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Abstract

Antarctic regions involve a great variety of habitats characterized by environmental
stressors and life forms of autotrophic organisms with unique survival and functioning
mechanisms. Lichens and mosses from these regions, similarly to high altitude alpine
locations, have evolved physiological adaptations to perform photosynthesis at subzero
temperatures. In this study we applied linear cooling technique in order to analyze
interspecific differences in primary photosynthetic processes in Antarctic species
affected by low and subzero temperature stress. We exposed Sanionia uncinata,
Rhizoplaca aspidophora, Ochrolechia frigida, Cladonia sp., Himantormia lugubris and
Umbilicaria decussata to the cooling from 20 to -35°C at a constant rate of 2°C min™.
Fluorometric parameters were measured during the cooling experiments: Fy/Fy -
potential yield of photosynthetic processes in photosystem II, and F, - minimal
chlorophyll fluorescence. All the species showed S-curves for Fy/Fy; in response to
decreasing temperature and interspecific differences in the parameters of S-curve
equation. Critical temperature for Fy/Fy was found -35°C for U. decussata, while the
other species ranged between -16 to -20°C. The changes of F, with thallus temperature
decrease were species-specific. Fy decrease followed by an increase was found with
cooling from 20 to -20°C, and from -20 to -35°C, respectively, in the majority of cases.
These results suggest that the experimental moss and lichen species from Antarctica
have a high resistance to freezing temperatures. The underlying physiological
mechanisms are constitutive features of Antarctic lichens and mosses. They are a crucial
part of the adaptation and short-term acclimatory changes in ecophysiological
performance of the organisms in harsh polar environments.
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List of symbols and abbreviations: Fy/F\; — potential quantum yield of photosynthetic
processes in photosystem II, LHC II — light-harvesting complex II, LT50 — lethal
temperature at which chlorophyll fluorescence parameters reach 50% of their maxima,
PS II — photosystem II, RC — reaction centre, T1 — temperature at which temperature-
dependent inhibition of the parameter starts, T2 — critical subzero temperature at which

the parameter reaches zero.

Introduction

The Antarctic continent is characterized
by several environmental factors that may
be considered stressful for both aquatic
and terrestrial organisms (Convey 1996).
Light is limited on a seasonal, as well as a
daily, basis from 24h daylight in midsum-
mer to 24h darkness in midwinter. Terres-
trial environments are generally extremely
dry since most water is locked up as snow
and ice. Other stressors may include low
nutrient availability, unstable substrates,
ultraviolet radiation and osmotic stress
(Convey 1996, Convey 2001, Wharton et
al. 2002). Although these stressors have
been usually considered separately, they
clearly have important interactions that pro-
duce short growing seasons(Wharton2003).

Antarctica is mostly dominated by non-
vascular plants, predominantly mosses and
lichens, with a few liverwort species and
some species of flowering plants (Convey
2001, Ovstedal and Lewis Smith 2001).
There is also a significant microbial flora
including photosynthetic prokaryotes, uni-
cellular algae, and microfungi (Peat et al.
2007). Different features enable bryophytes
and lichens to survive under the apparently
severe stress of Arctic and Antarctic envi-
ronments. Such features include, first, gen-
eral characteristics of these plants that con-
fer fitness under polar conditions and, sec-
ond, species or population specific adapta-
tions which may therefore have evolved in
response to local selection pressures (Long-
ton 1988).

Temperature stress varies on both a
continental and local scale. The maritime
Antarctic comprises parts of the Antarctic
Peninsula and nearby islands. This has a
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cold maritime climate with mean monthly
air temperatures above 0°C for several
months during summer and rarely falling
below —15°C in winter (Block 1994, Hold-
gate 1970, 1977). The remaining areas are
part of the continental Antarctic with mean
monthly air temperatures rarely above 0°C
in summer and winter means as low as
—25°C even in coastal areas (Block 1994).
When plants are exposed to low and sub-
zero temperatures, water molecules move
out from the cell to increase the intra-
cellular osmotic potential and form rather
extracellular than intracellular ice. This sit-
uation causes a considerable desiccation
stress (Burke et al. 1976) and changes in
the conformation of biomolecules (Crowe
et al. 1990). Such changes alter the ar-
rangement of proteins with thylakoid mem-
branes, resulting in a reduction of the light
absorption surface on the membranes and
in an increase in self-absorption of emitted
fluorescence. Proteins conformation during
frozen periods inhibits the energy transfer
between LHC II and PS II, leading to a
reduction in the number of functional PS II
centres (Lovelock et al. 1995). In conse-
quence, less photosynthesis is performed
under these conditions.

