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The outstanding capacity of Prasiola antarctica to thrive in
contrasting harsh environments relies on the constitutive
protection of thylakoids and on morphological plasticity
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SUMMARY

The determination of physiological tolerance ranges of photosynthetic species and of the biochemical mech-
anisms underneath are fundamental to identify target processes and metabolites that will inspire enhanced
plant management and production for the future. In this context, the terrestrial green algae within the
genus Prasiola represent ideal models due to their success in harsh environments (polar tundras) and their
extraordinary ecological plasticity. Here we focus on the outstanding Prasiola antarctica and compare two
natural populations living in very contrasting microenvironments in Antarctica: the dry sandy substrate of a
beach and the rocky bed of an ephemeral freshwater stream. Specifically, we assessed their photosynthetic
performance at different temperatures, reporting for the first time g,s4 values in algae and changes in thyla-
koid metabolites in response to extreme desiccation. Stream population showed lower a-tocopherol con-
tent and thicker cell walls and thus, lower g,sq and photosynthesis. Both populations had high
temperatures for optimal photosynthesis (around +20°C) and strong constitutive tolerance to freezing and
desiccation. This tolerance seems to be related to the high constitutive levels of xanthophylls and of the
cylindrical lipids di- and tri-galactosyldiacylglycerol in thylakoids, very likely related to the effective protec-
tion and stability of membranes. Overall, P. antarctica shows a complex battery of constitutive and plastic
protective mechanisms that enable it to thrive under harsh conditions and to acclimate to very contrasting
microenvironments, respectively. Some of these anatomical and biochemical adaptations may partially limit
photosynthesis, but this has a great potential to rise in a context of increasing temperature.

Keywords: tolerance, plasticity, Prasiola antarctica, photosynthesis, morphology, desiccation, freezing, tri-
galactosyldiacylglycerol, Antarctica.

INTRODUCTION . . L .
photosynthetic organisms living in harsh environments

Light, temperatures and water availability are the main
constraints to photosynthesis worldwide (Boisvenue &
Running, 2006). In extreme environments, an orchestrated
arrangement of morpho/anatomical, photochemical and
metabolic adaptive processes enable the positive carbon
balance of photosynthetic organisms under severe condi-
tions (Fernandez-Marin, Gulias, et al., 2020). In addition
to anatomical and physiological adaptations, some

© 2024 The Authors.

show an outstanding capacity of acclimation and are able
to display a wide range of ultrastructural and biochemical
adjustments. This is, for instance, the case of the desert
green algae Chlorella ohadii which massively adjust PSII
antenna size according to the growing light intensities
(Levin et al., 2021). In this context, an efficient photoprotec-
tion of the photosynthetic machinery is essential to suc-
ceed (Fernandez-Marin, Gulias, et al., 2020). Interestingly,
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sub-zero temperatures and severe desiccation share many
protective physiological requirements, particularly those
related to photoprotection (Verhoeven et al., 2018). Thus,
an efficient management of the excess light energy
absorbed by chlorophylls that cannot be transferred to
photochemistry under sub-zero or low water content of the
tissues is crucial. In that sense, a large pool of the caroten-
oids involved in the so-called xanthophyll cycle, with rele-
vant roles in excess energy dissipation, thylakoid
membrane stabilisation and as antioxidants, seems to be
determinant in environments with high photoprotective
demand such as polar tundra (Fernandez-Marin, Atherton,
et al., 2018; Fernandez-Marin, Gago, et al., 2019; Magney
et al., 2017; Schroeter et al., 2012). Fast and dynamic
de-epoxidation of the violaxanthin into the protective zea-
xanthin within the xanthophyll cycle, in response to either
increasing irradiance, sub-zero temperatures or severe des-
iccation, it is equally relevant for suitable photoprotection
of the photosynthetic machinery in species tolerant to
either desiccation, intra-tissular ice formation, or both
(Fernandez-Marin, Arzac, et al., 2021; Fernandez-Marin,
Neuner, et al., 2018) and for species in polar tundra too
(Fernandez-Marin, Gago, et al., 2019; Garcia-Plazaola, L6-
pez-Pozo, & Fernandez-Marin, 2022). The fine tuning and
responsiveness of the xanthophyll cycle to the environ-
mental conditions acquires even more relevance when
considering that too slow re-epoxidation of zeaxanthin
back to violaxanthin represents an important payback for
net photosynthesis estimated in a 20% reduction for
crop-plants (Kromdijk et al., 2016). Despite efforts being
made in that sense in the few recent years, and probably
due to the logistical difficulties to get these data, in situ
studies of xanthophyll cycle dynamism are rather scarce
for high latitudes. As an example, after compiling more
than 500 studies about photosynthetic pigment composi-
tion (Esteban et al., 2015) none of the works was per-
formed at latitudes higher than 67° and only thre at
latitudes above 60°.

At thylakoid level, another group of relevant molecules
in the photosynthesis-stress tolerance ‘trade off’ are the
polar lipids that constitute chloroplast membranes, as well
as their post-synthetic structural modifications (Yu
et al., 2021). The nature of their head group, but also the
length and the degree of saturation of their acyl chains,
determine the physical, and thus functional, properties of
the membranes: fluidity, permeability, bilayer thickness,
charge and intrinsic curvature. Galactolipids (GLs) are, in
particular, the main lipids in chloroplast membranes and,
consequently, are also the most abundant polar lipids on
Earth (Rolland et al., 2009). Among them, GLs with one or
two galactose residues, monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG), are ubiqui-
tous and essential for photosynthesis. On the other hand,
GLs containing three or higher numbers of galactose

residues (so-called oligogalactolipids) are only known for
some specific taxa, organs and environmental conditions
(Gasulla et al., 2019). While MGDGs (which are conical-
shaped molecules), confer fluidity to the thylakoid mem-
branes and are essential for photosynthetic functions,
DGDGs and oligocalactolipids (OGLs) (are cylindrical mole-
cules) conferring rigidity and stability to the thylakoids.
Very likely, the appearance of OGLs was one of the adapta-
tions that simultaneously provided advantages against
environmental constraints such as desiccation and freezing
during land colonisation by plants (Gasulla et al., 2019).
Unfortunately, very few studies have addressed the compo-
sition and stress responses of OGLs (reviewed in Gasulla
et al., 2019) and, to the best of our knowledge, just a few
works are available for Chlorophyte species, so far (Benson
et al., 1958; Gasulla et al., 2016; Mendiola-Morgenthaler
et al., 1985; Montero et al., 2021; Vieler et al., 2007).

Overall, all these physiological adaptations and accli-
mation capabilities had to evolve during terrestrialisation.
The process of terrestrialisation occurred simultaneously in
the two lineages of green algae: streptophytes and chloro-
phytes (Leliaert et al., 2012). While the streptophytes gave
rise to land plants, several clades of the chlorophytes
adapted to a fully terrestrial life. This is, for instance, the
case of the genus Fritschiella among the class Chlorophy-
ceae or the genus Trentepohlia among the class Ulvophy-
ceae (Holzinger & Karsten, 2013). It is, however, in the class
Trebouxiophyceae where the adaptation to terrestrial life
spread more widely. Trebouxiophyceae comprises unicellu-
lar species including free-living taxa such as Chlorella
(Aigner et al., 2020) and symbiotic lichen-forming taxa such
as Trebouxia (Muggia et al., 2018). Exceptional within the
class, for having a multicellular, macroscopic blade-like thal-
lus is the genus Prasiola (Sanders & Masumoto, 2021),
which is worldwide distributed and particularly abundant in
Polar and cold-temperate regions (Rindi et al., 2007). Pra-
siola species show a remarkable ecological plasticity and
stress tolerance and comprise freshwater, supralitoral
and aeroterrestrial species (Holzinger et al., 2017; Huiskes
et al., 1997; Kang et al., 2013; Moniz et al., 2012; Ramirez
et al., 2007; Zebek et al., 2021). Thus, physiological and/or
structural responses to desiccation tolerance have been
examined from urban environments (Holzinger et al., 2017),
from Arctic supralittoral sites (Kang et al., 2013) and from
Antarctica (Bacior et al., 2017; Fernandez-Marin, Lopez-Pozo,
etal., 2019; Huiskes et al., 1997; Jacob, Wiencke, et al., 1992).
Several species show high physiological plasticity to accli-
mate to wide ranges of salinity (Jacob et al., 1991; Jacob,
Lehmann, et al., 1992). Most species are well photoprotected
against UV-radiation (Hartmann et al., 2016; Lud et al., 2001)
and against excess of visible radiation too (Kosugi
etal., 2020). The species with polar distribution are addition-
ally highly tolerant to freezing (Bacior et al., 2022; Ferna-
ndez-Marin, Lopez-Pozo, et al., 2019) and very frequently
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associated with nitrogen-rich  deposits (Abakumov
etal., 2021; Holzinger et al., 2006; Lud et al., 2001).

