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Abstract

Chlorophyll fluorescence techniques represent an effective tool for photosynthetic per-
formance of extremophilic poikilohydric autotrophs from cold Earth regions. Many
parameteres of these techniques can detect the response of photosystem II (PS II) to a
great variety of stressors. Chlorophyll fluorescence parametrs related to PS II funcioning
are used quite often. For Antarctic lichens, that evolved several physiological mecha-
nisms to cope with close to 0°C or even at sub-zero temperatures. The data gained from
both field- and laboratory based studies helps predict ecophysiological consequeces of
episodic drops in in situ temperature as well as resistence of Antarctic terrestial auto-
trophs to low temperature. However, the effect of low and sub-zero temperature on
photosystem I (PS I) funcitioning is studied much less frequently than PS II. Therefore,
the aim of our study was to evaluate PS II and PS I activities under low temperature and
enlarge the knowledge on the low temperature effects on lichen photosynthesis. The
focus of our laboratory experiments was to quantify the effect of a short-term treatment
by 0°C on chlorophyll fluorescence parameters related to PS II and PS I functioning in
two species of chlorolichens from Antarctica (Usnea antarctica, Himantormia lugubris).
Our results suggest low temperature-induced decline in physiological processes in
chloroplast (Performance index decrease) and activation of protective mechanisms (non-
photochemical quenching increase).
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Introduction

Low temperature effect on primary pho-
tosynthetic processes associated with pho-
tosystem II (PS II) are well described for
vascular plants as well as for poikilohydric
mosses and lichens. In the latter ones, a
decrease of thallus temperature below tem-
perature optimum brings gradual inhibi-
tion of primary photosynthesis. General-
ly, lichens are resistant to low tempera-
tures and present positive photosynthesis at
temperatures close to 0°C (Schroeter and
Scheidegger 1995). Some mosses and li-
chens, typically those from alpine and po-
lar habitats are capable to maintain pri-
mary photosynthetic processes even at sub-
zero temperature. In such Antarctic lichen
species, the optimum temperature for net
photosynthesis is between 5—15°C (Reiter
et al. 2007). Within last decade, several
studies have focused the response of PS II-
related photosynthetic processes to low
temperature in Antarctic lichens. They ad-
dressed a wide range of effects ranging
from field ecophysiological studies (Cho
et al. 2020) to cryoresistance studies fo-
cused on the evaluation of critical temper-
ature of PS Il-related processes, the chlo-
rophyll fluorescence parameters Fy/Fy
and ®pgy in particular (Andrzejowska et
al. 2024). Antarctic lichens show critical
temperature, ie. the temperature at which
PS Il-related processes reach zero, far be-
low 0°C as shown e.g. for effective quan-
tum yield of photosynthetic processes in
PS II (®pgyy): —10°C for Usnea antarctica
(Hajek et al. 2022), and —26°C for Pla-
copsis contortuplicata(Mishra et al. 2015).

In temperature close to 0°C, both pri-
mary photosynthetic (photochemical), and
secondary photosynthetic processes are ac-
tive since Antarctic lichens, thank to their
adaptations and presence of antifreeze pro-
teins and osmotically active biomolecules,
are reported to perform photosynthesis at
temperature far below 0°C (Kappen and
Redon 1987). Underlying physiological
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mechanisms are osmotically-controled a-
voidance of cell and their organelles freez-
ing, and keeping fluidity of thylakoid mem-
brane of chloroplast including availability
of liquid water in intrathalline space and
photobiont cells (Haranczyk et al. 2021,
Bacior et al. 2022).

It is well established that photoinhibi-
tion of photosystem I (PS I) might be trig-
gered when plants are exposed to low
temperature (Terashima et al. 1994). PS I
activity under low temperature is studied
mainly in chilling-sensitive plants, typical-
ly crops, and the effect of low temper-
ature photoinhibition of PS I is evalated
by chlorophyll fluorescence techniques.
Underlying physiological processes re-
sponsible for the low temperature PS I in-
hibition are reactive oxygen species ROS
formation (Sejima et al. 2014) due to ex-
cess energy accumulation on the electron
acceptor side of PS I. The formed ROS are
highly reactive and inactivate PS I (Sonoi-
ke 1996).

