma oopobnsimu
3pA3KU AHMAPKMUYHUX NOUKIIO2IOPUYHUX A8MOMPO-
his, uKOpuCMAanUX y YbOMY OOCHIONCEHHI.
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