Freezing and low temperature resistance
in species from alpine and/or polar eco-
systems has been studied within the last
few decades in lichens (Hajek et al. 2009a,
Bartak et al. 2007), algae and cyanobac-
teria (Davey 1989), mosses (Lovelock et
al. 1995) and fungi (Robinson 2001). How-
ever, there are only limited number of
studies that have focused on the responses
of photosynthetic processes to changing
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temperature. They can be divided into two
groups: (1) repeated measurements at dis-
tinct temperatures (Linkosalo et al. 2014),
and (2) continuous measurements of chlo-
rophyll fluorescence during a constant-rate
controlled temperature fall (Hajek et al.
2016).

In this study, we evaluated the inter-
specific differences in the resistance of
Antarctic poikilohydric organisms to cold

Material and Methods
Sample collection and handling

Six different Antarctic species were
used in this study: one moss, Sanionia
uncinata, and five lichens, Rhizoplaca as-
pidophora, Ochrolechia frigida, Cladonia
sp., Himantormia lugubris and Umbilica-
ria decussata. Except of U. decussata, col-
lected at the James Ross Island, all the spe-
cies were collected in the King George
Island. It is the largest island of the South
Shetland archipelago, lying 120 km (75
miles) of the coast of Antarctica in the
Southern Ocean. Itis important to highlight
that A. lugubris is the only Antarctic endem-
ic species, restricted to the South Shetlands,
from those mentioned above (Lamb 1964).

TheKing George Island is located close
to the Antarctic Peninsula and considered
a moist and humid place in maritime Ant-
arctica. The species were collected at dif-
ferent places, mainly at the Fildes Peninsu-
la and the Ardley Peninsula (see Table 1).
The two localities represent the largest ice-
free regions in maritime Antarctica, and

stress and freezing temperatures. The spe-
cies were exposed to linear cooling com-
bined with simultaneous measurements of
chlorophyll fluorescence parameter and
signal (Fy/Fy and Fy). We hypothesized
that the experimental species would show
high resistance to low temperatures as part
of their adaptation to perform photosyn-
thesis in harsh polar environments.

they show higher biodiversity than conti-
nental Antarctica. This typical small-scale
spatial region includes two Antarctic Spe-
cial Protected Areas (ASPAs), covering
approximately 30 km® of the Fildes Penin-
sula, Ardley Island, and adjacent islands
(Braun et al. 2012).

The James Ross Island is located near
the northeastern extremity of the Antarctic
Peninsula, from which it is separated by
the Prince Gustav Channel. The island is
irregularly shaped and extends 64 km in a
north—south direction. Northern part of Ja-
mes Ross Island represents one of the larg-
est deglaciated areas in Antarctica. The
area is rich in vegetation oasis located in
wet places (lake and stream margins, seep-
ages). They are dominated by mosses and
lichens since vascular plants are not pres-
ent at the James Ross Island. For our
study, thalli of U. decussata were collected
from volcanic boulders located below the
northern slopes of the Berry Hill mesa.

Species Site Abbr. Coordinates Altitude
Sanionia uncinata KGI 62°10°10.4°'S, 58°51°13.4""W 25ma.s.l.
Rhizoplaca aspidophora  KGI 62°10°10.3"'S, 58°51'9.1"W 36 ma.s.l
Ochrolechia frigida KGI 62°12°40°'S, 58°55'54"'W 30ma.s.l
Cladonia sp. KGI 62°12°41°'S, 58°55'49"'W 40 ma.s.l.
Himantormia lugubris KGI 62°12°15°'S, 58°57°35"'W 41 ma.s.l.
Umbilicaria decussata JRI 63°48°28"'S, 57°50°37""W 143 m. a.s.l.

Table 1. Overview of the sampling localities in the King George Island (KGI) and the James Ross

Island (JRI), Antarctica.

