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Abstract

Dehydration-induced decrease of photosynthetic performance in mosses is a general re-
sponse to thallus dessication. The decrease is caused by changes in photosystem II (PSII)
functioning which is sensitively reflected in several chlorophyll fluorescence (ChlF)
parameters. Apart from the decrease in potential yield of photosynthetic reactions in PSII
(Fy/Fym), several protective mechanisms are activated during moss desiccation, non-
photochemical quenching (NPQ) in particular. This is study focused on NPQ changes
during the desiccation of Antarctic moss Sanionia uncinata. NPQ induction and re-
laxation curves were recorded during gradual dehydration from a fully wet state (relative
water content [RWC] = 100%) to a fully dry state (RWC = 0%). Three key NPQ param-
eters were evaluated: NPQ,,x (maximum value), NPQemin (at the end of induction) and
NPQe1ax (end of dark relaxation). The initial slope (o) and dark relaxation (B) of NPQ
were analysed. Additionally, fast chlorophyll fluorescence transients (OJIPs) were meas-
ured and the parameters related to PSII functioning evaluated for decreasing RWC. The
relationships between the ChlF parameters and RWC were investigated. Results indi-
cated that NPQ induction and relaxation curves — along with the OJIP-derived parame-
ters were sensitive to dehydration. Since critical RWC for all the investigated ChlF
parameters were found below 20%, Sanionia uncinata might be ranked into drought-
resistant moss species.
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Introduction

Mosses are poikilohydric autotrophs
showing high desiccation tolerance. They
are capable to cope with variable periods
of desiccation/rehydration cycles and re-
store their photosynthetic acticity when re-
hydrated (Perera-Castro and Flexas 2022).
Desiccation tolerance is defined as the abil-
ity of an organism to recover normal phys-
iological function upon rehydration after
experiencing a desiccated state, character-
ized by a minimum water potential of
—100 MPa, returning to a fully hydrated
state (water potential 0 MPa). In moss-
vegetated areas in maritime Antarctica,
desiccation tolerance of Antarctic mosses
has become increasingly relevant due to
an observed warming trend of Antarctic
vegetation oases. Recent ongoing climate
change in Antarctic coastal vegetation oa-
ses with moss cover brings both an in-
crease in productivity, abundance, and cov-
er due to increased water availability in
maritime Antarctica (Wierzgon et al. 2023),
and limitation of physiologically active
time during austral summer season due to
drier environment in continental Antarcti-
ca (Colesie et al. 2023). The latter change
is driven by high air temperature, low rel-
ative air humidity, and low availability
of liquid water (Perera-Castro et al. 2020,
2021).

Methods based on chlorophyll fluores-
cence represent an effective tool in study-
ing the desiccation resistence in Antarctic
mosses both in field- (Schroeter et al. 2017,
2021) and laboratory-based (Robinson et
al. 2000) studies. Several chlorophyll fluo-
rescence parameters are widely employed
in the evaluation of desiccation-induced
stress in chloroplasts of poikilohydric auto-
trophic organisms. Potential (Fy/Fy) and
effective quantum yields (®pgy) are fre-
quently applied to quantify limitations in
primary photosynthesis. Fy/Fy is defined
as the maximal quantum efficiency of pho-
tosystem II. This parameter serves as an
indicator of sustained stress and estimation
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of physiological recovery in desiccation
tolerance experiments (Csintalan et al.
1999, Proctor 2001, Perera-Castro et al.
2021, Rios-Meléndez et al. 2021). The
effective quantum yield (®pgy), defined as
light-adapted efficiency of photosynthetic
processes in PSII (Schreiber and Bilger
1987, Murchie and Lawson 2013), is often
estimated in mosses to evaluate the desic-
cation-induced decline in PSII and overal
photosynthesis (Giudici et al. 2018, Orek-
hova et al. 2022).

It is well established that moss desic-
cation leads to activation of physiological
mechanisms in order to protect photosys-
tem II from overenergization and negative
effects of reactive oxygen species (ROS)
formation (Salih et al. 2024). At the early
stage of drought stress in mosses, inducion
the enzymatic and non-enzymatic scaveng-
ing systems happens in order to sequester
ROS (Zhang et al. 2017).The mechanism
involves an enhancement of non-photosyn-
thetic pathways of absorbed light energy
dissipation, demonstrated by increase in
non-photochemical quenching of chloro-
phyll fluorescence (Nabe et al. 2007).
Such mechanism protects PSII of desic-
cating mosses from overenergization and
are typically fully reversible upon rehydra-
tion (Yamakawa and Itoh 2013). Desic-
cation typically leads to ROS formation.
Consequent oxidative stress leads to in-
activation and oxidative destruction of
PSII core. Such responses to desiccation
at chloroplast level are associated with an-
tioxidative enzymes production and activ-
ity in desiccating mosses (e.g. Bansal and
Shrivastava 2017, Morales-Sanchez et al.
2022). In the field, desiccation-induced limi-
tation in PSII effectivity is accompanied
by ligh-induced stress to PSII, i.e. phenom-
enon of photoinhibition in Antarctic moss-
es (Schlensog et al. 2003), and lichens (ul
Hagq et al. 2024). However, studies focussed
on co-action of the two factors in mosses
are almost missing (e.g. Nabe et al. 2007).
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Non-photochemical quenching(NPQ)in-
cludes three components: energy-dependent
quenching (qE), state-transition quenching
(qT) and photoinhibitory quenching (ql)
(Miiller et al. 2001). The first two com-
ponents relax rapidly upon return to non-
stressed conditions, whereas ql recovers
slowly (over hours to days) and is the pri-
mary component affected by desiccation
stress. Morover, activation of thermal en-
ergy dissipation mechanisms protects the
photosynthetic machinery of bryophytes
against photo-oxidative damage during
dry state (Bilger 2014). The above-speci-
fied protective mechanisms co-act during
desiccation of poikilohydric mosses and
form overall non-photochemical quench-
ing (NPQ) which sensitively reflects des-
iccation changes in poikilohydric auto-
trophs. Typically, NPQ increases in re-
sponse to desiccation stress in mosses
(Proctor 2001, 2010). Recently, a new
method of NPQ induction/relaxation has
been introduced to plant stress physiology,
to evaluate desiccation-induced changes in
NPQ and decline in PSII functioning. The
shape of the NPQ induction and relaxation
curves is affected by stress factors and
differs from the control. This approach al-
lows for the rapid testing of plants under
desiccation stress since the induction part
of the curve (recorded on light) differs ac-
cording to intrethalline relative water con-
tents (Mishra et al. 2024). Moreover, slow
rate of NPQ dark relaxation after desic-
cation also implies that photosynthetic ac-
tivity remains lower than optimum found
in hydrated thali (Beckett et al. 2005 for
lichens). In consequence, desiccation-in-
duced non-photochemical quenching plays
an important role in desiccation tolerance,
with implications on timing of physio-
logical responses. Therefore, it needs to be
considered when outlining experimental
protocols.

