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Abstract.

An effect of climate change is the expansion of drylands in temperate regions, predicted to affect
microbial biodiversity. Photosynthetic organisms being at the base of ecosystem’s trophic networks,
we compared an endolithic desiccation-tolerant Chroococcidiopsis cyanobacteria isolated from
gypsum rocks in the Atacama Desert, with a freshwater desiccation-sensitive Synechocystis. We
sought whether some acclimation traits in response to desiccation and temperature variations were
shared, to evaluate the potential of temperate species to possibly become resilient to future arid
conditions. When temperature varies, Synechocystis tunes the acyl composition of its lipids, via a
homeoviscuous acclimation mechanism known to adjust membrane fluidity, whereas no such change
occurs in Chroococcidiopsis. Vice versa, a combined study of photosynthesis and pigment content
shows that Chroococcidiopsis remodels its photosynthesis components and keeps an optimal
photosynthetic capacity at all temperatures, whereas Synechocystis is unable to such adjustment.
Upon desiccation on a gypsum surface, Synechocystis is rapidly unable to revive, whereas
Chroococcidiopsis is capable to recover after three weeks. Using X-ray diffraction, we found no
evidence that Chroococcidiopsis could use water extracted from gypsum crystal in such conditions, as
a surrogate of missing water. The sulfolipid sulfoquinovosyldiacylglycerol becomes the prominent
membrane lipid in both dehydrated cyanobacteria, highlighting an overlooked function for this lipid.
Chroococcidiopsis keeps a minimal level of monogalactosyldiacylglycerol, which may be essential for
the recovery process. Results support that two independent adaptation strategies have evolved in
these species to cope with temperature and desiccation increase, and suggest some possible
scenarios for microbial biodiversity change triggered by climate change.



Introduction

The impact of climate change is marked by a global expansion of drylands, expected to lead to
dramatic changes in the structure and composition of microbial biodiversity in a multitude of aero-
terrestrial habitats. In these regions, a shift is predicted to occur, towards mechanisms prevalent in
currently dry regions, referred to as 'dryland mechanisms' (Grunzweig et al. 2022). Whereas these
ecosystems will evolve by the adaptation of local species, the colonization by external organisms, or
a combination of both is an open question. Photosynthetic organisms are at the base of ecosystem’s
trophic networks, and most known species are not resilient enough to overcome anticipated longer
arid and warm periods leading to the formation of deserts. Species populating extent arid zones may
be pioneers in these expanding areas, but our understanding of the fundamental mechanisms that
allow their development in an extremely dry environment is still poor. Their capacity to colonize
novel areas is unknown.

Cyanobacteria from the Chroococcidiopsis genus thrive in hot and cold deserts, from equatorial to
Arctic and Antarctic regions (Bahl et al. 2011; Lacap-Bugler et al. 2017). Their abundance increases
with declining water availability (Hagemann et al. 2015). They are known to resist to harsh conditions
such as short-wavelength UV (Baque et al. 2013) or ionizing radiations (Billi et al. 2000; Verseux et al.
2017), and extremely high salinity (Casero et al. 2021). However, Chroococcidiopsis are very sensitive
to high light intensity (Casero et al. 2021) and their defense relies on an avoidance strategy, by
spreading a few millimeters under the surface of translucent rocks, where just 0.1-2.5% of the total
incident solar radiation might reach them (Casero et al. 2021; Wierzchos et al. 2018). Endolithic
Chroococcidiopsis are then primary producers at the base of a trophic network for microbial
communities, including bacteria and fungi (Coleine et al. 2021; Gomez-Silva et al. 2019; Walker and
Pace 2007).

Chroococcidiopsis can colonize a multitude of endolithic habitats, from quartz (SiOz) containing rocks
such as sandstone (Gomez-Silva 2018; Murray et al. 2022) or ignimbrite (Camara et al. 2014), to
calcite (CaCOs) (Casero et al. 2021; Murray et al. 2022) or gypsum (Ca(S04)(H,0),) (Murray et al.
2022). In the latter case, it was suggested that Chroococcidiopsis could maintain photosynthetic
activity beyond periods without moisture, by extracting the H,O molecules of the crystalline
structure, converting gypsum into anhydrite (CaSO,) (Huang et al. 2020), but the validity of the
experiments performed and their interpretation have been contested, both in practical and
theoretical terms (Wierzchos et al. 2020).

The adaptation mechanisms allowing Chroococcidiopsis to live in very dry environments in cold or hot
deserts, exposed to important daily variations of temperature, are therefore still puzzling. The role
played by membrane glycerolipids has not yet been studied. Membrane glycerolipids are formed by a
three-carbon glycerol backbone (numbered sn-1, sn-2 and sn-3), harboring a polar head group at
position sn-3, and acyl chains at positions sn-1 and sn-2. The polar head group defines the lipid class:
five are conserved in cyanobacteria, including four glycolipids, i.e. monoglucosyl-, monogalactosyl-,
digalactosyl- and sulfoquinovosyl-diacylglycerol (MGIcDG, MGDG, DGDG and SQDG, respectively) and
one phospholipid, i.e. phosphatidylglycerol (PG). Acyl groups have various chain-lengths, ranging
usually from 14 to 18 carbons, and they can contain double bonds, or unsaturations, introduced
irreversibly by enzymes called desaturases. In other cyanobacteria such as Demonostoc salinum,
living in saline lakes, highly unsaturated lipids were suggested to contribute to the resistance to
desiccation (de Alvarenga et al. 2020). Likewise, in marine Synechococcus, chain-length and
saturation level of membrane glycerolipids was determinant in thermoacclimation in warm or cold
oceanic regions, with an increase of acyl unsaturation and shortening of chain length, when
temperature decreased (Pittera et al. 2018).