116



Y. FOLGAR-CAMEAN and M. BARTAK

Cooling protocols and chlorophyll fluorescence

At least three samples of each species
were placed into a PLANER Kryo 560-16
(Great Britain) cooling chamber linked to
a flask of liquid nitrogen and cooled from
20°C, room temperature, to -35°C at a con-
stant rate of -2°C min™. This protocol has
been frequently used in the studies focused
on cryostability/cryoresistance of polar al-
gae and lichens (Hajek et al. 2009b, Hajek
et al. 2016, Sabackd and Elster 2006). Dur-
ing the cooling experiment both tempera-
ture and photosynthetic parameters were
constantly measured. Sample and chamber
temperatures were measured by inbuilt
thermocouples. Basic chlorophyll fluores-
cence parameters (see below for their spec-
ification) were measured by a PAM 2000
fluorometer (H. Walz, Germany), the probe
of which was placed inside the cooler
chamber a few millimeters above the sam-
ples. Fy/Fy values were obtained by repeat-
ed saturation pulses of 5000 umol m? s’
for 0.8 s each 30 s. Wet samples (hydrated
24h) were predarkened for 5 min. before
the cooling period to allow photosystem II
reaction centres reach fully open state (ox-
idized, Fy measurements) and obtain the
real fluorescence maximum after the sat-

Processing of Fy/Fyyand F)

Fv/Fu and Fy were normalized to maxi-
mum values (reached in high temperature)
in order to compare species-specific re-
sponse to the decrease in thallus tempera-
ture. Then, a 5 parameter logistic model
was used to construct S-curves which best-
fit the Fy/Fy; data by non-linear regression
(software SigmaPlot). The model used the
following equation:

D—C Eq}’l 1
(1+exp (B (log (x)—log (E))))F

fx)=C+

where f(x) — is the value of Fy/Fy, x — rep-
resents temperature, B — is a Hill slope,
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Fig. 1. S-curve showing temperature dependence
of chlorophyll fluorescence parameter (Fy/Fy)
recorded during linear cooling with graphical
indications of the following variables: LT50
- lethal temperature at which the parameter
reaches 50% of its maxima, S1 — slope of the
relationship at linear part in above zero tem-
perature, S2 — slope of the relationship at linear
part in below zero temperature, T1 - tempera-
ture at which temperature-dependent inhibition
of Fy/Fy starts, T2 - critical subzero tempera-
ture at which Fy/F\; reaches zero (modified
from Hajek et al. 2016).

C — is the minimum value of the dependent
variable, D — is the maximum value of the
dependent variable, E — is the inflection
point, and F — is a parameter of the
S-curve asymmetry.

The obtained S-curves were compared
in terms of their shape and by the follow-
ing parameters: (1) temperature of the sam-
ple at which Fy/Fy starts being affected by
the stress (T1), (2) critical temperature at
which Fy/Fy reaches 0 (T2), and (3) le-
thal temperature (LT50) or temperature at
which Fy/Fy reaches 50% of its maxima.
In addition, the slopes of the linear parts of
the curves (S1, S2) were evaluated (see
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Fig. 1). The data from F, were not anal-
yzed by non-linear regression but T1 and
T2 were calculated in order to compare

Results and Discussion

All the experimental species showed a
decrease in Fy/Fy with temperature de-
crease following a typical S-shaped curve
(Fig. 2). The curves were based on three
phases or segments: (1) the initial segment
where the parameter shows its maximum
with a slow linear decreasing usually from
20 to -5°C (Phase I); (2) a segment where
the parameter decreases rapidly, typical in
a range between -5 and -20°C (Phase II);
and (3) the end part of the curve with a
slow linear decrease close to zero and
usually below -20°C (Phase III). Constant
close-to-maximum values of Fy/Fy were
found above 0°C in all the studied species.
However, some of the species showed spe-
cific differences apart from the general
trends. The PhaseIlin O. frigida was slight-
ly shorter than in other species because of
the rapid decrease of the parameter with
temperature; in the case of U. decussata,
this phase showed a slower decrease related

inter-specific differences in both parame-
ters.

with a larger range of the Phase II.

Species-specific differences in the shape
of the S-curves were also reflected in their
best-fit parameters (Table 3) and in spe-
cific temperatures derived from the logistic
curve (Table 4). In contrast to C, D and E
parameters that remained very similar
among the species, the parameter B (Hill
slope) was between 2 and 3 times higher in
S. uncinata and O. frigida than in the other
experimental species, respectively. The F
parameter (S-curve asymmetry) showed al-
so big inter-specific differences. On the oth-
er hand, T1 values were similar in all the
species. They were found in the range
from -5 to -7°C. However, T2 was clearly
different in two species: O. frigida, with a
higher value around -16°C, and U. decus-
sata, with the lowest value at -35°C. For
the critical temperature LT50 the values
followed the same trend as T2.