Fast chlorophyll fluorescence transients
(OJIPs) have been used in mosses to eval-
uate the response of PSII to a variety of

stressors, including thallus dehydration
(Bartoskova et al. 1999, Giudici 2021).
With progressive moss desiccation, grad-
ual loss of chlorophyll fluorescence is re-
ported which is reflected both in flattening
of the OJIP curve (lower values of chloro-
phyll fluorescence) and a decrease in the
OJIP-derived parameters related to PSII
functioning (ETo/RC — photosynthetic elec-
tron transport per PSII reaction centre,
PlAgs/RC — performance index sensu
Strasser et al. 2004). The proces is re-
versible and an increase in chlorophyll
fluorescence values as well as an increase
in photosynthetic electron transport is ap-
parent uppon rchydration of dry thalli
(Bhatt et al. 2019). The OJIP approach
was used to evaluate the photoinhibition
effects in wet thalli of Antarctic moss spe-
cies Sanionia uncianta from east and west
of the Antarctic peninsula (Orekhova et al.
2021).

In our study, we combined two ap-
proaches of chlorophyll fluorescence (fast
chlorophyll fluorescence transient — OJIP,
and non-photochemical quenching induc-
tion/relaxation curves) in order to evaluate
desiccation tolerance, changes in PSII
functioning and protective mechanisms in
chloroplast, non-photochemical quenching
in particular in Antarctic moss Sanionia
uncinata. We hypothesized that particular
photosynthetic and protective mechanisms
will be high since the species is considered
highly desiccation-tolerant. On the other
hand, we expected that the activation of
protective mechanisms will have different
extent during gradual desiccation. There-
fore, the aim of this study was to evaluate
desiccation tolerance of the species by ap-
plying the two below-specified approach-
es: (1) evaluation of relative water content
in S. uncinata, at which the most remark-
able negative changes to PSII functioning
happens, and (2) indication of particular
processes inhibited in PSII at different
degrees of thallus desiccation.
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Material and Methods
Collection site / Species characteristics

Sanionia uncinata was collected at the
James Ross Island, Antarctica (Fig. 1), by
Davide Giordano, a member of the Czech
Antarctic Expedition to Mendel station in
the austral summer season of 2005 (Janu-
ary-March). Moss samples were collected
from vegetation oases (Paradise valley:
63.495203 S, 57.492440 W) in wet state

(Fig. 2). After collection, they were dried
under natural conditions in a shaded place
outside the Mendel station and then trans-
ferred to Europe in dry state. In last dec-
ade, several studies focused various aspects
of S. uncinata ecophysiology (Naktsubo et
al. 2002, Orekhova and Hajek 2022, Choi
et al. 2022, de Vargas et al. 2024).
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Fig. 1. Map of the Antarctic Peninsula, and James Ross Island with indication of Sanionia
uncinata collection site (blue dot). Modified from source map (Stachon et al. 2014).

The species is quite abundant in mari-
time Antarctica, especially along the west-
ern coast of the Antarctic Peninsula (Hede-
nds 2012). It has been investigated in the
field in polar regions and in a laboratory-
based experiments in numerous studies fo-
cused on photosynthesis (e.g. Ueno et al.
2006, Orekhova et al. 2021), and the fol-
lowing aspect of moss biology: intrathal-
line carbohydrate content (Zuiiiga-Gonza-
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lez 2016), content of biologically-active
compounds (Ivanova et al. 2007, Theodoro
et al. 2024), potential to absorb air pol-
lutants (Kolon et al. 2020, Samecka-
Cymerman et al. 2011), and last but not
least, desiccation-induced synthesis of en-
zymatic antioxidants and expression of
late embryogenesis abundant (LEA) pro-
teins (Pizarro et al. 2019).
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Fig. 2. Collection site is a moss-dominated vegetation oasis with abundant Bryum
pseudotriquetrum (freshly green), and Sanionia uncinata (yellowish green). General view (left), a
detail of collection spot (right). Photo (credit) Davide Giordano.

NPQ induction/relaxation curves

Non-photochemical quenching induc-
tion/relaxation curves of Sanionia uncinata
thalli were measured by a PAM 2500 fluo-
rometer (Walz, Effeltrich, Germany) in ful-
ly hydrated thalli (48 h rewetting in a
fridge, 5°C) first, and then at different de-
grees of desication at laboratory tempera-
ture. Moss sampes (typically 1.8 cm® of
green thalli) desiccated naturally in a spe-
cial holder allowing gradual desiccation.
Before each chlorophyll fluorescence meas-
urements, fresh weight of samples were
measured on laboratory scales in order to
allow calculation of relative water content
(RWC) at which the measurement was
taken:

RWC = (FWDD-DW)*100/ (FWo—DW),

where FWDD is the FW of the sample
recorded at any time during the desiccation

period, DW is the DW of the sample and
FWo is the initial FW at the beginning of
the experiment.