Recently, MultispeQ instrument has
been used in ecophysiological studies,
either alone or in combination with other
instruments exploiting biophysical meas-
urements (Ogbaga and Athar 2019).
MultispeQ is designed for large-scale and
widespread use in plant biology, especially
because it measures non-photochemical
quenching sensu Tietz (NPQ, — Tietz et al.
2017), a parameter useful in the evaluation
of early stages of stress in plant photosyn-
thetic apparatus. Typical application of the
MultispeQ approach is in phenotyping
studies (e.g. Nepal et al. 2020, Fernandez-
Calleja et al. 2020) since the output param-
eters combine the following approaches:
(1) chlorophyll fluorescence related to
PS II functioning, (2) spectral reflectance,
and also (3) evaluation of PS T activity.
The approach of multiparametral analyses
of the data gained by a MultispeQ instru-
ment has been used to evaluation of the ef-
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fect of environmental factors on plant phys-
iological performance as reported for chill-
ing temperature (Agarwal et al. 2023 —
Solanum lycopersicum, Husain et al. 2023
— Glycine max), or reduced watering (Ben-
Jabeur et al. 2021 — Triticum aestivum).
There are only limited number of stud-
ies focused on the effect of environmental
factors on PS II functioning by exploiting
a MultispeQ instrument and another fluo-
rometer traditionally used in plant physi-
ology and ecophysiology (Gudagno et al.
2021, Bharati et al. 2023). However, such
studies address the relation between PS II
and PS I functioning only scarcely (Wood-
ford et al. 2024). Therefore, we hypothe-

Material and Methods

Species collection and handling

Two species forming lichen cover in
Antarctic vegetation oasis (Nelson Island,
Antarctica) were selected for the experi-
ments: Himantormia lugubris, and Usnea
antarctica. They are quite abundant at the
deglaciated northern part of the island
(Rip Point, 62° 14" 15" S, 58° 58" 45" W)
where they were collected in austral sum-
mer season 2022/2023. After collection, li-
chen thalli were dried out under natural
conditions and tranferred to the laborato-
ries in the Czech Republic (Extreme Envi-
ronments Laboratory, Masaryk university,

Species specification

Himantormia lugubris is an antarctic
endemic species with a complex thallus
anatomy. It combines horizontal (young
thallus, crustose part) and vertical thallus
parts (old thallus) forming clusters (Sojo et
al. 2003). Initial stages of thallus develop-
ment (prothallus) is typically black. Older
vertical strap-shaped thalli form a mass of
chondroid mechanical tissue composed of
conglutinated hyphae without symbiotic al-

sized PS II and PS I performance in
chlorolichens should be similar to the re-
sponse of isolated photobionts or model al-
gal species (Caspy et al. 2021 for Chlamy-
domonas reinhardtii). To our best knowl-
edge, the relation between PS II and PS 1
functioning has never been investigated in
lichens, their respective algal/cyanobacte-
rial intrathalline photobionts, exposed to
low-temperature stress. Our study aims to
investigate PS II- and PS I-related parame-
ters in paralled during several temperature
treatments to bring the some insight into
PS II and PS T functioning at low tempera-
ture.

Brno, Czech Republic, CARP infrastruc-
ture). They were stored in dry state in a re-
frigerator at the temperaure of 5°C. Before
experiments, the thalli were re-wetted for
24 h under dim light and laboratory tem-
perature (20°C). Five thalli per species
were selected for the below-specified ex-
periments according to the highest value
of PS 1II capacity (Fy/Fy, measured by a
FluorPen FP100, Photon systems Instru-
ments, Drasov, Czech Republic) reached
after re-wetting (data not shown).

gal photobionts. Vertically-arranged young
thalli are regularly smooth and grey-cream
coloured. In old thalli that have a com-
plex 3-D structure showing a great variety
of branching patterns the greyish sur-
face is often disrupted and showing the
black chondroid axis (Sancho et al. 2020).
Some thalli have brown apothecia, some-
times very numerous in complex thalli,
located on the top of the branches. Photo-
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synthetic field studies are rather few ad-
dressing the species general photosynthetic
performance (Sancho et al. 2020) response
to manipulated warming of natural habitats
(Marin et al. 2022).

Usnea antarctica is a species wide-
ly distributed in maritime Antarctica (Ott
2004). The species has a fruticose morpho-
type of thallus froming a complex branch-
ing structure up to 8 cm tall. Branches are
sparingly to copiously divided. Surface of

thallus is typically yellow or brownish-
yellow at base, variegated yellow with
black at apices. The thallus surface is dis-
tinctly papillated or coarsely warted to-
wards base. Photosynthetic studies carried
out so far in the field addressed several
aspects of the species response to environ-
mental factors, such as temperature, light
and water availability (Hovenden et al.
1994, Schroeter et al. 2021).