Here, we used Chroococcidiopsis G-MTQ-3P2 (hereafter Chroococcidiopsis), isolated from the
Atacama desert and previously reported to be able to extract H,0 from gypsum upon long exposures
of dryness (Huang et al. 2020). We reevaluated this property. We then determined the complete
glycerolipidome of this cyanobacteria strain and analyzed lipidomic changes upon exposure to
increasing temperature and long periods of desiccation, in comparison with Synechocystis sp. PCC
6803 (hereafter Synechocystis), a desiccation- and temperature-sensitive cyanobacterium. We then
analyzed cell ultrastructure and photosynthetic features in response to dryness and temperature.



Results

Incubation of Chroococcidiopsis G-MTQ-3P2 and Synechocystis PCC 6803 at the surface of gypsum,
in desiccation conditions does not support a capacity to extract crystalline H,O

We reexamined the capacity of Chroococcidiopsis G-MTQ-3P2 to extract H,0 from gypsum reported
recently (Huang et al. 2020). In this study, Chroococcidiopsis was suggested to form a ‘biofilm’ at the
rock surface. X Ray diffraction (XRD) was used to assess that a phase transition occurred in gypsum
exposed to Chroococcidiopsis when no water was provided, leading to the detection of anhydrite,
indicating a removal of H,0 from the crystal structure (Huang et al. 2020). We used pure chips of
gypsum, with a larger surface (176 mm?) as that previously used (40 mm?) to limit dehydration due to
dimension or edge effects. We deposited freshly grown cyanobacteria to the surface of the chips,
with a quantity normalized on initial chlorophyll content (3 pg chlorophyll per chip, final). The
porosity of the polycrystalline chips allowed the initial retention of water and nutrients from the 100-
pL volume of medium accompanying the cyanobacterial inoculated. We then incubated chips for at
least 15 days, at 25°C under constant light, as described in past studies. All treatments were
performed in triplicates, with series of chips collected at Day 0 to 15 for XRD analyses. Whereas chips
covered with Chroococcidiopsis darkened and turned brownish showing a pigment reorganisation,
those covered with Synechocystis highlighted a decrease of chlorophyll, leaving the blue pigment
phycocyanin mostly visible (Fig. 1A), suggesting an impairment of cell integrity and oxidation and
bleaching of chlorophyll pigments in this desiccation-sensitive control cyanobacterium.

After incubation, the mineral composition of chips was measured in a Panalytical Empyrean XRD
using a Cobalt source and compared to a control chip only inoculated with 100 pL of sterile BG11
medium (blank). XRD analyses performed on each chip of a triplicate treatment, showed no variation
between samples (Fig. 1B). Considering the expected patterns for gypsum and the low-hydrated
calcium sulfate forms bassanite and anhydrite (further confirmed by the measurement of the
diffraction patterns of control samples of bassanite, B-anhydrite and y-anhydrite), it can be
concluded, from the presence of a strong diffraction peak at 11.6° and the absence of peak close to
14.6° and 25.4°, that only the Ca(S04)(H20), gypsum phase is present, even after 15 days. This time
point was selected as the biomass had been dried for several days, and no further change in the
substrate was expected beyond that point. No difference could be observed between any of the
chips exposed to Chroococcidiopsis or Synechocystis and an untreated gypsum control (Fig. 1C).

Figure 1

In the initial study, biological dehydration was investigated on gypsum single crystals (Huang et al.
2020). More specifically, H,O removal was reported to be anisotropic and favored by depositing
cyanobacteria on the (011) faces of the crystal. We therefore pursued our attempts using gypsum
single crystals with large (011) faces. A crystal obtained from a gypsum quarry was confirmed to be
monocrystalline by Laue XRD. We cut centimetric sized pieces presenting (011) surface, as well as
(010) surface pieces used as a control. These single crystal pieces were subjected to the same
incubation, with 100 puL BG11 medium for the blank and 100 uL corresponding to 20 pg chlorophyll
Chroococcidipsis and Synechocystis, deposited on (011) or (010) faces. After a 30-day incubation, the
gypsum pieces were analyzed by X-ray diffraction (Supplemental Fig. S1). The peak close to 33.4°
results from X-ray diffraction by (011) planes of pure gypsum, while those close to 11.6° and 23.4°
are associated to (010) planes, confirming the correct orientation of the surface cuts (Supplemental
Fig. S1A and B, Blank). The comparison between the Synechocystis and Chroococcidiopsis strains to
the blank revealed no significant difference in both surface orientations indicating the absence of
gypsum dehydration (Supplemental Fig. S1A and B).



We have taken the characterization a step further by scrapping off the first few um at the (011)
surface of each crystal considering the possibility that the dehydration could be local and minor in
the volume of gypsum probed by the X-ray beam. Supplemental Fig. S1C displays the diffractograms
obtained with the scrapped samples. The comparison of the extract from the cultivated oriented
(011) gypsum pieces revealed no significant difference between the blank, and crystals treated in the
presence of Synechocystis or Chroococcidiopsis. The presence of a diffraction peak at 11.6° and the
absence of any peak close to 14.6° and 25.4° indicates again that only the Ca(SO4)(H,0); gypsum
phase is present, refuting any dehydration activity in the tested conditions

We wondered whether the absence of dehydration of gypsum was due to a loss of cell integrity of
cyanobacteria in the course of the experiment. We transferred polycrystalline chips treated 0, 2 and
15 days in a fresh liquid BG11 medium, and measured whether cells could still grow following
treatment. After 15 days without any provision of water, Synechocystis cells were completely dead,
whereas part of Chroococcidiospsis cells could recover, after a lag period of about four days (Fig. 2).