Notably, green algae species of the genus Prasiola
are widely distributed at many terrestrial and supralittoral
sites (Broady, 1989), being especially abundant near
ornithogenic soils (Abakumov et al., 2021; Smith & Grem-
men, 2001) and, even though their production rate is
lower than the one of mosses (the main primary pro-
ducers in Antarctica together with lichens), they are
important food sources and habitat for primary con-
sumers along with microflora (Davis, 1981; Lukashanets
et al., 2022). Thanks to molecular markers (plastid genes
tufA and rbcl), the taxonomy of Antarctic Prasiola species
has recently been re-examined by several authors
(Dubrasquet et al., 2021; Garrido-Benavent et al., 2017;
Moniz et al., 2012; Pellizzari et al., 2017). At least four dis-
tinct species (P. crispa, P. borealis, P. glacialis and P. ant-
arctica) have been reported in Antarctica together with
other undescribed species (Prasiola sp.) (Garrido-Benavent
et al., 2017). Overall, they inhabit the three main biogeo-
graphic regions of the continent: i.e. Eastern Antarctica
(Kappen et al., 1998; Lukashanets et al., 2021), West Ant-
arctica (Moniz et al., 2012) and Maritime Antarctica
(Dubrasquet et al., 2021; Fernandez-Marin, Lopez-Pozo,
et al., 2019; Garrido-Benavent et al., 2017). P. crispa and
P. borealis lichenised with the fungus Mastodia tessellate
appear on sea-shore rocks (Fernandez-Marin, Lopez-Pozo,
et al., 2019; Garrido-Benavent et al., 2018; Pérez-Ortega
et al.,, 2010; Smith & Gremmen, 2001). However, the
free-living Prasiola species are the most conspicuous and
occupy different habitats in Antarctica. The Antarctic Pra-
siola species dominate the vegetation in the vicinity of
seabird colonies (Abakumov et al., 2021), flourishing in
the so-called ornithogenic soils (strongly influenced by
the supply of nitrogen and organic matter) (Duran
et al., 2021). Some populations occur in temporal streams
(Moniz et al.,, 2012) and have also been found in
extremely harsh environments such as McMurdo Dry Val-
leys (Moniz et al., 2012).

In this work we selected two populations of P. antarc-
tica living on two relatively close areas in Livingston
Island, Maritime Antarctica, but in extremely contrasting
habitats (an ephemeral freshwater stream on the one hand
and a supralittoral and terrestrial environment on a rocky
beach). We hypothesise that plasticity, in both morphologi-
cal and physiological terms, may enable this Antarctic
endemism species to be successful in such harsh and con-
trasting environments. Specifically, we compare the main
anatomical features of their thalli, their photosynthetic per-
formance at different temperatures, their freezing and des-
iccation tolerances and the physiological responses of
thylakoid membranes against severe dehydration between
both populations.

© 2024 The Authors.
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RESULTS

Characterisation of the two studied populations of P.
antarctica

Figures 1 and 2 depict, respectively, the study site includ-
ing the location of the two studied populations and the
main meteorological conditions during field-work in
the vicinity of the ‘Base Antarctica Espanola Juan Carlos |
(BAE JCI)" Research station. rbcL and tufA gene sequences
recovered from the two Prasiola populations confirmed
that they corresponded to the same species (same
sequences were obtained for both populations) which
could be assigned to P. antarctica. rbcL sequence matched
99.74% with P. antarctica (JQ669721.1) and tufA sequence
99.84% with P. antarctica (KF993447.1) in NCBI BLAST
searches confirming their identity. Figure 3 and Table 1
show general morphological and anatomical aspects of the
two studied populations. Henceforth, population from Site
1 will be referred to as ‘P. antarctica pop. Beach’ and popu-
lation from Site 2 as 'P. antarctica pop. Stream’ (Figure 1).
P. antarctica pop. Beach formed dense masses very barely
attached to the substrate on a supralittoral belt (Figures 1d
and 3a). Its thallus had foliose habit and showed big cells
(11.8 £ 0.2 um high and 4.3 + 0.2 pm width; Figure 3b,c;
Table 1). The cells were arranged in clear areolae delimited
by thickened borders from a surface view (Figure 3b). By
contrast, P. antarctica pop. Stream thalli were attached to
stones on the bed of the stream and showed a filamentous
habit (Figure 3e). The cells were smaller and with thicker
cell walls (2.8 + 0.2 um) than those of pop. Beach
(Figure 3f,g; Table 1). Photosynthetic pigment composition
of both populations was rather similar. Content of chloro-
phyll (Chl) a was slightly higher at the beach population
although not significantly (Figure 3d,h). The Chl a/b ratio
(mol/mol) was 2.053 + 0.039 for Stream population and
2.22 + 0.056 for the Beach population (P = 0.096).

Photosynthetic performance

The photosynthetic performance of both populations was
analysed under different temperature conditions. Based on
the light curves of net CO, assimilation (Ay) performed at
+4°C (Figure S1), an irradiance of 500 pmol m~2 s~ photo-
synthetic photon flux density (PPFD) (Ansoo) Was selected
for the posterior measurements. Under these conditions,
P. antarctica pop. Beach and Stream showed comparably
low assimilation values (<1 pmol CO, m~2s~"; Table 1),
but temperature had a significant rising effect for both
populations (Figure 4A,B). Lowest Ayxsoo Was actually
obtained at +4°C for both P. antarctica pop. Beach and
Stream. Among populations, the differences were slightly
significant. Only at temperatures above +10°C, P. antarctica
pop. Beach presented a slightly higher assimilation rate
than P. antarctica pop. Stream.
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Figure 1. An overview of the two field sites of study.

(a) Livingston Island (highlighted in the Center of the square) in the South Shetland Islands at the NW of the Antarctic Peninsula.

(b) Location of the Spanish Antarctic Research Station Juan Carlos | (BAE JCI), in Livingston Island, highlighted with a red dot.

(c) Detail of the vicinities of the BAE JCI, showing the two sites of study: Site T: located in a coastal area close to a penguinery of Gentoo penguin, Site 2:
ephemeral fresh water stream, located several hundred metres aside from the Station at approximately 30 m a.s.l. The picture also shows the buildings of the

BAE JCI (in red) and the meteorological station (grey dot).
(d, e) Show the general aspect of Sites 7 and 2, respectively.

Based on the overall maximum values of Aysgo around
+20°C, the effect of CO, concentration was analysed in
both populations at this temperature. Given that ETR/Ay
values were within the ratio values for non-stressed plants
(Perera-Castro & Flexas, 2023) we were able to estimate C;
and gnsq according to Harley et al. (1992) and therefore we
built Ansoo-C: curves (Figure 4C). In both cases, Ansoo
increased with CO, and stabilised around 600 pmol mol~".
However, P. antarctica pop. Beach presented significantly
higher values of Ansoo. These results were also perceptible
on the photosynthetic parameters derived from the curves
(Table S1) where the electron transport rate (ETR) at satu-
rating light (Jhign) of P. antarctica pop. Beach was 40%
higher than that of P. antarctica pop. Stream and the maxi-
mum rate of carboxylation (V,nax) was also 30% higher in
Beach population. Likewise, the calculated non-stomatal
diffusion conductance (gnsq) was 61% higher in Beach pop-
ulation than in Stream population (Table 1). Analysing the

limitations to photosynthesis based on Grassi and Mag-
nani (2005), we could quantify the impact of each limitation
on photosynthesis. We detected that the biochemical limi-
tation related to V max Was responsible of 38% of the lower
values of P. antarctica pop. Stream and the non-stomatal
diffusional limitation was responsible of the other 62%.
Accordingly, ETRs were slightly but significantly
higher in P. antarctica pop. Beach (Table 1), but as observed
with carbon assimilation, temperature had a direct effect
(Figure 5; Table S2). The lowest ETR values were obtained
at +4°C, while the highest were observed at +20°C. Rapid
light curves (RLCs) indicated that only at +4°C both popula-
tions presented a decrease in PSII efficiency and this hap-
pened even at low irradiances (around 200 pmol m~2s~"
PPFD) (Figure 5A,B; Table S2). Different parameters were
derived from RLC (Table S2). Among others, the ETR at
475 pmol m~2s' PPFD was analysed, as the closest

measured irradiance point to 500 pmol m™2s~' PPFD
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Figure 2. Meteorological conditions at the field site during the study period (24th February to 19th March 2022).
(a) VPD and air temperature.
(b) PFD and 10-min rainfall. PFD, photon flux density; VPD, vapour pressure deficit.