Samples were provided 15 min. dark ad-
aptation and then exposed to continuous
light of 700 umol m™ s, of photosyn-
thetically active radiation (PAR) for 4 min.
During this light period, saturation puls-
es of high light (2 000 pmol m? s for
1.5 s) were applied every 30 s to induce
maximum chlorophyll fluorescence signal
(FM') which allowed to calculate the ®pgy,
ETR, and NPQ using the following equa-
tions:

Dps = (Fm" — Fs) / Fs
ETR = (PAR * 084 * (DPSII) / 2

NPQ = (Fy—Fu') / Fu/

where Fy is the maximum chlorophyll
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fluorescence reached after saturation pulse
(SP) applied in the dark-adapted state, Fy;
is the maximum chlorophyll fluorescence
reached after an SP is applied in the light-
adapted state (at the end of the light pe-
riod), Fs is the chlorophyll fluorescence re-
corded at the end of the light period and
PAR is the photosynthetically active radia-
tion.

Then, the light was then switched off
and moss samples recovered in dark for
the period of 3 min. During the dark pe-

riod, saturation pulses were applied every
20 s in order to measure maximum satu-
ration pulse-induced chlorophyll fluores-
cence and, consequently, evaluate NPQ val-
ues during dark-relaxation period. The ETR
values recorded during the light period
of the measurement were plotted against
the light period. From the ETR curves, the
maximum values (ETR,;,x) were calculated
using the in-built formulas in the PAM-
2500 fluorometer.
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Fig. 3. Typical NPQ induction curve with definitions of the parameters used in the study:
NPQ recorded at the end of NPQ induction (light period), i.e. the terminal value of NPQ (here
equal to maximum value), a parameter — the slope of the initial part of NPQ induction, B parameter
— the slope of the initial NPQ decrease at the beginning of the dark period (relaxation curve). The
o and P parameters are calculated as ANPQ/Atime(s).

The relationships of NPQ to RWC
were calculated for descending RWC clas-
ses (80%—100%, 60%—80%, 40%—60%,
20%—40%, and 0%—20%).

From the NPQ curves for particular
RWC class, the following parameters were
calculated: (1) the initial slope of NPQ in-
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crease at the beginning of the actinic
light period (a), (2) the ratio of decrease
(NPQmax - NPQrelax) / NPQrelaxz (3) the
slope of the initial decrease at the begin-
ning of the dark relaxation period (), and
(4) NPQrelax'
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OJIP analysis

To evaluate the effect of S. uncinata
thallus desiccation on PSII functioning,
fast kinetics OJIP were recorded during
gradual desiccation by a PAR-FluorPen
portable fluorometer (Photon Systems In-
struments, Drasov, Czech Republic). Sam-
ples were dark adapted for 15 min. using
the fluorometer leaf-clips, then a polypha-
sic rise of chlorophyll fluorescence was
induced by the exposition of sample to a

Statistical analysis

The effects of desiccation (expressed as
RWC) on chlorophyll fluorescence param-
eters were evaluated through a one-way

Results

In a fully hydrated state (RWC = 80—
100%), the NPQ induction curve showed a
gradual increase in NPQ values during the
light period of measurement, reaching a
maximum at the end of light period (see
Fig. 4). The value of NPQ,x, however, did
not represent absolute maximum, since the
NPQ values still showed a rising trend at
the end of light period. The same was
valid for the RWC classes 60-80%, and
40-60%. Moreover, the shape of the NPQ
induction curve was, as well as NPQx,
almost same for the three RWC classes
indicating that at the end of light period
non-photochemical quenching mechanisms
were activated to same extent. The differ-
ence was found, however, for alpha param-
eter which increased with desiccation sug-
gesting faster involvement of protective
mechanisms forming NPQ in the first min-
ute upon illumination. With more severe
desiccation, i.e. in the RWC classes of 20—
40%, and 0-20%, NPQ induction curve
decreased in values showing a phenome-
non of flattening the NPQ induction curves
(for more details, see Discussion).

saturating light pulse of 3 000 umol (pho-
tons) m > s ' for 2 s and stored in the in-
strument memory using the fluorometer’s
OJIP protocol. OJIP-derived chlorophyll
fluorescence parameters (for the list, see
Supplementary Materials) were calculat-
ed using the formulae by Strasser et al.
(2004). And plotted against RWC in order
to evaluate the effect of thallus desiccation
on particular PSII-related process.

ANOVA using the STATISTICA software
with P = 0.05.

During the dark relaxation period, NPQ
values decreased exponentially for all eval-
uated RWC classes. The expoonential de-
crease, however, was more pronounced in
initial and moderate phase of thallus dehy-
dration (RWC decrease from 100 to 40%).
With severe thallus desiccation, i.e. at the
RWC class of 20—40%, only slight relaxa-
tion of NPQ values was observed, i.e. the
decrease from NPQ.x t0 NPQax. Apart
from the RWC-dependent differences in
relaxation of NPQ values, the speed of the
NPQ decrease (beta parameter) was found
desiccation-dependent. The initial rate of
NPQ decrease at the very beginning of the
dark period was highest at the RWC class
80-100%, and decreased as the RWC
decreased. The relative decrease in NPQ
during the relaxation period gradually
diminished as the degree of desiccation
increased with declining RWC classes.
The most apparent change in the relative
decrease of NPQ in dark period was found
in the RWC classes 20—-40%, and 0-20%