Figure 2

We addressed the impact of dehydration on the surface of gypsum chips on photosynthesis
efficiency. In both Chroococcidiospsis and Synechocystis, incubation at the surface of gypsum chips in
dehydrated conditions led to a decrease of Fv/Fm. However, after three weeks, whereas no
photosynthesis could be measured in Synechocystis, Chroococcidiospsis cells highlighted a weak but
stable level, indicating its resilience to very long periods of dehydration (Fig 3A).

Figure 3

Thus, although Chroococcidiospsis G-MTQ-3P2 inoculum remained, at least partly, alive in the course
of the incubation without any external addition of water, no extraction of H,O from the crystal
structure of gypsum could be observed, and we could not confirm past results on this supposed
property. In this experimental system, Chroococcidiospsis proved to be remarkably resistant to long
periods of desiccation.

Ultrastructure of cyanobacteria following desiccation on gypsum reveals the preservation of
thylakoid structure in Chroococcidiopsis

Since desiccation treatments on the surface of gypsum led to a strong effect on photosynthesis and
capacity to recover and grow, we addressed the impact on cyanobacteria cell ultrastructure by
scanning transmission electronic microscopy (STEM) (Fig. 4). Synechocystis was used as a control (Fig.
4A and B)

Figure 4

The ultrastructure of Synechocystis and Chroococcidiopsis in liquid culture (Fig. 4A and C) was
consistent with previous descriptions (Billi et al. 2001; Casero et al. 2021; Sobotka et al. 2008). The
cell wall is thicker in Chroococcidiopsis compared to Synechocystis in both liquid condition and
following three weeks of desiccation (Fig. 4C and D). This feature is considered essential in the
resistance to dehydration, limiting water permeability and losses. In highly dehydrated conditions,
we also observed the development of an extracellular matrix (Fig. 4D, top right corner) around the
Chroococcidiopsis cells, possibly playing a role in Chroococcidiopsis interactions with its substrate.
Additionally the cell wall contains scytonemin, a UV absorbing compound extremely potent in
protecting the cell against UV damages (Casero et al. 2021).



The thylakoid membrane architecture appears very different in both species. Thylakoids appear more
irregular and wavy in Chroococcidiopsis, as reported earlier (Billi et al. 2001; Casero et al. 2021). The
thylakoids of Synechocystis are organized in membrane pairs (van de Meene et al. 2006), which
contrasts with the electron dense single layer thylakoids observed in Chroococcidiopsis (Fig. 4A and C,
arrows).

The dry stage of Synechocystis and Chroococcodiopsis showed the appearance of granules in the
cytoplasm (Fig. 4B and D), reminiscent of the glycogen reserves and the PHB or Poly-P structures of
cyanothece, respectively (Schneegurt et al. 1994; Welkie et al. 2013). The biochemical
characterization of these structures needs future analyses; however they suggest the formation of
storage forms in response to desiccation.

Eventually, whereas thylakoid architecture appeared dismantled in dried Synechocystis cells (Fig. 4,
arrows), photosynthetic membranes seemed less affected after dehydration of Chroococcidiopsis
(Fig. 4D). We therefore addressed whether lipid membrane composition and photosynthetic function
reflected this remarkable structural preservation.

Lipidomic comparison of Chroococcidiopsis and Synechocystis upon desiccation conditions and in
response to temperature variations.

We determined the first complete lipidome of Chroococcidiopsis after lipid extraction, separation by
2D TLC and analysis of all major lipid classes by GC-MS after mass fragmentation analyzed with an ion
trap. We could detect the four most abundant and conserved lipids of cyanobacteria, i.e. the two
galactolipids, MGDG and DGDG, the sulfolipid SQDG, and the phospholipid PG (Supplemental Table
S1; Fig. 5). We did not detect MGIcDG, which is an immediate precursor for the production of MGDG
and is usually a minor component of cyanobacteria lipidome. Lipid class molecular species of
Synechocystis were consistent with previous characterizations (Hewelt-Belka et al. 2020;
Mavroudakis et al. 2019; Plohnke et al. 2015; Yuzawa et al. 2014). We then used these lipid class
molecular species to perform quantitative profiling by LC-MSMS, as described previously (Pittera et
al. 2018) and compared both cyanobacteria strains upon dehydration on gypsum surface, at 25°C, in
above detailed conditions (Fig. 5A). Total lipid extraction yield from gypsum surface being unknown,
we did not analyze the evolution of whole lipidome quantities. The first point corresponded to 2 days
of incubation at the surface of gypsum to take into account an identical treatment of all samples. In
addition to resistance to desiccation, we analyzed the response of Chroococcidiopsis to temperature
variations. To that purpose, we cultivated cells in liquid BG11 medium at 15°C, 25°C and 35°C. We
controlled the photosynthetic efficiency of these cultures at various temperatures and noted that
Chroococcidiopsis Fv/Fm was always higher as that measured in Synechocystis, and remarkably more
stable (Fig. 3B). We then analyzed the lipidome profile after two days of acclimation at each
temperature (Fig. 5B). In all conditions, Chroococcidiopsis contained proportionally more MGDG than
Synechocystis analyzed in parallel (Fig. 5).

Figure 5

In both species, dehydration led to a rapid decrease of MGDG and DGDG proportions (Fig. 5A). It
must be noticed that Chroococcidiopsis kept a higher basal level of MGDG, around 7-12 mol%,
compared to Synechocystis, with <2.5 mol% MGDG after three weeks of dehydration (Fig. 5A). In
both species, SQDG proportion increased in the course of desiccation, becoming the most abundant
lipid class, reaching its maximum value in Synechoscystis within the first week, whereas its



adjustment was more progressive in Chroococcidiopsis. To our knowledge, this striking remodeling of
cyanobacteria membrane lipids appeared as specific to desiccation.