Figure 3. Morphology and photosynthetic pigment composition of Prasiola antarctica samples of both populations [(a-d) pop. Beach and (e-h) pop. Stream].
From left to right: (a, €) macroscopic view showing the foliose habit for pop. Beach and the filamentous habit for pop. Stream.

(b, f) Habit of the blade in surface view under the light microscopy, evidencing thickenings and areolae for pop. Beach samples.

(c, g) Cross-section of the thalli stained with toluidine blue.

(d, h) Pie charts of the main pigments composition.

(Figure 5C,D). Temperature rise had a significant increase in correlation between temperature increase and ETR475 or
ETR in both populations, but the highest values were ETRmax Were analysed and for both parameters, the relation
reached by P. antarctica pop. Beach at +20°C. Moreover, the was linear until +20°C (Figure S2). The comparison between
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P. antarctica pop. P. antarctica pop.

Table 1 Selected descriptive traits of
both populations of Prasiola antarctica

Parameter Beach Stream Units thalli
Cell height 11.83 £+ 0.22a 9.09 + 0.22b pm
Cell width 4.32 £ 0.21a 3.63 £ 0.21a pum
Wall thickness 1.84 + 0.16b 2.82 + 0.16a um
Blade thickness 15.51 £ 0.25a 14.74 £ 0.25b pm
Wall percentage 32.04 +£ 0.77b 42.01 £ 0.77a %
Ansoo 0.64 + 0.09a 0.4 + 0.05a pmol CO, m2 57!
ETR max 6.09 + 0.78b 8.39 + 0.28a pmol e” m2 s
Gnsd 20.03 + 2.19a 12.41 + 1.66b mmol CO, m2s~!
Ice nucleation —2.94 + 0.45a —2.15 4+ 0.12a °C

temperature

Carbon assimilation at 500 photosynthetic photon flux density (PPFD) (Anseo) and maxi-
mum electron transport rate (ETR,.,) were measured at 4°C. Non-stomatal diffusional
conductance (gnsg) Was measured at 20°C. Data are mean + SE (n = 4). Different letters

represent significant differences between populations (P < 0.05).
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Figure 4. Effect of temperature on carbon assimilation.

Carbon assimilation in Prasiola antarctica pop. Beach [(A), red] and P. ant-
arctica pop. Stream [(B), green] at different temperatures measured at 500
PPFD (Ansoo)-

(C) Ansoo—C. curves of P. antarctica pop. Beach (red) and P. antarctica pop.
Stream (green) measured at 500 photosynthetic photon flux density (PPFD)
and 20°C. Data are mean + SE (n = 4). Letters represent significant differ-
ences between populations and different temperatures in (A, B) (P < 0.05)
and asterisks represent statistically significant differences between popula-
tions in (C) (P < 0.05).

populations showed that only in ETR,,x the response to
temperature was different, presenting P. antarctica pop.
Beach a higher tendency of increase.

Stress tolerance

The response of both populations to desiccation and freez-
ing was assessed in the laboratory of the BAE JCI

50
~ - 4°C| (b) - 4°C
‘1040 =10 °C -=-10°C
o -4-15°C 15 °G
£ -0-20°C ;1710 To20e°c
» 30 25°C Trl+#1+ § 25°C
_8 :ALiT ll 1 1
£20 Soelpddg H
E 10 gyt 4
w ¥

I a ’*ﬁ .
0 & ' e
0 1000 2000 0 1000 2000 3000
PPFD (umol m2 s-1) PPFD (umol m2 s-1)

35
— a
b 30 (© b (d) ab
E 25 - b
2 20 . . ¢
é 15 ¢
Q:E 10 | d
0 []
w

0 - T T T T

4 10 15 20 25 4 10 15 20 25
Temperature (°C) Temperature (°C)

Figure 5. Effect of temperature on the electron transport rate (ETR).

(A, B) ETR curves of Prasiola antarctica pop. Beach (red) and P. antarctica
pop. Stream (green) at different temperatures.

(C, D) ETR at 475 photosynthetic photon flux density (PPFD) obtained from
the ETR curves of P. antarctica pop. Beach (red) and P. antarctica pop.
Stream (green) at different temperatures. Data represent mean + SE (n = 4-
5). Different letters represent statistically significant differences between
populations and temperatures (P < 0.05).

(Figure 6). Both populations were tolerant to the desicca-
tion treatments, as shown in the recovery of their initial
values of the maximal photochemical efficiency of PSII
(F/Fy) (Figure 6A,B). Only a significant difference was
observed between populations at 5% relative humidity
(RH), where P. antarctica pop. Stream was slightly less tol-
erant than P. antarctica pop. Beach. Water content mea-
surements showed that both populations reached similar
values of around or less than 0.2 g H,0 g~ DW in all the
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Figure 6. Tolerance of P. antarctica thalli to controlled desiccation and freezing.

RH (%)

Temperature (°C)

(A, B) Recovery of F,/F, after 48 h of desiccation treatment under different relative humidities (RH) and following rehydration in darkness at 20°C of Prasiola ant-

arctica pop. Beach (red) and P. antarctica pop. Stream (green).

(C, D) Water content (WC) after desiccation treatment of P. antarctica pop. Beach (red) and P. antarctica pop. Stream (green).
(E, F) Recovery of F,/F,, after freezing treatment at different temperatures of P. antarctica pop. Beach (red) and P. antarctica pop. Stream (green). Data represent
mean + SE (n = 3). Letters indicate significant differences between populations and treatment levels (P < 0.05).

RH levels (Figure 6C,D). Likewise, freezing treatments indi-
cated that both populations were able to recover from
below zero temperatures in a short period of time, at least
until —18°C (Figure 6E,F). In this case, no significant differ-
ences were detected among populations. Accordingly, the
ice nucleation temperature was above —3°C for both popu-
lations, also without significant differences between them
(Table 1).

On the basis of the proven tolerance, we wanted to
deepen in the alterations that occurred in both populations
during desiccation. For this purpose, the two
populations were subjected to a moderate desiccation treat-
ment at 50% RH and +4°C for 40 h (Figure 7). Water loss of
both populations was monitored during desiccation. The
loss of absolute water content and relative water content
(RWC) was similar in between them. Even if not significant,
it is worth noting that P. antarctica pop. Stream presented
higher absolute water content values and more pronounced
RWC loss than P. antarctica pop. Beach (Figure 7a,b). The
maximal photochemical efficiency of PSII (F,/F,), estimated
through Chl a fluorescence measurements, progressively
decreased during desiccation, being significantly different
between both populations only 14 h after the beginning of
the treatment (Figure 7c,d). Deeper analyses of the data
[e.g. correlation between F/F, and RWC (Figure S3)]
showed that F,/F,, started to decrease when the RWC was
around 50% in the two populations.

© 2024 The Authors.

Photoprotection and stress

Alterations in the content of main photoprotective mole-
cules in response to the controlled desiccation treatment
were also analysed by comparison of hydrated and desic-
cated samples (Figure 8). The xanthophyll cycle caroten-
oids violaxanthin (V), antheraxanthin (A) and zeaxanthin
(Z) were analysed. The VAZ/Chl a + b ratio was rather high
(>80 mmol mol~"), but very similar between populations
and was not significantly altered during desiccation
(Figure 8A). This was also the case for the total content of
carotenoids (Car/Chl a+ b, Figure 8C). In contrast, both
AZ/VAZ ratio and o-tocopherol (a-Toc/Chl a + b) were sig-
nificantly different (Figure 8B,D; Table S3). During desicca-
tion, AZ/VAZ only increased significantly in P. antarctica
pop. Stream, indicating differences among populations but
also in response to the treatment. The a-Toc/Chl a + b ratio
did not change with the treatment, but P. antarctica pop.
Beach contained three times higher levels than P. antarc-
tica pop. Stream (Figure 8D).

Lipids and stress

Polar lipid content (phospholipids and glycerolipids) was
the same in hydrated thalli of both populations (around
37 nmol g=' DW) and was not affected by desiccation
(Table 2). Major components of the lipidome were DGDG
and MGDG among GLs (together representing 74-83% of
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Figure 7. Water relations and kinetics of F,/F., of Prasiola antarctica popula-
tions during controlled desiccation.