(Fig. 5).
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Fig. 4. NPQ induction/relaxation curves recorded in desiccating Sanionia uncinata for classes of
relative water content (RWC): A: 80-100% (green line), B: 60-80% (orange line), C: 40-60%
(grey line), D: 20-40% (yellow line), and E: 0-20% (blue line). Data points are means of
10 replicates, standard deviation (not indicated) is below 15% of means.
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Fig. 5. Relative decline of NPQ recorded for dark period (relaxation from NPQp.x to NPQierminal)
as dependent on relative water content (RWC) in Sanionia uncinata thalli. Bars represent mean

values calculated from 10 replicates. Error bars indicate standard deviations. RWC classes are
A: 80-100% , B: 60-80% , C: 40-60% , D: 20-40% , and E: 0-20%.
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Desiccating thalli of Sanionia uncinata
showed a decrease in chlorophyll fluores-
cence values forming an OJIP curve, a
phenomenon known as a “flattening” of
the OJIP curve with the decreasing
RWC (see Fig. 6). Most severe desic-
cation-induced decrease in chlorophyll
fluorescence was found for the RWC class

0-20%. When normalized to Fp (data not
shown here), desiccation dependent in-
crease in relative chlorophyll fluorescence
at J, and I point was found (compared
to Fp) which indicated negative effect of
desiccation on electron flow throug Q,-Q,
and hydroxy plastoquinone pool (for more
details, see Discussion.
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Fig. 6. Fast chlorophyll fluorescence transients of Sanionia uncinata as recorded for desiccation
classes of relative water contents (RWC): (A) 80-100% (blue symbols), (B) 60-80% (orange
symbols), (C) 40-60%, (E) 0-20% (yellow symbols).

OJIP-derived parameters responded to
RWC decrease sensitively reflecting a
desiccation-induced reduction in PSII
functioning (Fig. 7). Fy/Fy declined with
progressive dehydration from the RWC
around 40% to a dry state (RWC = 0%).
Maximum Fy/Fy; values were found at
hydrated state (RWC = 40-100%). At full
hydration, slightly lower Fy/Fy was found
indicating the phenomenon of suprasatu-
ration by water (see Discussion). During
thallus desiccation, Fy/Fy; remained almost
unchanged within a wide range of RWC

(100—40%) and then declined sharply to
the values close to 0. Such behavious indi-
cates desiccation resistence of poikilo-
hydric autotrops. Severe desiccation (i.e.
RWC under 20%) caused a decrease in the
performance index (Plags), photosynthetic
electron transport per reaction centre
(ETo/RC), as well as and trapping rate per
RC (TR(/RC). Protective mechanism were
activated during severe thallus desication
(RWC 0-20%) which led to an increase in
thermal dissipation per RC (DIy/RC), and
absorption per RC (ABS/RC).
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Fig. 7. OJIP-derived parameters in Sanionia uncinata as recorded for desiccation classes of
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Discussion

The shape of the NPQ induction curves
was found desiccation-dependent. When
considering the shape of NPQ induction in
fully hydrated or close to fully hydrated
autotrophs, the following three options re-
ported by Beckett et al. (2021) and re-
viewed by Hajek et al. (2025, MS under
review) can be distiguished: (1) a gradual
increase in NPQ with a maximum constant
value found at the end of the light period,
(2) arapid increase in NPQ with the maxi-
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mum value reached before the end of the
light period, followed by a slight decrease,
and (3) a gradual increase with a rise in
NPQ that had not reached a plateau at the
end of the light period. Recently, a model
(analytical pipeline system) has been pro-
posed by Ramakers et al. (2025) to analyse
NPQ induction kinetics taking into account
intensity of PAR intensity. The authors
reported that at low PAR, the (1) shape is
typically achieved, (below 200 pumol (pho-
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tons) m™ s™). When PAR is over 400 pmol
(photons) m™ s™', NPQ induction, the (2)
NPQ increased during the whole light
period (10 min. in the study of Ramakers
et al. 2025). Our data presented in Fig. 3
well correspond to this situation.

As desiccation progressed, the NPQ in-
duction curves changed, showing lower
absolute NPQ values as thallus RWC de-
clined below 40% and lower values. This
observation is supported by the study of
Mishra et al. (2024), who measured the
NPQ induction curve in Antarctic moss
Chorisodontium aciphyllum. The NPQ val-
ues at the end of the light period decreased
with thallus desiccation. However, the au-
thors reported a change in the NPQ induc-
tion curve shape, with an increase at the
beginning of the light period, followed by
a decline towards the end, similar to cate-
gory. This type of change in shape was not
observed in our data for S. uncinata.

The initial slope of the NPQ induction
curves (a) showed an increase in the de-
creasing RWC classes until the RWC of
40-60% was reached. This pattern suggest
faster activation of NPQ within the first
second of illumination is comparable to
data presented by Mishra et al. (2024), who
observed a gradual increase throughout the
desiccation period (RWC declining from
100%). However, the same study showed
that the desiccation-induced increase in o
could be followed by a decrease when
RWC fell below 50%. The initial rate of
NPQ dark relaxation (f parameter) changed
with RWC. It became less steep, indicating
negative desiccation-induced changes to
PSII functioning as RWC declined. This
finding aligns with evidence from other
stressors that limit the dark relaxation of
NPQ, such as high temperature (Permann
et al. 2022), high light-induced photoinhi-
bition of PSII (Kress and Jahns 2017), and
UV-B stress (Xue et al. 2022). Recently,
the effect of Chl b deprivation in a moss
mutant (Physcomitrium patens) NPQ in-
duction/relaxation curve, including the B
parameter change is reported (Zhang et al.