By contrast, when acclimated to temperatures ranging from 15 to 35°C in liquid conditions, less
membrane lipid variations could be observed (Fig. 5B). Such moderate change in lipidome profile
with temperature was reported in the comprehensive analysis of marine Synechococcus ecotypes
populating oceans at various latitudes. In Synechococcus, thermoacclimation and adaptation was
rather visible by qualitative changes within each lipid class, by a remodeling of fatty acid chain-length
and desaturation levels (Pittera et al. 2018). We sought if similar responses could be detected here.

Upon desiccation, Synechocystis highlighted intense changes in acyl chain-length and desaturation
levels in all its lipid classes. In MGDG (Fig. 6A), the major diacyl molecular species, namely MGDG-34-
3 (with a sum of carbon of 34 and 3 double bonds), making more than 40% of this lipid class at DO,
dropped to ~10% after three weeks of desiccation. A similar decline of MGDG-34-4 was observed.
Meanwhile, MGDG-32-0 molecular species increased, as well as other more saturated molecular
species. By contrast, Chroococcidiopsis MGDG was strikingly stable, besides a slight decrease of
MGDG-34-4. Likewise, DGDG, SQDG and PG acyl profile were strongly altered in Synechocystis in the
course of desiccation, whereas little change could be noticed in Chroococcidiopsis (Fig. 6A, C and D).
This suggests that Chroococcidipsis does not adjust its lipid properties via the regulation of
desaturases.

Figure 6

We verified if such unique feature could also be observed in response to temperature variations. We
analyzed the molecular species of MGDG, DGDG, SQDG and PG in both cyanobacteria species after a
cultivation at 15°C, 25°C and 35°C (Fig. 7). In Synechocystis, MGDG is marked by a decline of MGDG-
34-3 and MGDG-34-4 with increasing temperature, and an increase in more saturated species such as
MGDG-30-0 (Fig. 7A). Similarly, DGDG-34-2, DGDG-34-3 and DGDG-34-4 decrease whereas more
saturated species increase (Fig. 7B); SQDG-34-3 decreases whereas SQDG-34-1 increases (Fig. 7C);
and PG-34-3 decreases whereas more saturated species increase (Fig. 7D). This tuning of glycerolipid
molecular species based on a balance between saturated and unsaturated lipids fits with a
mechanism described previously in Synechocystis PCC 6803, also known as a homeoviscous
acclimation mechanism, where membrane fluidity is maintained at lower temperature by increasing
the number of double bonds on acyl chains (Laczko-Dobos and Szalontai 2009). By contrast,
Chroococcidiopsis exhibits a striking compositional stability of MGDG, DGDG and SQDG (Fig. 7A, B
and C). Only PG shows a decline of PG-31-0, PG-36-2 and PG-36-3 and an increase of PG-37-2 and PG-
38-2 at higher temperature, possibly responding to temperature variations at the level of acyl chain
length, rather than by controlling desaturation level (Fig. 7D).

Figure 8

Altogether, these results show that Chroococcidiopsis respond specifically to desiccation by adjusting
the relative proportion of its membrane lipids, with SQDG becoming the most prominent lipid class,
and keeping a basal level of galactolipids (Fig. 6). Surprisingly, Chroococcidiopsis lacks the
homeoviscuous acclimation mechanism known in most prokaryotic and eukaryotic organisms studied
to date, in which membrane fluidity is maintained by tuning the relative proportions of saturated and
unsaturated lipids in response to temperature variation (Fig. 7).

Intriguingly, the conservation of the membrane lipid composition of Chroococcidiopsis exposed to
variable temperatures correlated with a stable Fv/Fm measurement (Fig. 3B), whereas compositional
changes upon desiccation, preserving a basal level of MGDG and DGDG, correlated with a decline of



Fv/Fm, still preserving a basal level of photosynthesis efficiency (Fig. 3A). We refined therefore our
analysis of photosynthetic function.

PSI and PSII fluorescence emission spectra at -77K of Chroococcidiopsis and Synechocystis upon
desiccation conditions and in response to temperature variations.

We refined our analysis of photosynthetic machinery functional integrity by analyzing chlorophyll
fluorescence emission spectroscopy at 77 K. At low temperature, biochemical and physiological
processes that modulate fluorescence are abolished, and the fluorescence emission of both
photosystem | (PSI) and (PSIl) become distinguishable (Brody 1958; Lamb et al. 2018; Murata et al.
1966).

The fluorescence curves show that Synechocystis PCC 6803 has two close signals at 650 nm and 662
nm (Fig. 8A and C) that correspond to the peaks of free phycobilisome allophycocyanin (APhyC) (Shen
and Vermaas 1994). Chroococcidiopsis G-MTQ-3P2 also exhibits two peaks, slightly shifted at 646 nm
and 669 nm (Fig. 8B and D), highlighting differences in antenna complex proteins. A peak at 655 nm
in Synechocystis can be attributed to free phycocyanin (PhyC) (Ossenbuhl et al. 2006; van Stokkum et
al. 2018); Chroococcidiopsis does not show any such peak suggesting the existence of a more efficient
electron flow powered within phycobilisomes. PSIl peaks at 686 nm and 693 nm characterized in
Synechocystis can be observed almost at the same position in Chroococcidiopsis, i.e. at 687 nm and
694 nm respectively. Peaks linked to PSI are observed at 721 nm and 724 nm in Synechocystis and
Chroococcidiopsis respectively. The excitation being set at 570 nm, all the observed signals reflect
mainly the energy transmission from phycobilisomes to photosystems.