Changes in absolute water content (a), relative water content (RWC) (b), F,/
Fn, (c) and percentage of F,/F, (d) during desiccation treatment at 50% rela-
tive humidity (RH) and 4°C of P. antarctica pop. Beach (red) and P. antarctica
pop. Stream (green). Data are mean + SE (n = 4). Asterisks indicate statisti-
cally significant differences between populations (P < 0.05).

the GL pool) and phosphatidylcholine (PC) and phosphati-
dylinositol (Pl) among phospholipids (together represent-
ing 62-68% of the phospholipid pool), with a lower
proportion of trigalactosyldiacylglycerol (TGDG), phospha-
tidylglycerol (PG), phosphatidylethanolamine (PE) and
phosphatidylserine (PS) and a negligible amount of
tetragalactosyldiacylglycerol (TeGDG). Desiccation only
induced changes in P. antarctica pop. Beach among the
major polar lipids (MGDG, PC and PE increased).

The most abundant molecular species among GLs
(Figure 9) were those containing 34 carbons, in particular,
those with six double bonds (34:6), which accounted for 52
and 62% of the total GL pool in the Beach and Stream pop-
ulation, respectively. This pattern was the same irrespec-
tive of the number of galactose residues of the polar head,
except in the case of TeGDG whose most abundant molec-
ular species was (42:5). For the case of phospholipids
(Figure S4) the most abundant species contained 34 car-
bons (34:2) for PG and PI, 38 carbons (38:6) for PC and 40
carbons (40:7) for PE. Fatty acid unsaturation did not differ
much between both populations and it was higher in GLs
than in phospholipids, with desaturation increasing in the
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Figure 8. Photoprotection mechanisms of Prasiola antarctica thalli to controlled desiccation in pop. Beach (red) and pop. Stream (green).
Changes in VAZ/Chl (A), AZ/VAZ (B), Car/Chl (C) and a-Toc/Chl (D) during desiccation treatment at 50% relative humidity (RH) and 4°C (light colour). Data are
mean + SE (n = 5). Letters indicate statistically significant differences between populations and treatment (P < 0.05).
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Table 2 Main polar lipid composition of Prasiola antarctica populations under controlled desiccation treatment (nmol mg~'DW)

P. antarctica pop. Beach P. antarctica pop. Stream Two-way ANOVA

Polar lipid Control Dehydrated Control Dehydrated Population Treatment Interaction
DGDG 5.47 + 0.63a 5.69 + 0.55a 455 + 0.27a 5.47 + 0.52a 0.28 0.28 0.51
MGDG 3.73 £ 1.19% 9.45 + 1.27a 5.13 + 0.57b 5.44 + 1.14b 0.25 0.01 0.02
TGDG 3.18 + 0.10a 2.94 £ 0.24ab 2.29 + 0.08c 2.60 + 0.14bc P<0.01 0.85 0.09
TeGDG 0.03 + 0.02b 0.07 + 0.01b 0.13 £+ 0.02a 0.05 + 0.01b P<0.01 0.15 P<0.01
PG 1.95 + 0.19a 1.82 + 0.32a 1.37 £ 0.07a 1.46 + 0.16a 0.04 0.93 0.59

PC 4.15 + 0.67b 9.42 + 1.38a 3.85 + 0.19b 3.53 + 1.58b 0.01 0.04 0.02

PE 2.34 + 0.39b 4.29 £+ 0.41a 2.57 £ 0.12b 3.16 + 0.86ab 0.4 0.03 0.21

Pl 6.16 + 0.24a 5.54 + 0.26a 5.61 + 0.23a 6.05 + 0.34a 0.93 0.74 0.07

PS 0.99 + 0.07bc 0.94 + 0.05¢ 1.20 £ 0.10ab 1.26 + 0.10a P<0.01 0.94 0.46

PA 3.99 + 0.48ab 1.41 £ 0.47b 5.67 £+ 0.50a 5.10 £+ 1.58a P<0.01 0.1 0.28
LPG 0.23 + 0.03a 0.03 + 0.02¢c 0.18 £+ 0.01ab 0.10 £ 0.04bc 0.8 P<0.01 0.04
LPC 3.09 £ 0.31a 0.90 £+ 0.12c 2.45 + 0.14ab 1.70 + 0.44bc 0.79 P<0.01 0.02
LPE 1.12 £ 0.04ab 0.44 + 0.07¢c 1.33 £ 0.08a 0.90 + 0.15b P<0.01 P<0.01 0.19
DGTS 0.00 + 0.00ab 0.01 + 0.00a 0.00 + 0.00ab 0.00 + 0.00b 0.03 0.76 0.1
MGTS 0.43 + 0.10a 0.06 + 0.02b 0.20 + 0.04b 0.06 + 0.02b 0.05 P<0.01 0.05
Total 36.86 + 2.63a 43.01 £ 3.13a 36.53 + 1.13a 36.88 + 1.95a 0.184 0.183 0.235

Desiccation treatment was conducted at 50% relative humidity (RH) and +4°C. Data are mean + SE (n = 5). Letters indicate significant differ-
ences between populations and treatment (P < 0.05). The results of the two-way analysis of variances for the effect of population and treat-
ment for each lipid are indicated on the right columns of the table (P < 0.05). P-values are indicated in bold when significant at P < 0.05.
DGDG, digalactosyldiacylglycerol; DGTS, diacylglyceryltrimethylhomoserine; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanola-
mine; LPG, lysophosphatidylglycerol; MGDG, monogalactosyldiacylglycerol; MGTS, monoacylglyceryltrimethylhomoserine; PA, phospatidic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phosphatidylinositol; PS, phosphatidylserine;
TeGDG, tetragalactosyldiacylglycerol; TGDG, trigalactosyldiacylglycerol.

order PI-PG-PS-PC-PE-TGDG-MGDG-DGDG (Figure S5).
Desiccation induced a further increase of unsaturation in
phospholipids, more noticeably in P. antarctica pop. Beach.
The number of insaturations in the fatty acids of GLs was
not affected by desiccation, being its unsaturation index
close to a theoretical maximum of 300. Desiccation did not
induce a significant rise in cylindrical GLs (DGDG, TGDG
and TeGDG), which constitutively represented a high pro-
portion of the total lipids in both populations (Figure 10).

DISCUSSION

Thriving in harsh environments requires thylakoid stability
in P. antarctica

Antarctica is the coldest continent on Earth and the only
one dominated by non-vascular vegetation (Ochyra
et al., 2008; @vstedal & Lewis Smith, 2001; Peat et al., 2007;
Robinson et al., 2003). It is essentially a cold desert with
extreme conditions that make it difficult for terrestrial pho-
tosynthetic organisms to thrive. The availability of crucial
environmental factors within a range suitable for growth is
greatly limited. These are mainly irradiance (which is sea-
sonally restricted and decreases with increasing latitude),
temperature and liquid water (Robinson et al., 2003). Addi-
tionally, more than 90% of the land is covered by perma-
nent ice. This restricts the distribution of the vegetation to
the 0.44% of ice-free surface, which is additionally the

© 2024 The Authors.

space where humans exert most of their disturbance
(Brooks et al., 2019). Despite these challenges, Antarctica
still sustains a significant bulk of photosynthetic organisms
and their biochemical mechanisms and capacity to accli-
mate to a changing environment are largely understudied
(Colesie et al., 2023). Understanding their morphological
and physiological adaptations to thrive in such a harsh
environment is essential for making more accurate predic-
tions about the effects of climate change on vegetation
(Colesie et al., 2023) and could set the basis to decipher
key mechanisms for improving the photosynthetic capabili-
ties of model organisms too (Fernandez-Marin, Gulias,
et al., 2020; Levin et al., 2021).

The species within the genus Prasiola represent some
of the most outstanding photosynthetic organisms of Ant-
arctica. Overall, they represent one of the primary food
sources and habitat of Antarctica in many terrestrial and
supralittoral ecosystems (Davis, 1981; Lukashanets
et al., 2022). They dominate vegetation communities in the
surroundings of bird colonies standing relatively high soil
contents of nitrogen and phosphorus (Abakumov
et al., 2021; Duran et al., 2021) and also serve as habitat for
dense populations of invertebrates (Lukashanets
et al., 2022). Specifically, our results evidence the excep-
tional capabilities of P. antarctica, which is able to succeed
in very contrasting micro environments such as terrestrial
supralittoral belt and fresh-water ephemeral streams. In

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 119, 65-83

85UBD17 SUOWILLIOD BAIFER1D 3|qedljdde auy Aq pausenob afe sapie VO ‘88N JOSa|NJ 0 A%Iq1T8UI|UO AB|IM UO (SUOIPUOD-PUR-SLLBHWIOD" A | IM Afe.q) 1 BU|UO//SONY) SUO BIPUOD PUe SWwie | 8L 885 * [7202/£0/50] Uo Ariqiaujuo AB|IM ‘00se ASEd A PepSRAIUN AQ 2729T' [dy/TTTT 0T/I0p/L00 A8 Im AR aq 1 UIIUO//SANY W14 papeo|UMOQ ‘T ‘202 XETESIET



74 Miren I. Arzac et al.

< ° (a) - Control 2 (b) . Control

%4 i I [Joehydrated %—\ [Jpehydrated

B > b

Est 2 1

e o1

S o]

£2 £

2 ©

Q11 LDD L7 I

&) ﬂi‘} = i II

0 t T 0 = il i 4 —

= |[© ~ [@ - 150 _

3 28 g

-6 1 [a) Q

; i ®

g 26 - 1002

24 4 5 3

aall 2, :

£ 2

o K s0 2

a2 8 iA

(Sr) 11 %2 bx}[ I i g
I

0 iiﬂ e E |_0 A1k x 0o
EUYTANTOERNOOTONT AN QYT ® QNYTNNTOROOUIONTORQN IO
FIFTIIISRSRISRISS38I8IS IFIIIITLBRE8B3888IBBIIY

Figure 9. Molecular species composition of galactolipids in Prasiola antarctica populations under controlled desiccation treatment.