2023). Therefore, both o and B changes, as
affected by desiccation in the species in-
volved in our study, indicate the negative
effects of desiccation and suggest they
could be used as indicators of drought
stress in mosses.

Analysis of the NPQ induction/relaxa-
tion curves showed that the parameters de-
rived in this study may serve, alongside
traditional ChlIF (either those derived from
OJIPs or those derived from slow Kautsky
kinetics of chlorophyll fluorescence record-
ed for different degrees of thallus desic-
cation, see e.g. Giudici (2021), as indica-
tion of desiccation stress. The analysis of
NPQ induction/relaxation curves provides
an insight into protective mechanisms
activated during initial phase and declining
at severe phase of thallus desiccation.

In our study, Fy/Fy declined with RWC
decrease in a similar manner that was re-
ported for desiccating moss Racomitrium
subsecundum (Nayaka and Saxena 2014)
having a critical RWC at which PSII photo-
synthetic processes are fully inhibited at
the RWC of 5-10%. Typically, fast desic-
cation-induced decline in Fy/Fy values is
accompanied by increased dissipated heat
as indicated by the simultaneous increase
of thermal dissipation of absorbed excita-
tion energy, DIy/RC (see Fig. 6). This re-
ported for other stressors as well, e.g. by
Orekhova et al. (2021) for a photoinhibi-
tion-induced increase in DIy/RC in S. un-
cinata. In our data, high resistance of chlo-
rophyll fluorescence parameters to water
loss (i.e. to 40% RWC and lower) suggests
S. uncinata is highly desiccation resistant.
Similarly, all parameters related to elec-
tron transport efficiency and thermal dis-
sipation showed substantial change at the
RWC of 40% and lower (see Figs. 6, 7).
Since performance index (Plags) is a gen-
eral vitality indicator of energy transfer
performance in chloroplast, it might be
concluded that sufficient photosynthetic
activity is maintained in S. wncinata at
the RWC ranging 20-40% which ranks
the species among desiccation resistant.
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The desiccation-induced raise of ABS/RC
could be interpreted as a consequence
of damage/destruction of some less well
functioning chlorophyll molecules in the
RCs, leaving only the more efficient ones.
Such response was described in poikilo-
hydric autotrophs under e.g. high tempera-
ture stress (MareCkova and Bartak 2017).
Other OJIP-derived parameters related to
PSII, i.e. TRY/RC and ETy/RC declined,
indicating negative effect of severe dehy-
dration (RWC below 20%) on quinon a
(Q.) reduction, and photosynthetic linear
electron transpor limitation.

In conclusion, it might be stated that
Sanionia uncinata, a moss species abun-
dant in Maritime Antarctica, might be
ranked as tolerant to desiccation. The toler-

References

ance is achieved through a combination of
physiological and biochemical adaptations.
They are crucial for survival of the species
in the harsh Antarctic environment, which
includes fluctuating water availability with-
in a growing season. Since the effects of
global warming have been apparent in
Maritime Antarctica over last two decades,
mosses are expected to desiccate more fre-
quently within vegetation season than in
past (Robinson et al. 2000). Moreover, in-
teraction with other factors, such as e.g.
photoinhibition, temperature-, and freezing-
tolerance must be taken into account (Pe-
rera-Castro et al. 2020) when assessing
stability of the species in the Antarctic
vegetation oases.

BANSAL, P., SHRIVASTAVA, A. (2017): Desiccation-related responses of antioxidative enzymes and
photosynthetic pigments in Brachythecium procumbens (Mitt.) A. Jaeger. Acta Physiologiae
Plantarum, 39(7): 154. doi: 10.1007/s11738-017-2454-1

BARTOSKOVA, H., KOMENDA, J. and NAUS, J. (1999): Functional changes of photosystem II in the
moss Rhizomnium punctatum (Hedw.) induced by different rates of dark desiccation. Journal of
Plant Physiology, 154(5-6): 597-604. doi: 10.1016/S0176-1617(99)80232-6

BECKETT, R. P., MAYABA, N., MINIBAYEVA, F. V. and ALYABYEvV, A. J. (2005): Hardening by
partial dehydration and ABA increase desiccation tolerance in the cyanobacterial lichen
Peltigera polydactylon. Annals of Botany, 96(1): 109-115. doi: 10.1093/aob/mcil56

BECKETT, R. P., MINIBAYEVA, F. V. and MkHIZE, K. W. G. (2021): Shade lichens are characterized
by rapid relaxation of non-photochemical quenching on transition to darkness. Lichenologist,

53:409-414.

BHATT, U., SINGH, H., KUMAR, D. and SonI, V. (2019): Rehydration induces quick recovery of
photosynthesis in desiccation tolerant moss Semibarbula orientalis. The Journal of Plant
Science Research, 35(2): 183-187. doi: 10.32381/JPSR.2019.35.02.5

BILGER, W. (2014): Desiccation-induced quenching of chlorophyll fluorescence in cryptogams. In:
B. Demmig-Adams, G. Garab, W. W. Adams III, Govindjee (eds.): Non-Photochemical
Quenching and Energy Dissipation in Plants, Algae and Cyanobacteria. Vol 40. Springer,

Dordrecht, pp. 409-420.

CHor, H.-B., Lim, H. S., YounG-Jun, Y., JI-HoON, K., Ok-SuN, K., Yoon, H. I. and JONG-SIK, R.
(2022): Impact of anthropogenic inputs on Pb content of moss Sanionia uncinata (Hedw.)
Loeske in King George Island, West Antarctica revealed by Pb isotopes. Geosciences Journal,
26(2): 225-234. doi: 10.1007/s12303-021-0032-4

COLESIE, C., WALSHAW, C. V., LEOPOLDO, G. S., DAVEY, M. P. and GrAY, A. (2023): Antarctica's
vegetation in a changing climate. Wiley Interdisciplinary Reviews - Climate Change, 14(1):

e810. doi: 10.1002/wcc.810

CSINTALAN, Z., PROCTOR, M. C. F. and TuBA, Z. (1999): Chlorophyll fluorescence during drying
and rehydration in the mosses Rhytidiadelphus loreus (Hedw.) Warnst., Anomodon viticulosus

(Hedw). Annals of Botany, 84(2): 235-244.