Figure 8

The acclimation of Synechocystis cultures at increasing temperatures (Fig. 8A) led to a slight increase
of the PSI/PSII peak ratio. In comparison the PSI/PSII fluorescence emission ratio in Chroococcidiopsis
remained >1 in every condition (Fig. 8B), supporting the existence of a stronger photosynthetic
alternative electron flow powered by the phycobilisomes as compared to Synechocystis, and a
decrease of the PSII activity, either by photodamage or specialization. Such behavior has been
reported in a thermophilic Synechococcus in high light (Kilian et al. 2007) with a strong
rearrangement of the complexes. Interestingly the Fv/Fm results we measured (Fig. 3B) was
unaffected by temperature variations, and thus contradicts the existence of any significant
photodamage. Altogether, presented results suggest therefore a strong PSll/phycobilisome
rearrangement in Chroococcidiopsis when temperature increases. The (APhyC/PhyC)/PSlI
fluorescence emission ratio was comparable in both strains grown at 25°C. While in Synechocystis
this ratio seemed stable with increased temperature, in Chroococcidiopsis it strongly decreased,
suggesting a loss of free phycobilisomes or possibly their conjugation with the photosystems. Taken
together with the stable Fv/Fm values at increasing temperatures, these results suggest a
disassembly / re-assembly of the phycobillisome complexes. Such supramolecular rearrangement
may allow Chroococcidiopsis to cope with fluctuating metabolic speed, preventing or limiting
damages to the photosystems linked to the accumulation of reducing equivalents.

During dehydration at the surface of gypsum, Synechocystis fluorescence curves exhibited a
modification of the free phycobilisomes peak after two weeks, where the 2 lateral peaks of
presumably free APhyCs decrease (Fig. 8C). At this stage a Fv/Fm signal was weak but could still be
detected (Fig. 3A). The Fv/Fm signal was abolished after three weeks of dehydration (Fig. 3A) and the
low temperature fluorescence profile demonstrated a complete collapse (Fig. 8C), with a de-
connection of the phycobilisomes from the photosystems, accompanied by a shift of the free
phycobilisome peak toward longer wavelengths. By contrast, Chroococcidiopsis seemed to respond
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to desiccation by slowly detaching its phycobilisomes from both PSI and PSlI (Fig. 8D), which could be
considered either as a preparation or as an organized reaction to the stress. It is important to point
out that all along the dehydration process, Chroococcidiopsis could rapidly recover some low level of
photosynthetic activity (Fig. 3A).

Photosynthetic pigment profiles in Chroococcidiopsis and Synechocystis in response to
temperature variations.

Since intense rearrangements of photosystems occurred during desiccation, leading likely to a
complete collapse of the photosynthetic machinery in Synechocystis, and possibly in the direction of
a long-term resistance to high temperature in Chroococcidiopsis, we analyzed photosynthetic
pigment profiles (Supplemental Fig. S2). We did not analyze cell wall specific pigments such as
scytonemin involved in UV protection (Casero et al. 2021). We did not detect chlorophyll f, reported
earlier in Chroococcidiopsis thermalis (Nurnberg et al. 2018). Peaks were assessed by comparison
with standards and the profile was analyzed based on relative values integrating peaks measured at
Auso. Relative changes can therefore be deduced, but their magnitude cannot be quantified.

In Synechocystis, the temperature treatments did not reveal any important change in the pigment
composition (Supplemental Fig. S2A). By contrast, Chroococcidiopsis adapted its chlorophyllide a, and
increased its conversion to chlorophyll a with increasing temperature (Supplemental Fig. S2B). This
behavior could be linked to the increased demand for reducing power by ramping up metabolic
speed with higher temperature.

Lutein and echinenone both decreased in Chroococcidiopsis grown at higher temperature, while
canthaxanthin was significantly increased. Lutein was observed to be linked to energy dissipation in
plants (Jahns and Holzwarth 2012), accepting electrons from excited chlorophyll in antenna
complexes and dissipating its energy. The orange carotenoid protein (OCP) binds echinenone and
hydroxy-echinenone as well as canthaxanthin; it is known to bind phycobillisonmes and quench their
excitation energy usually transferred to the photosystems when reduced (Kirilovsky and Wilson
2007). The replacement of the single OCP pigment from echinenone to canthaxanthin promotes a
faster reduction of the protein but delays the phycobilisome quenching activity in vivo (Leverenz et
al. 2015) independently of the redox status of the electron transfer chain. Such modification is
observed in our pigment profile changes, suggesting an active regulation mechanism, limiting energy
dissipation, in Chroococcidiopsis while absent in Synechocystis.

Photosynthetic pigment profiles in Chroococcidiopsis and Synechocystis upon desiccation
conditions.

The three-week slow desiccation of cyanobacteria at the surface of gypsum led to intense phenotypic
differences described above. The profile shown in Supplemental Fig. S2A corresponds to
Synechocystis sub-lethal condition. When dehydrated, Synechocystis accumulated an
uncharactherized myxol derivative a, which initial level, below detection, increased to such an extent
that it became the major pigment. Coincidentally, a deoxy-myxol derivative b, canthaxanthin and 3-
hydroxy-echinenone also increased while cells lost chlorophyll a, zeaxanthin and another deoxy-
myxol derivative c. In Chroococcidiopsis, deoxy-myxol derivative a, decayed under the detection level
while the deoxy-myxol derivative b, which was in low abundance, became a strongly dominant
pigment (Supplemental Fig. S2A), a similar trend as that observed in Synechocystis for the later but is
completely opposite for the former. The myxol derivative pigments were previously reported to be
linked to stress adaptation in cyanobacteria (Kosourov et al. 2016). Synechoxanthin and
myxoxanthophyll were shown to be mildly involved in high light resistance in Synechococcus (Zhu et
al. 2010). Myxol-derivative 1 related to myxoxanthophylls accumulated abundantly in
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Chroococcidiopsis after three weeks of desiccation and remained minor in Synechocystis; this
pigment may be involved in the cell wall organization and help absorbing harmful radiation when the
cell metabolism is low (Mohamed et al. 2005), possibly acting in synergy with scytonemin (Casero et
al. 2021). Additionnally, myxoxantophylls are also involved in the assembly of some antenna like
proteins (Proctor et al. 2020). Such rearrangement of myxoxantophylls confirms the intensity of the
stress experienced and again suggests a completely different response of the two strains tested here.