Fig. 1. Photographs of the experimental lichen species. Top view on a cluster of Usnea antarctica
(A), and a detailed view on several individual branches - U. antarctica, side view (B). Top view on
a cluster of Himantormia lugubris (C) showing numerous apothecia. Side view (D) of the same
species shows a pattern of black (melanized) and brown thallus parts. Photos: CARP MUNI

archive.
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Exposition to low temperature

Before experiments, lichen thalli were
placed into petri dishes rehydrated by
deminerized water in between two sheets
of paper for 48 h and the air temperature
of 5°C. After the rewetting, physiological
activity of individual thalli was checked by
a FluorPen FP-100 fluorometer (Photon
systems Instruments, Drasov, Czech Re-
public) and those thalli showing the high-
est Fy/Fy value were selected for experi-
ments (5 thalli per species). Then, the
samples (individual thalli) of the ex-

25

perimental lichen species were placed in-
to a small-volume temperature controlled
chamber (type URAS 4, Hartmann & Braun
Germany) and exposed to a temperature
treatment in the following sequence: (1)
exposition to 20°C for 1 h, followed by (2)
10°C for 1 h, (3) 0°C for 1 h, and recovery
at (4) 20°C for 1 h. At the end each above-
specified exposition time, chlorophyll fluo-
rescence parameters related to PS 1 and
PS II activity (see below) were measured.

cooling

warming
—_—

Temperature (°C)

Time (h)

Fig. 2. Schematic chart of the temperature treatments used during experiment. The red
dots indicate the time of the chlorophyll fluorescence measurements.

Chlorophyll fluorescence parametres in response to temperature

To evaluate low temperature effects on photosynthetic performance of PS II, fast
chlorophyll fluorescence transients (OJIPs) were measured by a FluorPen FP100 and
the two following chlorophyll fluorescence parameters evaluated:

Plags
ETy/RC

Performance index
Electron transport rate per PS Il reaction centre

The two parameters have the following meanings: (1) Plags is a potential for energy
conservation from exciton to reduction of intersystem electron acceptors, and (2)
ET(/RC is electron transport flux per PS II reaction centre. The equations of Strasser et
al. (2000) were used for calculation of PIxgs and ET(/RC (Table 1).
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We used a MultispeQ spectrophotometer (PhotosynQ LLC, East Lansing, Michigan,
USA) for the measurements of other two selected parameters. One parameter relates to
PS I (PS I overreduced centres), the other one to activation of PS II protective mecha-
nisms (non-photochemical quenching, NPQ,). Among measured and calculated parame-
ters we selected the following two in orded to evaluate the effect of particular experi-
mental temperature on PS I and PS II functioning.

Parameter Equation Source

PI Plags = (RC/ABS)[¢Po / Strasser et al. (2000)
ABS (1 — ¢Po)][Fo/(1 — ¥0)]

ET,/RC ETy/RC = MO (1/VJ]) yEo Strasser et al. (2000)

PS I overreduced centres

MultispeQ

NPQ

NPQ) =

4.88

)
i‘()

Tietz et al. (2017)

Table 1. Characterization of the parameters used in this study including the equations used in the

calculations of their numeric values.

Results

Performance index (Plags) decreased
with the decrease of experimental temper-
ature in both species. The low temperature-
induced decline in Plags was, howev-
er, more pronounced at Usnea sp. than
Himantormia lugubris. At 0°C, Pl,gs val-
ue was lowest in U. antarctica show-
ing the value of 0.016, contrastingly to
H. lugubris which showed no change in
Pl,ps if the values recorded at 20 and
0°C are compared.

Photosynthetic electron transport rate
per reaction centre (ETy/RC) decreased
with the thallus temperature decline from
20 to 0°C, more apparently in U. antarc-
tica where ETo/RC droped to 36.7% of
maximum found at 20°C. In H. lugubris
measured at 0°C,the ETo/RC value reached
57.1% of maximum recorded at 20°C.
Partial recovery of ET(/RC was found for
U. antarctica when exposed to 20°C after
1 h at 0°C. The recovery reached 59.6% of
maximum ETy/RC recorded at the very
begining of the experiment at 20°C. Con-
trastingly, H. lugubris showed no recovery
of ET(/RC, when exposed to 20°C again.
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Both in Usnea sp. and Himantormia
lugubris, the parameter PS I overreduced
centres showed an increase with the thallus
temperature drop from 20 to 10°C, fol-
lowed by a remarkable decrease found for
0°C. Recovery of the thalli at 20°C led to
an increase of the parameter. At the end of
the exposition to 20°C, the increase PS 1
overreduced centres reach initial values.
Therefore, recovery of PS I overreduced
centres was completed in both experimen-
tal species.