T1 (°C) T2 (°C)
S. uncinata -5.0 -19.0
R. aspidophora -5.0 -21.0
O. frigida n.d. n.d.
Cladonia sp. -7.0 -19.0
H. lugubris -11.0 -19.0
U. decussata -16.0 -37.0

Table 2. Parameters of F, relationship with temperature. T1 — temperature at which substantial
increase of F starts, T2 — temperature at which F, reaches its maximum. The values for O. frigida
are not presented in this Table because of exclusively decreasing trend with missing increase of Fy

values in subzero temperature (see Fig. 3).

Temperature-response curves of Fy
showed a general trend of increase with
low temperature stress in subzero tempera-
ture (Fig. 3). The lichen O. frigida was the
only experimental species in which F; de-
creased with low temperature. The tempera-

ture at which the increase of Fy starts (T1)
was species-specific as shown in Table 2;
in contrast, T2 was reached at about -20°C
in the majority of cases. U. decussata show-
ed the highest T2 value at -37°C.
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S. uncinata R. aspidophora O. frigida Cladonia sp. H. lugubris U. decussata
B -33.40+6.25 -19.51+3.26 -43.79+8.00 -18.48 +1.55 -16.46+1.17 -8.96+2.76
C 0.01+001 0.01£0.01 0.02+0.01 0.00+£0.01 0.02+0.01 0.05+0.03
D 095+0.01 0.94+0.01 096+0.01 096+0.01 097+0.01 0.96+0.04
E 29.12+0.81 27.51+2.10 29.65+0.87 28.03+1.14 2293+1.49 2586+4.73
F 040+0.12 0.94+043 0.65+0.24 1.00+£023 195+0.66 0.55+0.33

Table 3. Parameters of the S-curves fitting Fy/Fy, to species temperature relationship (see Eqn. 1).
B —is a Hill slope, C — is the minimum value of the dependent variable, D — is the maximum value
of the dependent variable, E — is the inflection point, and F — is a parameter of the S-curve

asymmetry.

The Fy/Fy ratio is considered to repre-
sent the maximum quantum yield of PS II
(Malkin and Kok 1966, Butler and Kitaji-
ma 1975, Genty et al. 1989). It has been
reported that its decrease is indicative of
the decline in the efficiency of photochem-
istry of PS II (Butler 1978). A pronounced
decrease in our data was shown below
-5°C in all the species. This result is con-
sistent with the values for T1 obtained in
previous studies (Bartak et al. 2003, Hajek
et al. 2016) and also corresponds closely to
the temperature reported as critical for ice-
nucleation in hydrated lichen thalli (Schro-
eter and Scheidegger 1995, Haranczyk et
al. 2003). The ability to form extracellular
ice at these temperatures provides a useful

protective mechanism for lichens (Moffett
et al. 2015). Freezing temperature causes
the movement of intracellular water along
a water potential gradient out of the cells
resulting in changes in the biomolecules
conformation (Crowe et al. 1990). The bio-
physical mechanisms involved into lichen
freezing resistance have been reviewed re-
cently by Haranczyk et al.(2017). They com-
prise (i) the decrease in hydration rate of
freezing of loosely bound water pool, (ii)
active transfer of freezing, (iii) share of
loosely bound water pool to non-freezing
one, (iv) presence of tightly bound non-
freezing water fraction, and (v) non-co-
operative immobilization of supercooled
bound water.

T1 (°C) T2 (°C) S1 S2 LT50
S. uncinata -7.2 -19.2  y=0.0012x+0.9475 y=0.0769x + 1.4925 -13.3
R. aspidophora -6.1 -19.7  y=0.0017x+0.9230 y=0.0647x +1.3069 -13.0
O. frigida -6.7 -16.1  y=0.0001x+0.9608 y=0.0984x+1.6158 -11.6
Cladonia sp. -5.7 -18.6  y=0.0001x+0.9542 y=0.0721x+1.3641 -12.3
H. lugubris -7.2 -20.1  y=0.0012x+0.9674 y=0.0720x+ 1.4784 -14.0
U. decussata -7.2 -35.0 y=0.0012x+0.8762 y=0.0289x +1.0748 -22.3