178



DEHYDRATION-INDUCED CHANGES IN PSII

DE VARGAS, M. V. M., GOULART, S. N. B., ANDRADE, G. A. K. D., LEMos, R. P. M., ALBUQUERQUE,
M. P. D., Peixoro, L. F., LOURENCO, A. L. P., DE OLIVEIRA, M. P. P., DonwMms, S. M., ANJos, D.
A. A. D., RamaDA, M. H. S. and DE CARVALHO VICTORIA, F. (2024): Occurrence of Sanionia
uncinata sporophytes on King George Island, Antarctica: Exploring possible links to climate
change. Polar Science, 39: 101042. doi: 10.1016/j.polar.2023.101042

Grupict, G. N. M. (2021): Combined chlorophyll fluorescence techniques to study environmental
impact on the mountain moss Polytrichum commune. Czech Polar Reports, 11(1): 161-173.
doi: 10.5817/CPR2021-1-12

Giupicl, G. N. M., HAJEK, J., BARTAK, M. and KUBESOVA, S. (2018): Comparative research of
photosynthetic processes in selected poikilohydric organisms from Mediterranean and Central-
European alpine habitats. Czech Polar Reports, 8(2): 286-298. doi: 10.5817/CPR2018-2-24

HAJEK, J., PUHOVKIN, A., LANG, J., UL HAQ, S. I., BERNATOVA, M., GIORDANO, D., SEKERAK JR., J.
and BARTAK, M. (2025, under review): Drought stress-induced changes in PSII functioning in
ecologi-cally contrasting plants evaluated by chlorophyll fluorescence: Comparative study of
poikilohydric and homoiohydric species.

HEDENAS, L (2012): Global phylogeography in Sanionia uncinata (Amblystegiaceae: Bryophyta).
Botanical Journal of the Linnean Society, 168(1): 19-42. doi: 10.1111/1.1095-8339.2011.
01189.x

IvaNova, V., KOLAROVA, M., ALEKSIEVA, K., DORNBERGER, K. J., HAERTL, A., MOELLMANN, U.,
DaAHSE, H. M. and CHIPEV, N. (2007). Sanionins: Anti-inflammatory and antibacterial agents
with weak cytotoxicity from the Antarctic moss Sanionia georgico-uncinata. Preparative
Biochemistry & Biotechnology, 37(4): 343-352. doi: 10.1080/10826060701593241

KoLoN, M., KoPEC, M., WOITUN, B., SAMECKA-CYMERMAN, A., MROZ, L., WAsowicz, P., RAIsz,
A. and KEMPERS, A. J. (2020): Sanionia uncinata, Racomitrium lanuginosum and Salix
herbacea as ecological indicators of metals in Iceland. Ecological Indicators, 112: 106058. doi:
10.1016/j.ecolind.2019.106058

KRrEsS, E., JAHNS, P. (2017): The dynamics of energy dissipation and xanthophyll conversion in
Arabidopsis indicate an indirect photo-protective role of zeaxanthin in slowly inducible and
relaxing components of non-photochemical quenching of excitation energy. Frontiers in Plant
Science, 8:2094.

MARECKOVA, M., BARTAK, M. (2017): Short-term responses of primary processes in PS II to low
temperature are sensitively indicated by fast chlorophyll fluorescence kinetics in Antarctic
lichen Dermatocarpon polyphyllizum. Czech Polar Reports, 7: 74-82. doi: 10.5817/CPR2017-
1-8

MisHRA, A., ROSPUTINSKY, M., GRIESSER, M. and PUHOVKIN, A. (2024): Photoprotective
mechanisms activated in Antarctic moss Chorisodontium aciphyllum during desiccation. Czech
Polar Reports, 14(1): 1-9. doi: 10.5817/CPR2024-1-1.

MORALES-SANCHEZ, J. A. M., MARK, K., Souza, J. P. S. and NuNEMETS, U. (2022): Desiccation-
rehydration measurements in bryophytes: Current status and future insights. Journal of
Experimental Botany, 73(13): 4338-4361. doi: 10.1093/jxb/erac172

MULLER, P., L1, X. P. and Nivoar, K. K. (2001): Non-photochemical quenching. A response to
excess light energy. Plant Physiology, 125(4): 1558-1566. doi: 10.1104/pp.125.4.1558

MURCHIE, E. H., LAWSON, T. (2013): Chlorophyll fluorescence analysis: A guide to good practice
and understanding some new applications. Journal of Experimental Botany, 64(13): 3983-3998.
doi: 10.1093/jxb/ert208

NABE, H., FUNABIKI, R., KasHINO, Y., KOIKE, H. and SATOH, K. (2007): Responses to desiccation
stress in bryophytes and an important role of dithiothreitol-insensitive non-photochemical
quenching against photoinhibition in dehydrated states. Plant & Cell Physiology, 48(11): 1548-
1557. doi: 10.1093/pcp/pecm124

NAKATSUBO, T. (2002): Predicting the impact of climatic warming on the carbon balance of the
moss Sanionia uncinata on a maritime Antarctic Island. Journal of Plant Research, 115(1118):
99-106. doi: 10.1007/s102650200014

179



1. ARSLAN et al.

NAYAKA, S., SAXENA, P. (2014): Physiological responses and ecological success of lichen
Stereocaulon foliolosum and moss Racomitrium subsecundum growing in same habitat in
Himalaya. Indian Journal of Fundamental and Applied Life Sciences, 4: 167-179.