Involvement of protective mechanisms
(non-photochemical quechning, NPQy) dur-
ing the low temperaure treatment, how-
ever, differed between the two species.
While it showed an increase of about 12%
when measured at 0°C (compared to initial
20°C) in U. antarctica, there was almost
no change in NPQ; in H. lugubris when
measured at 0°C (compared to initial
20°C). Effective involvement of protective
NPQ in U. antarctica was documented by
full relaxation of NPQ; values, when the
species was tranfered to 20°C again. NPQ;
dropped to initial values in U. antarctica
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at the end of measurements at 20°C. tures. Threfore, no change in NPQ; values
H. lugubris, contrastingly to U. antarctica, was apparent when the species was meas-
exhibited more or less constant NPQ, val- ured again at 20°C.

ues throughout all experimental tempera-
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Fig. 3. Chlorophyll fluorescence parameters (normalized to initial value recorded at the begining
of experiment) derived from fast chlorophyll fluorescence transient (OJIP) as dependent on thallus
temperature. The data points represent means of 5 replicates. Left: Performance index (Plags),
right: Electron transport rate per reaction centre (ET¢/RC).
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Fig. 4. The parameters (absolute values) measured by a MiltispeQ instrument as dependent on
thallus temperature. The data points represent means of 3 replicates and standard deviations
are indicated by error bars. Left: non-photochemical quechning (NPQ,), right: PS I overreduced
centres.

Discussion
Plsps responded to sequential decrease study of Bednatikova et al. (2020) that
of thallus temperature (20, 10, 0°C) by a reported a decrease of 21% (Xanthoria

decrease found in both lichen species. The elegans) and 35% (Usnea antarcica) in
response is in agreement with previous Plags when data taken in 20°C and 0°C are
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compared. Similar results are reported in
earlier study (Mareckova et al. 2019) for
low temperature treated Dermatocarpon
polyphyllizum in dark (exclusive low tem-
perature effect, —5°C) and light-adapted li-
chen (low temperature plus light). In the
study, Plaps decreased to 90% in the li-
chen thallus treated in dark, while more
apparent decrease (to 75%) was found for
the thallus treated in light (the decrease is
related to the reference taken at 18°C). In
general, Plags is a sensitive indicator of
overal physiological status of poikilohy-
dric autotrophs from polar and alpine re-
gions since it responses sensitively to thal-
lus rehydration during drought stres. The
Plags is reported to decline in desiccating
mosses (Giudici 2021) Moreover, Plags
decline with the strength and duration of
high light-induced photoinhibition of pho-
tosynthetic processes as reported for Ant-
arctic moss Sanionia uncinata (Orekhova
et al. 2021).

The OJIP-derived parameter ET(/RC is
considered reliable for exploring the effect
of changes in PS II activity under low tem-
perature (MareCkova et al. 2019) and light
(Janeeshma et al. 2022). In general, a de-
crease in ETy/RC is accompanied by a
decrease in effectivness of energy flow
through PS II, and is reflected in a de-
crease of the parameters associated with
PS 1I functioning, such as e.g. effective
quantum yield of PS II. Temperature de-
crease-induced decline in effective quan-
tum yield of PS II (®pgy) was reported
by Bartak et al. (2007) in two Antarctic
chlorolichens, and also by Hajek et al.
(2021) for two Antarctic representatives
of Usneaceae family. In the studies devot-
ed to photosynthetic processes in lichens,
Opgyp s considered a general indicator of
primary photosynthesis. It is affected by
a wide variety of environmental factors,
since it reflects the (photosynthetic) elec-
tron transport rate between PSII and PS I,
as well as the rate of utilization of NADPH
and ATP in biochemical photosynthetic
processes (Calvin-Benson cycle). During a
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light period of a day, low temperature
reduces the rate of CO, fixation. The re-
duction leads to substantial decrease of
NADPH" in chloroplasts. Since NADPH"
is a major acceptor of electrons in PS I, the
decrease leads to overreduction on PS I
acceptor side as well as hydroxyl radicals
formation (Mi et al. 2000).
Non-photochemical quenching increased
at 0°C in Usnea antarctica similarly as
found in earlier studies (Hajek et al. 2022,
Bartak et al. 2007). Such increase in NPQ;
indicates low temperature-induced involve-
ment of quenching mechanisms. In U. ant-
arctica, the NPQ; increase might be at-
tributed to low temperature effect per se
(Mareckova et al. 2019) since the lichen
thalli were exposed to low temperature in
dark. Therefore, involvement of light-driv-
en component of NPQ, i.e. photoinhititory
quenching (ql) might be omitted. The
NPQ increase found in 0°C-treated U. ant-
arctica might rather be attributed to low
temperature-induced changes in structure
of pigment-protein complexes forming
PS 11 as well as changes in thylakoid mem-
brane structure. The latter changes might
be associated with direct temperature ef-
fects on lipids, and the change in unsat-
urated/saturated fatty acids. Antarctic li-
chens, their photobionts respecitively, how-
ever, have developed several mechanims
to adjust membrane lipid and fatty acid
composition to maintain membrane fluidi-
ty in the cold. Unsaturation of lipids in
chloroplast is a general mechanism stabi-
lizing membrane in chloroplast at low tem-
perature (Moon et al. 1995). Importance of
NPQ in Antarctic autotrophs adapted to
low temperature has been emphasised
just recently for photostasis in chloroplast
(Hiiner et al. 2024). NPQ increase is
considered a general plant response during
acclimation to low temperature. In Antarc-
tic terrestrial autotrophs, however, both in-
crease (Mareckova et al. 2019) and de-
crease (Perera-Castro et al. 2020 — for
mosses) in NPQ at the temperature close
to 0°C are reported. Laboratory-based ex-
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periments under fully-controlled condi-
tions can be recommended for future re-
search. They should involve NPQ response
in Antarctic terrestrial autotrophs to low
temperature photoinhibition. Moreover, a
detailed analysis of the components form-
ing NPQ, i.e. energy-dependent quenching
(qE), photoinhibitory quenching (ql), and
state-transition quenching (qT) should be
done as well.