Differences in molecular species of DGDG (a), TGDG (b), MGDG (c) and TeGDG (d) analysed in P. antarctica pop. Beach (red) and P. antarctica pop. Stream
(green) before (bright colour) and after (light colour) desiccation treatment at 50% relative humidity (RH) and 4°C. Data represent mean + SE (n = 5). DGDG,
digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; TeGDG, tetragalactosyldiacylglycerol; TGDG, trigalactosyldiacylglycerol.

the light of our results, P. antarctica is remarkably tolerant
to desiccation and freezing stress, e.g. can survive a drop
of water content down to 0.1 g H,0 g~' DW and can toler-
ate, in the hydrated state, temperatures down to —18°C
(Figure 6).

The capacity to withstand freezing temperatures down
<-18°C is shared with other Antarctic species of the genus,
such as P. crispa (Bacior et al., 2022; Becker, 1982; Ferna-
ndez-Marin, Lépez-Pozo, et al., 2019; Kosugi et al., 2010),
but the molecular mechanism enabling it are not yet fully
understood (Bacior et al., 2022). The accumulation of com-
patible and soluble osmolytes, such as proline, seems to
be part of the biochemical mechanism enabling freezing
tolerance in P. crispa (Jackson & Seppelt, 1995). However,
some other important adaptations to thrive in extreme
environments include the ability to maintain membrane
stability (Fernandez-Marin, Gulias, et al., 2020; Gasulla
et al., 2019). Photosynthetic organisms respond to changes
in environmental conditions by modifying the chemical
composition of their membranes to optimise their func-
tions including their direct interaction with photosynthetic
complexes, a process known as lipid remodelling (Chng
et al., 2021; Yoshihara & Kobayashi, 2022; Yu et al., 2021).
This can be achieved by modification of the acyl chain
(desaturation and/or length) or the polar head group. While
the overall lipid composition of our populations of P. ant-
arctica was similar to other algae species (Gasulla
et al., 2016; Sato et al., 2003) the acyl chain composition
differed markedly, with a much higher degree of

unsaturation (34:6 was the dominant molecular species).
The enhancement of fatty acid chain unsaturation in
response to low temperatures is a process widely
described (Welti et al., 2002) that contributes to the thermal
adjustment of membrane fluidity (Ernst et al., 2016). High
content of polyunsaturated fatty acids has also been
reported for arctic populations of P. crispa with domination
of 18:3 molecular species (Graeve et al., 2002). The degree
of unsaturation was particularly high in the case of GLs of
P. antarctica, with fatty acid unsaturation values close to
the theoretical limit of 300 (Figure S5), which means that
all acyl chains have three desaturations. TGDG, in particu-
lar, comprised a very high proportion (close to 100%) of
polyunsaturated fatty acids (18:3, 18:2, 16:3, among
others).

In response to freezing and desiccation, the propor-
tion of cylinder-shaped lipids increases, with concomitant
decrease of conic-shaped lipids, a process that decreases
the risk of formation of non-bilayer membranes (Gasulla
et al., 2019). This is typically reflected by an enhancement
of the PC:PE or the DGDG:MGDG ratios (Yu et al., 2021).
Thylakoid stability can be further enhanced by the pres-
ence of glycolipids with larger polar heads: TGDG and
TeGDG, with three and four galactose residues, respec-
tively. In P. antarctica the content of TGDG represented
between 16 and 26% of total GL content, a ratio 5-10 times
higher than that of other photosynthetic organisms, such
as chlorophyte algae (Gasulla et al., 2016), which repre-
sents an exceptionally high constitutive content. Among
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Figure 10. Percentage of oligogalactolipid composition of Prasiola antarc-
tica populations under controlled desiccation treatment.

Changes in DGDG/Total (A), TGDG/Total (B) and TeGDG/Total (C) before
(solid) and after the desiccation treatment conducted at 50% relative and
4°C (light colour) of P. antarctica pop. Beach (red) and P. antarctica pop.
Stream (green). Data represent mean + SE (n = 5). Letters indicate statisti-
cally significant differences between populations and treatment (P < 0.05).
DGDG, digalactosyldiacylglycerol; TeGDG, tetragalactosyldiacylglycerol;
TGDG, trigalactosyldiacylglycerol.

other phototrophs, a comparable proportion of TGDG has
been described in some cold-water dinoflagellate species
(Flaim et al.,, 2012; Leblond et al., 2010) and after
freezing-acclimation in leaves of the cold-tolerant angio-
sperm Boecheria stricta (Arisz et al., 2018). Moreover, it is
assumed that the presence of cylinder-shaped TGDG with
large polar heads is necessary to stabilise thylakoids when
water content drops (Chng et al., 2021). In that sense, the
TGDG/DGDG ratio of 0.6 obtained in P. antarctica is higher
than that found in other desiccation tolerant photosyn-
thetic organisms: e.g. 0.05 in chlorophyllous fern spores
(Lopez-Pozo et al., 2019) or 0.1-0.2 in leaves of resurrection
angiosperms (Fernandez-Marin, Nadal, et al., 2020).
Indeed, Gasulla et al. (2013) have shown that TGDG

© 2024 The Authors.
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content also responds positively to desiccation stress in
the resurrection plant Craterostigma plantagineum. In spite
of the high responsiveness of TGDG to environmental
stress in angiosperms, in P. antarctica, it was not affected
by desiccation, being the constitutive content of TGDG
high in hydrated thalli in both populations (Figure 10).
Physical stability and protection of the thylakoid mem-
branes is also reinforced by xanthophylls, such as anther-
axanthin and, more importantly, zeaxanthin (Grudzinski
et al., 2017; Havaux, 1998). The total pool size of xantho-
phyll cycle pigments (e.g. VAZ) is variable in response to
cumulative demanding requirements (Esteban et al., 2015).
So, the high VAZ/Chl repeatedly found in different species
at high latitudes may indicate a pre-emptive protective
stage of the photosynthetic membranes in these harsh
environments where low temperature, intermittent water
availability and irradiance converge (Fernandez-Marin,
Gago, et al., 2019; Fernandez-Marin, Lépez-Pozo, et al.,
2019; Garcia-Plazaola, Lopez-Pozo, & Fernandez-Marin,
2022). The elevated VAZ/Chl values obtained in P. antarc-
tica are in agreement with previous reports at high lati-
tudes, where most photosynthetic organisms are subjected
to high thylakoid protection requirements. Altogether,
these findings suggest that the harsh Antarctic conditions
favour stability (higher TGDG:MGDG to avoid destabilisa-
tion and membrane fusion) in thylakoids membranes of
P. antarctica, as well as more fluidity (high unsaturation
values to favour the rate of electron transport chain redox
reactions).

Anatomy and photosynthesis in P. antarctica

At a higher cellular scale, the studied specimens of P. ant-
arctica had a monostromatic thalli with a blade thickness
and protoplast size similar to other Prasiola species (Hol-
zinger et al., 2006; Richter et al., 2017) including P. antarc-
tica (Jacob, Lehmann, et al., 1992), which was referred to
as 'P. crispa subsp. Antarctica’ in bibliography prior
to Moniz et al. (2012). Also cell wall thickness was compa-
rable to previously analysed Prasiola spp. (around 2-3 um)
which is remarkably thicker than in other terrestrial algae,
e.g. 0.1-0.3 um in Chlorella vulgaris, Coelastrella, Haema-
tococcus pluvialis and Scenedesmus (Spain & Funk, 2022).
The thicker cell walls may be necessary for desiccation toler-
ance, to prevent tissue damage during dehydration (Nadal
et al., 2021) and be related to their adaptations to the harsh
environments of Antarctica. In turn, this could also be partly
a reason behind the relatively low carbon assimilation rate
obtained for P. antarctica at ambient temperature of +4°C
(<1 umol CO, m~2s7"), since thick cell walls (but also its
specific porosity and chemical composition) are generally
related to lower assimilation values, due to CO, diffusional
limitations (Flexas et al., 2021; Nadal et al., 2021). Indeed,
the effect of the thicker cell walls was partially reflected in
low non-stomatal conductance g,sq values. These values
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are similar to the ones obtained in other non-vascular plants
in Antarctica (Carriqui et al., 2019; Perera-Castro et al., 2020;
Roig-Oliver et al., 2021). However, we could not compare to
other algae, since to the best of our knowledge, this is the
first time that a diffusion conductance is calculated in algae.