Table 4. Parameters and slopes derived from S-curves (Fy/Fy). LT50 — lethal temperature at
which chlorophyll fluorescence parameters reach 50% of their maxima, T1 — temperature at which
a substantial decline of Fv/F\, starts, T2 — temperature at which decline of Fy/F), reaches zero,
S1 — slope of the relationship at linear part above zero temperature, S2 — slope of the relationship
at linear part below zero temperature.
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Fig. 2. Temperature-response curves of Fy/Fy; (potential yield of photochemical processes in PS 11,
normalized to maximum value) recorded during linear cooling of experimental species from 20 to
-35°C at a rate of 2°C min™". The three characteristic Phases are represented on the graphs by I, II

and III. Data points are means of at least 3 replicates.

This process helps freezing tolerant or-
ganisms to avoid the formation of poten-
tially destructive intracellular hexagonal
ice crystals. The mechanism stimulates the
growth of non-lethal ice crystals in the
extracellular space (Burke et al. 1976, Ha-
ranczyk et al. 2003). Moreover, ice nuclea-
tion in lichen and moss cells protoplast is
usually observed at higher temperatures
than the lowest temperature at which pho-
tosynthetic processes occur (Nash et al.
1987, Kieft 1988, Kieft and Ahmadjian
1989). In our study, Fy/Fy reached O or
close to 0 values in the temperature range
-16 to -35°C, depending on the species.
This range is much lower than that report-

ed for some mosses (Buchner and Neuner
2010, Atanasiu 1971). For lichens, how-
ever, the range of critical temperature for
Fy/Fy was similar to those reported in ear-
lier studies in Usnea antarctica, Xanthoria
elegans (Bartak et al. 2007), Umbilicaria
cylindrica and Usnea aurantiaco-atra (Ha-
jek et al. 2016), i.e. from -20 to -30°C.
Critical temperature (T2) for Fy/Fy might
be associated with formation of ice crys-
tals in photobiont cells in such tempera-
ture. This can be supported by the critical
point of about -20°C found recently by
Bacior et al. (2019) who reported the ice
melting temperature in Turgidosculum com-
plicatulum (-20°C, DSC and H-NMR spec-
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tra measured during linear heating from
frozen state). Moreover, a similar range of
critical temperature (about -20°C) is report-
ed in the studies related to the net photo-
synthesis activity (e.g. Kappen et al. 1996).
Our results indicate that O. frigida (high
T2) might be less resistant to freezing tem-
peratures than the other species. On the
contrary, U. decussata performed primary
photosynthetic processes at the lowest tem-
perature, T2 of -35°C, which can be related
to its higher resistance, on photosynthetic
processes in particular, to subzero temper-
ature (see Fig. 2).

The decrease in sample temperature be-

low -15°C was accompanied by an increase
of the minimum chlorophyll fluorescence
(Fo). Such change in F, seems to be con-
nected with the blockage of RC II and the
redistribution of excitation energy (Pospi-
Sil et al. 1998). This causes the emission of
the excess energy from LHCs as chloro-
phyll fluorescence. All our experimental
species support this assumption except
O. frigida. For unknown reasons, the spe-
cies showed a decrease in F, with tempera-
ture decrease. In order to obtain a better
understanding of this behavior, further ex-
periments should be done in forthcoming
studies.
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Fig. 3. Temperature-response curves of F, (minimum chlorophyll fluorescence, normalized to
maximum value) recorded during linear cooling of experimental species from 20 to -35°C at a rate
of 2°C min™". T1 and T2 are indicated by arrows with the exception of O. fiigida in which T1 and
T2 were not distinguishable. Data points are means of at least 3 replicates.
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The comparison of both chlorophyll flu-
orescence parameters shows that in the
majority of cases Fy/Fy ratio reaches 0 in
the same temperature in which the increase
of Fy shows its maximum. Similar behav-
ior of the chlorophyll fluorescence param-
eters was documented in several heat stress
studies (Fork et al. 1987, Ludlow 1987, Al-
Khatib and Paulsen 1989). This can be
related to high temperature-induced inhi-
bition of the PS II in a species-specific
temperature. However, the temperature at
which Fy/Fy starts to decrease (T1) seems
not to be correlated with the temperature at
which F starts to increase (see Table 2
and Table 4).

Lichen and moss resistance to subzero
temperatures has been usually studied by
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