PS T overreduction decreased at 0°C
(compared to a 20°C reference) in both ex-
perimental species which might be associ-
ated with low temperature-induced oxida-
tion of PS I (see the below paragraph).
Generally, the electron acceptor side of
PS T is overreduced when the Calvin-
Benson cycle cannot follow the production
of NADPH which is dependent on the pho-
tosynthetic electron transport from PS II to
PS I (Shimakawa and Miyake 2018). The
over reduction of PS I may be partly
alleviated by the activation of ferredoxin-
NADP(+)-oxidoreductase or Mehler-per-
oxidase reaction leading to the fast reoxi-
dation of electron carriers in thylakoid
membranes (Ilik et al. 2006). Similarly,
flavodiiron proteins have an important role
in preventing PS I overreduction when
plants are exposed to light. Flavodiiron
proteins are reported for algae, cyanobac-
teria, but not angiosperm plants. They sus-
tain an alternative pathway transferring
electrons downstream PS I to O, as a final
acceptor with the formation of H,O (Ge-
rotto et al. 2016, Storti et al. 2020).

It is well established that oxidation of
PS 1 leading to its oxidized state (P700")
represents one of the strategies of keep-
ing photosynthetic apparatus in chloroplast
functioning at low and chilling tempera-
ture throughout plant kingdom (Sunoj et
al. 2023). Such low temperature-induced

Concluding remarks

Low temperature PS I photoinhibition
is mainly avoided by activation of several

protection of PS I from oxidative damage
by keeping PS I in an oxidized state
(P700") is crucial to the survival of plants
exposed to light at low or close-to-zero
temperature (Miyake 2020) including low
temperature photoinhibition of PS I (Virta-
nen et al. 2020). Underlying physiological
mechanism activated in such situation is
cyclic electron transport (Kubo et al. 2011).
Our data, however, does not support the
idea of PS I oxidation at 0°C (compared to
20°C) since the parameter P700" showed
scattered values with no clear trend (data
not shown). This might be caused by the
experimental design, which focused on
PS T response to low temperature per se,
i.e. with exlcusion of interacting light.
Therefore, the changes in PS I overreduced
centres (Fig. 4) were related exlusively to
temperature drop but not to the phenome-
non of low temperature photoinhibition in
the two studied lichen species. However,
PS I changes have been studied in re-
sponse to desiccation stress in lichens by
(Bukhov et al. 2004) who reported two
components of dark rereduction of oxi-
dized PS I (P700" caused by desiccation
stress). On the other hand, an increase
PS T overreduced centres (measured by a
MultispeQ) might be associated with some
positive effects on photosynthesis since
Li et al. (2023) report stimulating effect
of blue light on both PS II effectivity
indicators (Fy/Fy, @psy, qL) and PS 1
overreduced centres. On the other hand,
Gupta et al. (2024) reported that parameter
PS T overreduced centers was negatively
correlated to both PC 1 and PC 2 (prin-
cipal component analysis). Our data ob-
tained for U. antarctica and H. lugubris at
0°C indicate low temperature-induced PS 1
inactivation.

protective mechanisms. Therefore, the phe-
nomenon should be studied by biophysi-
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cal methods exploiting chlorophyll fluo- oxidants in response to controlled low-
rescence in combination with biochemi- temperature photoinhibition.
cal methods evaluating capacity of anti-
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