Temperature is another factor greatly affecting the effi-
ciency of carbon assimilation. Photopsychrotolerant organ-
isms are able to acclimate and live at low temperatures
(from 0 to +5°C), but present higher growth rates at ele-
vated temperatures (>+20°C) (Huner et al., 2022; Mor-
ita, 1975). Thus, in the light of the results obtained,
P. antarctica is a photopsychrotolerant species. Optimal
high temperatures for net carbon assimilation (between +15
and +25°C) are rather frequent among terrestrial photosyn-
thetic organisms in Antarctica including bryophytes
(Perera-Castro et al., 2020), lichens (Kappen et al., 1998) and
other species of Prasiola too (Kosugi et al., 2010). Even
when air temperatures are rarely above +10°C in the study
site [i.e. recent record for Livingston Island was +12.6°C dur-
ing the 6-11 February 2022 heatwave that affected Maritime
Antarctica (Gonzalez-Herrero et al., 2022)], tissue tempera-
ture can rise several degrees above the air temperature as a
consequence of incident irradiance (Perera-Castro
et al., 2020, 2021). In our study, optimal temperature
obtained for the net carbon assimilation of P. antarctica fell
within the range of +10 to +25°C. Interestingly, in a global
warming context, P. antarctica may thus find advantages
with a significant rise in its growth capacity. Nonetheless,
this temperature-dependent increase was different between
ETR and Ansoo (Figures 3 and 4). This uncoupling may indi-
cate an important photoprotection demand for P. antarctica
and even so, some energy can be risky diverted to O, as
electron acceptor, which must be accompanied by an accu-
mulation of antioxidants to mitigate the oxidative damage
(Foyer et al., 1994). Although less probable, an effect of
temperature on the absorbance of photosystems as a
potential reason behind this uncoupling cannot be totally
rejected. These temperature-dependent changes do not sig-
nificantly vary in Antarctic bryophytes (Perera-Castro
et al., 2020), but have not been specifically tested for
Prasiola yet.

In cold environments, there can be an imbalance
between the absorption of light and the capacity of photo-
synthesis to use that energy (Ort, 2001). To obtain a bal-
ance, also called photostasis, the fast first
photobiophysical processes of light absorption and elec-
tron transfer must be coupled with the much slower sec-
ond process of photochemistry associated with the
electron transport chain redox reactions and with
the soluble enzymes of the Calvin-Benson-Bassham Cycle
(Huner et al., 2022). The first process is temperature inde-
pendent, whereas the second one is temperature depen-
dent. Therefore, one of the main challenges in polar
regions for photoautotrophic organisms is to obtain a

balance between the absorbed photons and transformed
energy under extreme environmental conditions (Huner
et al., 1998). To be able to withstand these conditions the
photoautotrophs show various adaptations. On one hand,
the observed high degree of unsaturation in the membrane
lipids implies a more fluid membrane that could increase
the rate of the electron transport chain redox reactions
(Ernst et al., 2016; Welti et al., 2002). On the other hand,
one of the mechanism to dissipate the excess of energy is
through non-photochemical quenching which could be
related to the high values detected of VAZ/Chl, around 90—
100 mmol mol~", that fall within the upper limit of the
expected range for terrestrial photosynthetic eukaryotes
(Esteban et al., 2015). This high ratio is in agreement with
data found for other Antarctic tundra species (Garcia-
Plazaola, Lépez-Pozo, & Fernandez-Marin, 2022). Even
though, this was not enough to prevent a reduction on the
ETR at the coldest temperature measured (as a conse-
quence of down regulation of PSII efficiency), that already
decreased at PPFD higher than 150 pmol m™2s™' in
Stream population and 250 pmol m~2 s~ in Beach popula-
tion. At higher temperatures, electron source and sink
reached photostasis, therefore, no down-regulation of PSII
efficiency was detected.

The trick to succeed: anatomical versus physiological
plasticity in P. antarctica

The studied populations of P. antarctica live in different
habitats that present distinct physico-chemical abiotic
stressors. In Site 1, P. antarctica shows a terrestrial habit
and is exposed to limited water availability, depending
only on rain water and/or by a sporadic flood from the
nearby stream and it is also exposed to direct sunlight that
can increase the thalli temperature, as has been demon-
strated to occur in other Antarctic species (Ohtani
et al., 1990; Perera-Castro et al., 2020). Moreover, in this
supralittoral habitat the proximity to sea water can result
in exposition to salt spray (Jacob, Lehmann, et al., 1992).
In Site 2, P. antarctica is submerged in a glacial water
stream until summer end, when the stream flow disap-
pears and the thalli emerges. Therefore, this population
lives in a colder and more stable environment in terms of
water availability and temperature. This population has
probably less access to nutrients and is attached to rocks
under the stress of the stream flow. Interestingly, previous
studies have shown that P. antarctica has the capacity to
grow under different salinities (Jacob et al., 1991). This
adaptability to salinity is represented in our study by the
selected populations and their different locations.

The two studied populations displayed varying mor-
phologies at macroscopic and microscopic scale. Thalli
architecture in pop. Stream was flattish and the width of
each frond was thinner than pop. Beach, where the thalli
was folded and tended to grow more stacked (Figure 3).
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These macroscopic changes were also detected by (Jacob,
Lehmann, et al., 1992) when P. antarctica was grown in
freshwater or seawater under controlled conditions. At a
microscopic scale, cells were organised in groups of four
and had similar width (around 4 um), but in the case of
pop. Stream the cells were more stacked. Biggest differ-
ence was found on the thickness and proportion of the cell
wall (Table 1). The stream population had thicker cell walls
(around 1 um thicker). This higher thickness could be
related to an adaptive response to hyposaline conditions
to prevent the water influx occurring during osmoregula-
tion (Jacob et al., 1991), or it could be an adaptation to
reduce the mechanical damage related to current velocity
of the stream flow. Remarkable morphological differences
among populations occurring in ecologically contrasting
habitats have also been reported for other Prasiola species.
As an example, arctic populations of P. crispa are morpho-
logically different in response to the proximity to bird colo-
nies and the consequent differences on fertilisation
(Richter et al., 2017), while P. mexicana shows a wide
range of habitats and morphometric variations in mexican
streams related to current velocity and irradiance (Ramirez
et al., 2007).

Aside from morphological differences, photosynthetic
performance in both populations was also different. Over-
all, pop. Beach showed significantly higher values than
pop. Stream. The optimal temperature was slightly shifted
towards higher values in pop. Beach (+20°C). This popula-
tion also showed the highest rates of Ay, Jhigh and Vemax.
Indeed, the analysis of the photosynthetic limitations
showed that in Stream population the metabolic limitation
(related to V nax) represented 32% of the difference. This
limitation could be associated with the morphology of the
thalli, where the pop. Beach has a greater proportion of pro-
toplast and therefore, more photosynthetic active tissue.
This can be also observed in a higher quantity of Chl in pop.
Beach than in pop. Stream: 4.2 + 0.3 versus 3.1 + 0.5 Chl
a+b umol g~' DW, respectively. These characteristics
could lead to the idea that Beach population is behaving like
‘sun-acclimated’ individuals, comparing to the more shade-
adapted individuals of Stream population. This idea is par-
tially sustained by the values of Chl a/b, which presents
slight difference among populations (P = 0.096). However,
as there is no measured accumulated irradiance data
available we can not conclude that Beach population pre-
sented a more ‘sun-acclimated’ character. Furthermore, a
higher V.may is usually related to a higher Rubisco content
(Walker et al., 2014). Rubisco is the main N component, and
therefore, the higher Vimax in P. antarctica pop. Beach than
in pop. Stream could also be associated with the higher
nutrient availability nearby the penguin colony. Because of
this, it would be reasonable to expect a higher Rubisco con-
tent in the Beach population than in the Stream one.
Another possible explanation for the differences in the
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photosynthetic performance between populations are the
limitations of the diffusion of CO,. Indeed, diffusional limi-
tation represented 68% of the difference in photosynthesis
in Stream population of the above-mentioned analysis of
photosynthetic limitations. We did detect lower g,sq values
in Stream population than in Beach population that indicate
a lower ability for CO, diffusion through the wall. As a mat-
ter of fact, Stream population presented higher cell wall
thickness than Beach population. Roig-Oliver et al. (2021)
demonstrated in Antarctic mosses that thicker cell walls
were related to lower assimilation rates, with relevance also
of a different composition of the cell walls. This occurs
because the combination of cell wall thickness and bio-
chemical composition affects CO, diffusion (Flexas
et al., 2021). Therefore, variations in the cell wall may also
be the cause of the differences in photosynthetic perfor-
mance between P. antarctica pop. Stream and pop. Beach.