OREKHOVA, A, BARTAK, M., HAJEK, J. and MORKUSOVA, J. (2022): Species-specific responses of
spectral reflectance and the photosynthetic characteristics in two selected Antarctic mosses to
thallus desiccation. Acta Physiologiae Plantarum, 44(1): 6. doi: 10.1007/s11738-021-03339-6

OREKHOVA, A., BARTAK, M., CASANOVA-KATNY, A. and HAJEK, J. (2021): Resistance of Antarctic
moss Sanionia uncinata to photoinhibition: Chlorophyll fluorescence analysis of samples from
the western and eastern coasts of the Antarctic Peninsula. Plant Biology (Stuttgart, Germany),
23(4): 653-663. doi: 10.1111/plb.13270

OREKHOVA, A., HAJEK, J. (2022): Responses of primary photosynthetic processes to repetitive
rehydration differ in two representatives of Svalbard moss flora. Czech Polar Reports, 12(1):
103-114. doi: 10.5817/CPR2022-1-8

PERERA-CASTRO, A. V., FLEXAS, J. (2022): Desiccation tolerance in bryophytes relates to elasticity
but is independent of cell wall thickness and photosynthesis. Physiologia Plantarum, 174(2):
el3661. doi: 10.1111/ppl.13661

PERERA-CASTRO, A. V., FLEXAS, J., GONZALEZ-RODRIGUEZ, A. M. and FERNANDEZ-MARIN, B.
(2021): Photosynthesis on the edge: Photoinhibition, desiccation and freezing tolerance of
Antarctic bryophytes. Photosynthesis Research, 149(1-2): 135-153. doi: 10.1007/s11120-020-
00785-0

PERERA-CASTRO, A. V., WATERMAN, M. J., TURNBULL, J. D., ASHCROFT, M. B., MCKINLEY, E.,
WATLING, J. R., BRAMLEY-ALVES, J., CASANOVA-KATNY, A., ZUNIGA, G., FLEXAS, J. and
ROBINSON, S. A. (2020): It is hot in the sun: Antarctic mosses have high temperature optima for
photosynthesis despite cold climate. Frontiers in Plant Science, 11: 1178. doi: 10.3389/fpls.
2020.01178

PERMANN, C., PIERANGELINI, M., REmias, D., Lewis, L.A. and HOLZINGER, A. (2022):
Photophysiological investigations of the temperature stress responses of Zygnema spp.
(Zygnematophyceae) from subpolar and polar habitats (Iceland, Svalbard). Phycologia 61: 299-
311.

P1zARRO, M., CONTRERAS, R. A., KOHLER, H. and ZUNIGA, G. E. (2019): Desiccation tolerance in
the Antarctic moss Sanionia uncinata. Biological Research, 52(1): 46. doi: 10.1186/s40659-
019-0251-6

PROCTOR, M. (2001): Patterns of desiccation tolerance and recovery in bryophytes. Plant Growth
Regulation, 35: 147-156. doi: 10.1023/A:1014429720821

PrROCTOR, M. C. F. (2010): Recovery rates of chlorophyll-fluorescence parameters in desiccation-
tolerant plants: Fitted logistic curves as a versatile and robust source of comparative data. Plant
Growth Regulation, 62: 233-240. doi: 10.1007/s10725-010-9456-y

RAMAKERS, L. A. I., HARBINSON, J., WIENTIES, E. and VAN AMERONGEN, H. (2025): Unravelling the
different components of nonphotochemical quenching using a novel analytical pipeline. The
New Phytologist, 245(2): 625-636.

Rios-MELENDEZ, S., VALADEZ-HERNANDEZ, E., DELGADILLO, C., LUNA-GUEVARA, M. L.,
MARTINEZ-NUNEZ, M. A., SANCHEZ-PEREZ, M., MARTINEZ-Y -PEREZ, J. L., ARROYO-BECERRA,
A., CARDENAS, L., BIBBINS-MARTINEZ, M., MALDONADO-MENDOZA, 1. E. and VILLALOBOS-
LoPEZ, M. A. (2021): Pseudocrossidium replicatum (Taylor) R.H. Zander is a fully desiccation-
tolerant moss that expresses an inducible molecular mechanism in response to severe abiotic
stress. Plant Molecular Biology, 107(4-5): 387-404. doi: 10.1007/s11103-021-01167-3

ROBINSON, S. A., WASLEY, J., Porp, M. and LOVELOCK, C. E. (2000): Desiccation tolerance of three
moss species from continental Antarctica. Functional Plant Biology, 27: 379-388.

SALIH, H., BAl, W., LIANG, Y., YANG, R., ZHAO, M., MUHAMMD, S. M., ZHANG, D. and LI, X.
(2024): ROS scavenging enzyme-encoding genes play important roles in the desert moss
Syntrichia caninervis response to extreme cold and desiccation stresses. International Journal
of Biological Macromolecules, 254(Pt 2): 127778. doi: 10.1016/j.ijbiomac.2023.127778

180



DEHYDRATION-INDUCED CHANGES IN PSII

SAMECKA-CYMERMAN, A., WOITUN, B., KOLON, K. and KEMPERS, A. J. (2011): Sanionia uncinata
(Hedw.) Loeske as bioindicator of metal pollution in polar regions. Polar Biology, 34: 381-388.
doi: 10.1007/s00300-010-0893-x

SCHLENSOG, M., SCHROETER, B., PANNEWITZ, S. and GREEN, A. (2003): Adaptation of mosses and
lichens to irradiance stress in maritime and continental Antarctic habitats. /n: A. H. L. Huiskes,
W. W. C. Gieskes, J. Rozema, R. M. L. Schorno, S. M. van der Vies, and W. J. Wolf (eds.):
Antarctic biology in a global context. Backhuys Publishers, Leiden, NL, pp. 161-166.