In Synechococcus, the combined depletion of zeaxanthin, cryptoxanthin, echinenone and hydroxy-
echinenone renders the cells very sensitive to high light (Zhu et al. 2010). Chlorophyll-derived
pigments decreased in Synechocystis, consistently with the degradation of photosynthetic light
harvest. Deoxy-myxol derivatives, canthaxanthin and 3-hydroxy-echinenone are the last remnants of
the photosynthetic machinery and their presence as the major pigments after dehydration
demonstrate the focus of the cell strategy on dissipating most of the received energy likely in
response to an arrested metabolism. It could be postulated that the small amount of light harvest by
chlorophyll triggered oxidation events during dehydration or during the first instants of re-hydration,
stages where the quenching and repair mechanisms are not functional. Chroococcidiopsis exhibits a
similar strategy but the chlorophyll decrease led to their complete disappearance. Similarly some
(deoxy)myxol derivatives accumulated during dehydration, the quenching mechanism by lutein
appeared to be replacing echinenone and canthaxanthin, targeting excited chlorophylls as described
above. Considering the survival of Chroococcidiopsis and the death of Synechocystis after three
weeks of desiccation, it could be speculated that the resistance to dehydration might include the
capacity to actively sense the stress and suppress chlorophylls before the drought-linked metabolic
arrest, highlighting a likely role of certain myxol derivatives in quenching the excessive excitation
energy in these conditions.
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Discussion.

Endolithic Chroococcidiopsis G-MTQ-3P2 is not capable of extracting water from gypsum rocks,
even upon long dehydration periods.

We tried to repeat past experiments showing that, upon desiccation, Chroococcidiopsis G-MTQ-3P2
isolated from gypsum rock in the Atacama desert could extract water from gypsum crystals, leading
to the formation of anhydrite (Huang et al. 2020). No sign of water extraction could be observed
under exposure to cyanobacteria of polycrystalline gypsum chips of (010) or (011) faces of single
crystals (Fig. 1 and Supplemental Fig. S1). Our results are in line with previous skeptical comments on
this supposed property, both in practical and theoretical terms (Wierzchos et al., 2020). We suppose
that in the original work, used gypsum chips were small sized (5 mm x 8 mm) and thin enough (0.5
mm) to allow unspecific losses of water, unrelated to the presence of Chroococcidiopsis.
Alternatively, the more heterogeneous composition of the natural samples used in previous studies,
the presence of multiple species or a particular surface texture could have led to a different result.
Nevertheless, based on our in-depth study, Chroococcidiopsis is not able to extract water from a
gypsum crystal.

Chroococcidiopsis forms desiccation-resisting cells, preserving thylakoid membrane integrity and a
basal level of photosynthesis

When using Synechocystis PCC 6803 as a control desiccation-sensitive strain, analyzed in parallel,
major features appeared as specific to Chroococcidiopsis G-MTQ-3P2. As expected, Chroococcidiopsis
cells could resist better to desiccation, recovering and growing even after three weeks of treatment
(Fig. 2). The cell wall nature seems heavily modified in Chroococcidiopsis (Fig. 4), likely producing
extracellular polysaccharides known to be essential in several species to survive long periods of
dehydration (Tamaru et al. 2005) and proposed to have ROS scavenging activities (Wang et al. 2022).
The recovery was not immediate, with a lag of about four days, suggesting the formation a
desiccation-resisting stage that needed to be converted back into a vegetative form as reported for
other cyanobacteria (Sauer et al. 2001; Spat et al. 2018). The pigmentation of cyanobacteria at the
surface of gypsum (Fig. 1) suggested a bleaching of chlorophyll and a disintegration of photosynthetic
antenna in Synechocystis, whereas Chroococcidiopsis pigmentation was modified toward a brownish
color, likely a more heat-dissipating tint. Consistently, the photosynthetic efficiency measured by the
Fv/Fm ratio suggest a complete collapse of PSIl in Synechocystis, whereas that of Chroococcidiopsis
dropped, but remained to a low basal level (Fig. 3). STEM analyses suggest that the Chroococcidiopsis
desiccation-resisting stage accumulates some form of intracellular reserves (Fig. 4), which needs to
be characterized in the future, and exhibits a striking preservation of thylakoid membrane integrity.
By comparison, Synechocystis cells also show some kind of cytosolic granule formation, but the
thylakoids appear as disorganized.

The anionic sulfolipid SQDG plays a critical role in the response of cyanobacteria to desiccation,
likely involved in membrane structure preservation

We sought some possible changes of membrane lipid profiles that could suggest some specific
lipidomic response triggered in Chroococcidiopsis, allowing the preservation of thylakoid
architecture. After determining the complete lipidome of the studied strains (Supplemental Table
S1), we first analyzed the relative proportion of lipid classes in total extracts from both species.
Although this analysis is based on whole cell extracts, lipid profiles mainly reflect the composition of
the major membrane system, i.e. thylakoids. Desiccation had a very strong impact on the relative
proportions of MGDG, DGDG, SQDG and PG in both cyanobacteria, marked by a dramatic decrease of
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galactolipids, suggesting the activation of a specific catabolic machinery, and an increase of SQDG
becoming the most abundant lipid class, just after one week (Fig. 5A).