Interestingly, both populations differed also in the con-
tent and responsivity (changes in the content) of key protec-
tive molecules such as carotenoids of the xanthophyll cycle
and a-tocopherol. A rise in the AZ/VAZ ratio in response to
desiccation has typically been reported in photosynthetic
organisms tolerant to desiccation, including chlorophytes,
during cell water loss (Fernandez-Marin et al., 2011; Ferna-
ndez-Marin, Roach, et al., 2021). In response to controlled
desiccation in darkness, both populations increased their
AZ/NVAZ ratio. This rise was, however, much more pro-
nounced and only significant in P. antarctica pop. Stream.
Both populations had also significantly different a-Toc/Chl
content. P. antarctica pop. Beach showed values compara-
ble to P. crispa samples from Maritime Antarctica i.e. 60—
90 mmol mol™" Chl (Fernandez-Marin, Lépez-Pozo, et al.
2019). By contrast, P. antarctica pop. Stream showed very
low average values below 20 mmol mol~" Chl. It seems
likely that repetitive cycles of immersion/emersion, with the
consequent sudden changes in light, may have favoured a
dynamic thylakoid protection mechanism based on respon-
sive xanthophyll cycle in pop. Stream. By contrast, higher
irradiances, longer dry periods and contrasting tempera-
tures are probably more frequent in the terrestrial (and
always emerged) pop. Beach, and consequently relies on
higher a-Toc/Chl content.

In summary, P. antarctica has an extraordinary capac-
ity to succeed in harsh Antarctic ecosystems including very
contrasting micro environments such as terrestrial supralit-
toral belt and fresh-water ephemeral streams. Importantly,
our data suggest that, at least partially, its success relies
on a constitutive and efficient protection of thylakoids with
an extraordinary composition of lipids and a high content
of photoprotective xanthophylls that, overall, may protect
photosynthetic apparatus under severe desiccation and
freezing conditions. The biochemical composition of P. ant-
arctica thylakoids favours, with a high proportion of cylin-
drical DGDG, the presence of substantial amounts of
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TGDG and an almost complete desaturation of acyl chains.
As a result, the potential for stress-induced (desiccation)
lipid remodelling is severely limited. The plasticity of
P. antarctica seemed to depend greatly on anatomical
changes, thus engrossed cell walls are favoured in fresh-
water environments and on some biochemical changes,
e.g., accumulation of o-Toc is favoured in terrestrial envi-
ronments. Based on the plasticity that presents
P. antarctica as well as the known wider distribution of
other polar Prasiola spp. (Garrido-Benavent et al., 2017),
future studies that analyse the anatomical and physiologi-
cal plasticity traits in regard to their distribution would be
of high interest.

EXPERIMENTAL PROCEDURES
Study site

The study was conducted in the surroundings of the Spanish Ant-
arctic Research Station ‘Base Antartica Espanola Juan Carlos I’
(BAE JCI) in Livingston Island, South Shetland (62°40" S,
60°23' W) (Figure 1). Field sampling and measurements were done
at the end of the summer between the 26th of February and the
17th of March 2022. Two different populations of Prasiola sp. liv-
ing in very contrasting environments were evaluated: one with ter-
restrial habit living on a beach, above the shore and on an
herbaceous Antarctic tundra composed mainly of Deschampsia
antarctica close to a penguinery, located at the W of the BAE JCI
(Site 1, Figure 1); the other with freshwater habit, lived in a small
ephemeral stream located at the E of the BAE JCI (Site 2, Figure 1).
The stream is born a few hundred metres above the sampling site
in a glacial melting pool and the flow is intermittent during sum-
mertime. Both populations were in North-facing exposures (south
hemisphere). However, the overall incident solar radiation was
lower at the stream location where individuals were vertically
attached to rocks and very frequently submerged under a few
millimetre of water depth. In contrast, at the beach population the
thalli were horizontally attached over the substrate and not sub-
merged. To better characterise the microenvironment of each pop-
ulation the general conditions of these different areas were
collected from the available data published on Antarctic streams
and coastal areas close to small penguin colonies in nearby areas
(Table S4).

Meteorological conditions

Air temperature, vapour pressure deficit (VPD), precipitation inten-
sity (10 min) and PFD recorded by the nearby meteorological sta-
tion (AEMET) are shown in Figure 2 for the studied period. During
this period, the air temperature ranged between —2.7 and +4.2°C
and the average daily rainfall was 1.24 mm day~". Atmospheric
RH was on average 81% and, as a result, VPD was never higher
than 0.3 kPa. The sky was mostly cloudy with a cumulative daily
irradiance, on average, of 13.01 mol photons m~2 day~" and with

radiation peaks of 1400 pmol m2 s,

Molecular identification of Prasiola samples

Four samples (two collected at each site) were used for molecular
identification. DNA extraction was carried out using the E.Z.N.A.®
DNA soil Kit (Omega Bio-tek, Norcross, GA, USA) following the
manufacturer's instructions. A fragment of the ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit gene (rbcl),

optimal to infer phylogenetic relationships in the genus (Moniz
et al., 2012) was used, as well as the plastid-encoded tufA gene as
a second molecular marker. Amplification was carried out using
the primer pairs rbclL-pras-F and rbcL-pras-R and tufAF-pras and
tufAR-pras respectively (Garrido-Benavent et al., 2018) using GE
Healthcare illustra™ PuReTaq Ready-To-GoTM PCR Beads (GE
Healthcare, Chicago, IL, USA). The reaction conditions were as fol-
lows: denaturation at 95°C for 5 min, followed by 35 cycles of
denaturation at 94°C for 1 min, annealing at 55°C for 1 min and
extension at 72°C for 2 min (final extension at 72°C for 10 min).

Experimental design

Five different blocks of measurements were conducted. First, we
took samples randomly from both populations for a general char-
acterisation: anatomically and in terms of the photosynthetic pig-
ment composition. Second, we compared photochemical
(chloroplast electron transport) and photosynthetic (carbon fixa-
tion) efficiencies under different controlled conditions. Third, we
evaluated the capability of both populations to tolerate different
sub-zero temperatures and assessed their ice nucleation tempera-
tures (Experiment 1). Fourth, we checked the capability of both
populations to withstand different dehydration extents in the lab
(Experiment 2). Finally, we conducted a controlled desiccation
experiment to evaluate the differences among both populations
on desiccation rate and on the subsequent biochemical adjust-
ments at chloroplast level by analysing photosynthetic pigments,
tocochromanols and plastid lipids (Experiment 3). All the experi-
ments were conducted in Antarctica (ex situ in the lab of the BAE
JCI, very close to the collection sites and with fresh collected
material). For biochemical analyses, samples were kept frozen at
—80°C and then analysed in our lab at the UPV/EHU. Frozen sam-
ples were freeze dried with a Heto PowerDry LL3000 freeze dryer
(Thermo Fisher Scientific USA) for 72 h. Then, aliquots of lyophi-
lised material (10-15 mg for lipids and 5 mg for pigments) were
grinded using a Mixer Mill MM 400 (Retsch™, Germany) with two
stainless steel G200 precision balls of 5 mm diameter and a bun-
dle of T mm glass beads per Eppendorf tubes of 2 ml capacity.

In Experiment 1, we evaluated the extent of tolerance to sub-
zero temperatures by subjecting wet samples of both populations
to controlled cooling and rewarming profiles. Specifically, small
thalli (n = 6 per population) were put over wet paper into individ-
ual wells within a custom-made thermoelectric device (Interna-
tional Patent W02024028532). Briefly, in this device, several
Peltier elements are joined on a thermal block (made of alumin-
ium and thermally isolated from outside). The thermal block is
controlled by software to regulate the desired temperature treat-
ments. Starting temperature was set to +15°C, initially dropped to
0°C in 30 min and then decreased at a cooling rate of 8 K h™ " to a
target temperature of either —6, —12 or — 18°C (see the Data S1
for further details). Maximal photochemical efficiency of PSII
(F,/F) before freezing and after >4 h of rewarming at 15°C were
measured to estimate the freezing tolerance as % of values
obtained at time zero. To determine ice nucleation temperature,
we used the same device and compare temperature registered by
a reference thermocouple (TL0260; PerfectPrime) and another
attached to each sample, along a cooling treatment (cooling rate
8 K h™"). Temperatures were registered in a CR 1000X; Campbell
Scientific data logger every second. By subtracting sample tem-
perature from the reference, ice nucleation temperature was deter-
mined at the onset of the exothermic peak.