SCHREIBER, U., BILGER, W. (1987): Rapid assessment of stress effects on plant leaves by
chlorophyll fluorescence measurements. /n: J. D. Tenhunen, F. M. Catarino, O. L. Lange, and
W. C. Oechel (eds.): Plant Response to Stress: Functional Analysis in Mediterranean
Ecosystems. Springer-Verlag, Berlin, pp. 27-53. doi: 10.1007/978-3-642-70868-8 2

SCHROETER, B., GREEN, T. G. A., PINTADO, A., TURK, R. and SANCHO, L. G. (2017): Summer
activity patterns for mosses and lichens in Maritime Antarctica. Antarctic Science, 29(6): 517-
530. doi: 10.1017/S095410201700027X

SCHROETER, B., GREEN, T. G. A., PINTADO, A., TURK, R. and SANCHO, L. G. (2021): Summer
activity patterns for a moss and lichen in the maritime Antarctic with respect to altitude. Polar
Biology, 44: 2117-2137. doi: 10.1007/s00300-021-02939-9

STACHON, Z., RUSSNAK, J., NYVLT, D. and HRBACEK, F. (2014): Stabilisation of geodetic points in
the surroundings of Johann Gregor Mendel Station, James Ross Island, Antarctica. Czech Polar
Reports, 4(1): 80-89. doi: 10.5817/CPR2014-1-9

STRASSER, R.J., TSIMILLI-MICHAEL, M. and SRIVASTAVA, A. (2004): Analysis of the chlorophyll a
fluorescence transient. /n: G. C. Papageorgiou, Govindjee (eds): Chlorophyll a fluorescence.
Advances in Photosynthesis and Respiration, vol 19. Springer, Dordrecht. doi: 10.1007/978-1-
4020-3218-9 12

TEODORO, A. L. S., RAMADA, M. H. S., PACIENCIA, M. L. B., Donms, S., CAMARA, P. E. A. S.,
VARELLA, A. D., FRANA, S. A., SiLvA, J. S. and SUFFREDINI, 1. B. (2024): Antarctic bryophyte
Sanionia uncinata (Hedw.) Loeske, Amblystegiaceae, antimicrobial, antioxidant, cytotoxic, and
acetylcholinesterase activities. Anais da Academia Brasileira de Ciencias, 96(suppl 2):
€20240678. doi: 10.1590/0001-3765202420240678

UeNo, T., BEKKU, Y., UcHIDA, M. and KANDA, H. (2006): Photosynthetic light responses of a
widespread moss, Sanionia uncinata, from contrasting water regimes in the high Arctic tundra,
Svalbard, Norway. Journal of Bryology, 28(4): 345-349. doi: 10.1179/174328206X152270

UL HAQ, S. L., BENITA, M. B. and DE CARALT, S. (2024): Photoinhibition and recovery of primary
photosynthesis in Antarctic and subantarctic lichens. Analysis of interspecific differences.
Czech Polar Reports, 14(1): 51-76. doi: 10.5817/cpr2024-1-4

WIERZGON, M., IVANETS, V., PREKRASNA-KVIATKOVSKA, Y., PLASEK, V. and PARNIKOZA, 1. (2023):
Moss bank composition on Galindez Island (Argentine Islands, maritime Antarctic). Polar
Biology, 46: 1235-1249. doi: 10.1007/s00300-023-03197-7

XUE, S., ZANG, Y., CHEN, J., SHANG, S., Gao, L. and TaNG, X. (2022): Ultraviolet-B radiation
stress triggers reactive oxygen species and regulates the antioxidant defense and photosynthesis
systems of intertidal red algae Neoporphyra haitanensis. Frontiers in Marine Science, 9:
1043462. doi: 10.3389/fmars.2022.1043462

YAMAKAWA, H., IToH, S. (2013): Dissipation of excess excitation energy by drought-induced
nonphotochemical quenching in two species of drought-tolerant moss: Desiccation-induced
acceleration of photosystem II fluorescence decay. Biochemistry, 52(26): 4451-4459. doi:
10.1021/bi4001886

ZHANG, L., YANG, C. and Liu, C. (2023): Revealing the significance of chlorophyll b in the moss
Physcomitrium patens by knocking out two functional chlorophyllide a oxygenase.
Photosynthesis Research, 158(3): 171-180. doi: 10.1007/s11120-023-01044-8

ZHANG, X., ZHAO, Y. and WANG, S. (2017): Responses of antioxidant defense system of epilithic
mosses to drought stress in karst rock desertified areas. Acta Geochimica, 36(2): 205-212. doi:
10.1007/s11631-017-0140-z

181



1. ARSLAN et al.

ZUNIGA-GONZALEZ, P., ZUNIGA, G. E., PiZzARRO, M. and CASANOVA-KATNY, A. (2016): Soluble
carbohydrate content variation in Sanionia uncinata and Polytrichastrum alpinum, two
Antarctic mosses with contrasting desiccation capacities. Biological Research, 49: 6. doi:
10.1186/s40659-015-0058-z

Supplementary Materials

Plags = (RC/ABS) . [@po/ (1 — Ppo)] - [Wo/ (1 —Yo)]
ABS/RC = M(). (1 /VJ) . (1 /(PPO)

ET()/RC = M() . (l /VJ) . \V()
DIy/RC = (ABS/RC) — (TR, /RC)

Table SM1. Overview of the equations used for calculation of particular chlorophyll fluorescence
parameters derived from OJIPs.
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