The biological function of SQDG, a non-phosphorus anionic lipid, in photosynthetic organisms has
been very difficult to assess due to the survival of SQDG-synthesizing mutants analyzed to date. It has
been proposed that this lipid could be to some extent dispensable (Sato et al. 2016). Cyanobacteria
mutants lacking SQDG were either strongly impaired, such as in Synechocystis, or had no apparent
phenotype under optimal growth condition, such as in Synechococcus (Aoki et al. 2004; Apdila and
Awai 2018; Guler et al. 1996). Some marine cyanobacteria were shown to contain high levels of
SQDG (Van Mooy et al. 2006), suggesting a correlation of SQDG with high salinity, and may be related
to the role of this lipid in desiccation highlighted here. One environmental context highlights a role
for SQDG, upon phosphate shortage, when PG, another anionic lipid containing a phosphate group,
decrease and is replaced by the sulfolipid (Bolik et al. 2022; Boudiere et al. 2014; Frentzen 2004;
Shimojima 2011).

Early cyanobacteria lacking thylakoid membranes, such as Gloeobacter, had no SQDG (Sato and Awai
2016; Sato et al. 2016). The acquisition of SQDG in cyanobacteria coincides with the emergence of
thylakoid membranes, and it was recently proposed that this gain had been critical in the sustained
production of an anionic bilayer-forming lipid, even in a low-phosphate environment, allowing
thylakoid membranes to be produced (Gueguen and Marechal 2021). This role of SQDG as a key
bilayer-forming lipid for the maintenance of thylakoids under stress appears even more vividly here,
upon desiccation conditions (Fig. 5A). Very little studies report on potential lipidome remodeling
upon drought or desiccation. Based on metabolic labelling analysis, the desiccation-tolerant
cyanobacterium Nostoc commune was shown to synthesize SQDG and PG within minutes after
rehydration, where 2 hours were necessary to recover a production of MGDG and DGDG,
consistently with the preservation of an active SQDG synthesis system in the desiccation-resisting
cells (Taranto et al. 1993). It was also reported that water deficit induced an accumulation of SQDG in
drought-resistant plants, and a drastic decrease in sensitive ones (Okanenko et al. 2003; Taran et al.
2000). In both Synechocystis and Chroococcidiopsis, SQDG increased strikingly upon desiccation (Fig.
5A), so this increase may not be sufficient to allow cells to cope with long periods of dehydration. It is
possible that the preservation of a minimal production of MGDG in Chroococcidiopsis allows
maintaining a sufficient level of this galactolipid to generate photosynthetic membranes. Indeed, this
lipid does not spontaneously form membrane bilayers, but a structure known as Hexagonal Il phase
(Jouhet 2013). Such Hexagonal Il phase forming lipid was recently proposed to play a central role in
initiating the formation of thylakoids in cyanobacteria, via a non-vesicular mechanism, as long as
such lipid as SQDG was present (Gueguen and Marechal 2021). The lipid profile of desiccated
Chroococcidiopsis cell (Fig. 5A) is consistent with this model.

Chroococcidiopsis membrane lipids do not exhibit any homeoviscuous adaptation mechanism in
response to temperature variations or desiccation.

When analyzing Synechocystis and Chroococcidiopsis at increasing temperature, further phenotypic
differences were observed. We initially hypothesized that Chroococcidiopsis would exhibit an
elaborate tuning of its fatty acid composition in lipid classes, with a homeoviscuous acclimation
mechanism (Laczko-Dobos and Szalontai 2009; Pittera et al. 2018), allowing an adjustment to
temperature variations occurring in desert lands. Previous analysis on the effect of temperature
variations on the cyanobacteria Synechococcus showed that little change was observed on the
relative proportions of each lipid class, whereas major changes occurred within each class at the fatty
acid composition level (Pittera et al. 2018). Both Synechocystis and Chroococcidiopsis also showed
little changes in their lipid class profiles in response to temperature variation (Fig. 5B). However,
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whereas Synechocystis exhibited a classical homeoviscuous acclimation at the level of its fatty acids
in its membrane lipids, Chroococcidiopsis did not show any strong change from 15°C to 35°C (Fig. 7B).
Actually, Chroococcidiopsis acyl profiles in each lipid classes (Fig. 7) did not show any spectacular
variations in all tested conditions.

Homeoviscuous acclimation is supposed to maintain a level of lateral fluidity preserving essential
biological function including photosynthesis. Surprisingly, the existence of this specific lipid
remodeling mechanism in Synechocystis does not prevent changes in Fv/Fm, impaired by cultivation
at lower temperature (Fig. 3B). By contrast, Chroococcidiopsis laking this classical response preserve
a high PSII efficiency at all tested temperatures (Fig. 3B). Therefore Chroococcidiopsis adaptation to
desert conditions, i.e. low humidity level, highly variable temperatures and high light irradiance, does
not involve a classical mechanism enhanced to perform better in these conditions, but rather a
unique series of adaptive systems, likely to have diverged from the cyanobacteria core ones.

Chroococcidiopsis remodels its photosynthetic machinery upon environmental changes.

When we compared the effect of acclimation to different temperatures on photosynthesis function,
we observed a strong stability of Chroococcidiopsis photochemistry at all temperatures (Fig. 3B)
linked with a very dynamic pigment adjustment (Supplemental Fig. S2). Chroococcidiopsis seems to
remodel the light harvesting components of its photosynthetic machinery to maintain a maximal
level of energy capture, likely by the tuning of chlorophyllide conversion into chlorophyll
(Supplemental Fig. S2). In wheat, the conversion of protochlorophyllide to chlorophyll by the
chlorophyll synthase was shown to be blocked at low temperatures (Liu et al. 2012), suggesting a
similar mechanism in other photosynthetic organisms. By contrast, Synechocystis seems unable to a
similar pigment adjustment, and this likely affects negatively its photosynthetic efficiency when
temperature decreases (Fig. 3B). Analyses of Synechococcus (Li et al. 2019) and Anabaena
(Klodawska et al. 2019) over a wider temperature range suggest that the amount of chlorophyll in
cyanobacteria is maximal around the optimal growth temperature. We may postulate that
Synechocystis also contains a chlorophyll level adapted to its temperature preferendum, whereas
Chroococcidiopsis is capable of tuning it to cope with a wider range of temperature, encountered
daily and seasonally in desert lands.