In Experiment 2 we assessed the tolerance of both popula-
tions to dehydration treatments of three different severities follow-
ing the ‘Falcon test’ method described in Lopez-Pozo et al. (2019).
Briefly, fully hydrated samples were subjected to three different
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RHs: 75, 50 and <10% and then rehydrated. The RWC (estimated
as % of actual water content to maximum water content ratio) and
F./F were monitored at time 0, after 48 h of dehydration
and after 24 h of rehydration. We used three replicates per treat-
ment (nine for species, in total). Whole experiment was conducted
in darkness and at approximately +20°C.

In Experiment 3, we conducted a detailed monitoring of
dehydration ratio, evolution of F/F,, and dynamics in photosyn-
thetic pigments, tocochromanols and chloroplast lipids, during a
controlled dehydration of 40 h at 50% RH and at +4°C, in darkness
and in a hermetic box. Water content and F,/F,, were recorded at
times: 0, 1, 2, 5, 14, 24 and 40 h. Samples for biochemical analyses
were collected at 36 h in two sets of samples: controls (were kept
hydrated and at +4°C) and treatments (were incubated at 50% RH).
Four to six replicates were measured per each time point and
population.

Light microscopy

Small fragments of P. antarctica samples were fixed under vac-
uum pressure with glutaraldehyde 4% and paraformaldehyde 2%
in a 0.1 m phosphate buffer (pH 7.4) in the BAE JCI lab and trans-
ported in this medium to Spain. We then followed the fixation and
inclusion procedure described in Tomas et al. (2013). Finally,
semi-thin cross-sections (1 um) were stained with 1% toluidine
blue and viewed under an Olympus BX41 light microscope.
Images taken with a Nikon DS-Fi1 camera were analysed with Ima-
ged 1.53c software (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA). We used four different biological samples
per population. Around 150 um length of cross-section (-~ 30-40
cells) were analysed per sample, where the average cell width, cell
height and blade height were measured, as well as the total area
occupied by cells and total blade area.

Chlorophyll a fluorescence

Maximal photochemical efficiency of PSIl in dark acclimated sam-
ples was measured with a portable modulated Plant Stress Kit
fluorometer (Opti-Sciences, Hudson NH, USA) as described in
Garcia-Plazaola, Arzac, et al. (2022). Chloroplast ETR was esti-
mated from YII measurements with a PAM 2500 (Heinz Walz
GmbH, Effeltrich, Germany). This parameter was calculated as
ETR = &pg x PAR x o x f, where ®pg) is the effective quantum
yield of PSIl, PAR is the photosynthetic active radiation, « is the
absorptance of the leaf, measured using a plant stress kit fluorom-
eter and f is the proportion of total incoming radiation absorbed
by PSIl, assumed the standard 0.5. The « value for P. antarctica
pop. Beach was 0.838 and for pop. Stream was 0.844. RLCs were
made at 4, 10, 15, 20 and 25°C in the BAE JCI lab. Each P. antarc-
tica thallus was placed on a small petri dish. The petri dish was
incubated in a thermostated water bath to keep the desired tem-
perature during the measurement using the custom-made devices
described in Experiment 1. The PAR used ranged from 0 to
2000 pmol photons m~2s". RLCs were analysed according
to Ralph and Gademann (2005), using the exponential model of
(Platt et al., 1980) and the parameters maximum electron transport
rate (ETRax), apparent quantum efficiency for electron transport
and minimum saturating irradiance (E,) were determined. In the
cases where down-regulation of PSII efficiency was detected, this
value was also calculated.

Gas exchange measurements

Measurements of CO, exchange in fresh samples of both popula-
tions of P. antarctica were done by using a LI-6800 system (LI-COR,
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Inc., Lincoln, NE, USA). CO, assimilation rate (Ay) was recorded at
steady state conditions at 500 umol photons m~2s" and were
normalised for the area of the cuvette covered by the sample. A
custom-made cuvette was created where the samples were placed
between two plastic net layers, as in Garcia-Plazaola, Arzac,
et al. (2022). The chamber was closed around this structure obtain-
ing a proper closure with a leakage close to zero. Ay was recorded
at different temperatures, adjusting the block temperature at: 4, 10,
15, 20 and 25°C. To deepen the biochemical properties of P. antarc-
tica AnsooCe curves were measured at 20°C. First, non-stomatal dif-
fusion conductance (g,sq) Was calculated according to Harley
et al. (1992), as analogous to mesophyll conductance (g,,,) in higher
plants (Carriqui et al., 2019). Considering that algae do not present
stomata, we substituted C; with C, in the formula (Perera-Castro
et al., 2020). We estimated /™* from Bernacchi et al. (2001), consider-
ing that we measured photosynthesis at 20°C. Ry was obtained
assuming 50% of dark respiration from light curves (Sharkey, 2016).
The averaged values of the raw data employed to calculate gnsq is
shown in Table S5. In addition, to increase the accuracy in the esti-
mation of g,sq per replicate we calculated this parameter in each
point of the Ans0oCe curves, excluding the unreliable values (nega-
tive values or values of several orders of magnitude difference).
From the AnseoCc curves we obtained the parameters maximum
carboxylation rate (V.max) and ETR at saturating light (Jhign) using
the excel spreadsheet provided in Sharkey (2016), using the gnsq as
dgm and Ry values obtained by other methods as inputs. Addition-
ally, we have estimated the limitations to photosynthesis accord-
ing to Grassi and Magnani (2005). We used as a proxy of 3A/6C, the
quotient An/C; at 400 umol CO, mol~" (Perera-Castro et al., 2020).

High-performance liquid chromatography analyses

For photosynthetic pigments and tocopherol analyses, exact
weight of approximately 5 mg per replicate was doubly extracted
in pure acetone buffered with CaCO3 (2 ml final volume). After
centrifugation at 16 000 g the supernatant was filtered through a
0.2 um polytetrafluoroethylene filter and then injected in a HPLC
system. We used a reverse phase C18 column (Waters, Milford,
MA, USA), a Waters 996 PDA detector and a Waters 474 fluores-
cence detector, following the method described in Garcia-Plazaola
and Becerril (1999).

Quantification of polar lipids by Q-TOF

Chloroplast lipids were analysed from freeze dried and powdered
material. We followed Gasulla et al. (2013) for the extraction pro-
cedure of polar lipids. Briefly, a first extraction with 1 ml of CHCl5:
MeOH (1:2, v/v) was done and the organic phase was collected.
The extraction was repeated around three times with 1 ml of
CHCI3:MeOH (2:1, v/v) until the pellet turned white. To the com-
bined organic phases, pure chloroform and aqueous ammonium
acetate 0.3 m were added to obtain an organic phase of CHCls:
MeOH:C,H,NO, (2:1:0.75, v/v) and left overnight at —20°C. After-
wards, the organic phase was harvested and evaporated
completely under a stream of N,. Finally, the lipids were dissolved
in 1 ml of CHCI3, transferred to a 2.0 ml clear glass vial and vac-
uum dried at room temperature (SPD 121P; Speed-Vac, Thermo
Scientific Savant, NY, USA).

Quantification of phospholipids and glycolipids was per-
formed by the Kansas Lipidomics Research Center at Kansas State
University. Briefly, samples were dissolved in 1 ml of chloroform.
Aliquots were mixed with internal standards and solvents as
described in Shiva et al. (2013). Internal standards are indicated in
Data S2. Lipid measurements were performed using a Sciex 4000
Q TRAP using the acquisition and data processing parameters
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indicated in Data S2. Internal standards were from the same class,
or for classes without available internal standards: PC was used
for DGTS, LysoPC for MGTS and DGDG 18:0/18:0 for TGDG and
TeGDG. Factors to correct for the difference in the response of the
instrument to MGDG and DGDG analytes versus their standards
were applied.

Statistical analyses

To analyse the population characterisation a one-way ANOvA was
performed with the population as a factor. To analyse each experi-
ment, two-way AnovAs were carried out to detect the main effects
of population and treatment and their interaction. The homogene-
ity of variances was checked by Levene’s test and whether the
residuals followed a normal distribution were checked by
Kolmogorov-Smirnov test. If necessary, a transformation was per-
formed. Duncan post-hoc was used to detect differences among
treatments. Unless stated otherwise, P < 0.05 was considered sig-
nificant. Statistical analyses were performed with SPSS v28.0.
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