The low temperature spectrum analysis made after acclimation is consistent with a stability of the
phycobilisome energy transfer in Synechocystis (Fig. 8A), whereas an adjustment of the excitation
energy distribution is observed in Chroococcidiopsis (Fig. 8B). Chroococcidiopsis pattern reflects
strong variations at the level of the free antenna but seem independent from energy quenching
mechanism based on the PSI cyclic electron flow, vastly documented in higher plants and microalgae
(Campbell and Oquist 1996). It suggests also an absence of effect on the redox state of the
plastoquinone (PQ) pool that would quench PSII excitation (Mullineaux et al. 2018). It must be
pointed out that even if PSI binds to 85% of the total chlorophyll A molecules in cyanobacteria
(Renger 2007), the Chroococcidiopsis low temperature spectrum does not show any difference in
excitation routes linked to an increase in chlorophyll A (Fig. 8B) suggesting a stable PSI/PSII excitation
distribution in the endolithic cyanobacterium. A decrease of free phycobilisome peaks (Fig. 8)
suggests their coupling with both photosystems in a mechanism reverse to that involved in high light
decoupling (Tamary et al. 2012). This behavior could be explained by the increased energy demand
by a faster metabolism at higher temperature, therefore otherwise oxidizing the plastoquinone pool.

We compared whole protein profiles of Synechocystis PCC 6803 and Chroococcidiopsis G-MTQ-3P2 by
SDS-PAGE (Supplemental Fig. S3) and identified some of the major polypeptides of Synechocystis
based on previous characterization (Bolte et al. 2008). The profiles obtained from the two
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cyanobacteria grown in control conditions were very different (Supplemental Fig. S3, lanes DO) and it
was not possible to assess any of the Chroococcidiopsis band unambiguously. Nevertheless, we
observed a difference at the level of Synechocystis ApcE, an essential anchor protein of the
phycobilisomes to the photosynthetic membrane, having ~900 amino acids (Capuano et al. 1991;
Elanskaya et al. 2018). Although the sequencing and annotation of Chroococcidiopsis G-MTQ-3P2 is
still not resolved (Murray et al. 2021), the presence of ApcE in related Chroococcidiopsis strains is
confirmed based on a similarity search using the Synechocystis PCC 6803 sequence (Uniprot ID
Q02907) as a query. The predicted size of ApcE being ~130 kDa, its relative abundance seems
drastically lower in Chroococcidiopsis, compared to Synechocystis (Supplemental Fig. S3, lanes DO).
This and other apparent differences in relative abundance of major phycobilisome components
highlight a huge infrastructural divergence of the photosystems between the two species, which is
possibly related to the different behaviors observed on the phycobilisomes assembly-disassembly.

As a general response to stress, cyanobacteria can shift their photosynthetic machinery to a new
state, with lower photochemistry, previously described as ‘active chlorosis’ (Sauer et al. 2001).
During dehydration we could observe in the pigment composition analysis that Synechocystis
maintained a basal level of chlorophyllic pigments while Chroococcidiopsis lost most of it
(Supplemental Fig. S2). This observation parallels with the very low overall signal obtained in low
temperature fluorescence that we unfortunately could not quantify reliably (Fig. 8). As
Chroococcidiopsis survived desiccation (Fig. 2) and Synechocystis did not, a correlation appears with
chlorophyll removal. We thus postulate that the remaining chlorophyll may be responsible for an
oxidative stress killing Synechocystis cells either during dehydration or at rehydration. It would be
interesting to pursue that hypothesis by attempting revival assays in very low light or/and with an
external carbon source.

We also observed that desiccation triggered a strong decrease of phycobiliproteins in both
Synechocystis and Chroococcidiopsis. The initial level of phycobiliproteins appear to represent a
higher fraction of total soluble proteins in Synechocystis compared to Chroococcidiopsis
(Supplemental Fig. S3, lanes D0), maybe linked to its faster growth rate. During dehydration, the
phycobiliproteins of Synechocystis almost completely disappeared while Chroococcidiopsis retained
an apparent basal level (Supplemental Fig. S3, lanes D2 and D15). If we parallel these observations to
the strong decrease in chlorophyll content and the low temperature signal, we postulate that these
phycobilisomes either re-emit this energy directly as heat or through another acceptor that does so.
The overall pigment analysis reveals an enrichment for myxol-derived pigments (Supplemental Fig.
S2) possibly responsible for such dissipation, as described above. The color of the dehydrated
Chroococcidiopsis (Fig. 1) is consistent with that observation. Future studies should address the
structure of pigment-binding components and their dynamics in response to environmental stress in
Chroococcidiopsis.

All results taken together, in acclimation to different temperature and different water availability,
Chroococcidiopsis differs from Synechocystis by the extensive regulation of its phycobilisome
energetic conjugation to the photosystems. PSI receives most of this excitation (Fig. 8) suggesting a
central role of this photosystem in cellular energetics. It could be postulated that natively,
Chroococcidiopsis needs a higher ATP/NAD(P)H ratio compared to Synechocystis, linked to a higher
energy dissipation through “chloro”-respiration (Ogawa et al. 2013). In cyanobacteria, PSl is
regulated by its oligomerization, a phenomenon lost in photosynthetic eukaryotes (Li et al. 2014).
This regulation is involved in the energy dissipation and involves Psal, a subunit of PSI binding PsaA
and PsaB dimers (Chitnis and Chitnis 1993). This oligomerization was shown to be dependent on the
C-terminal part of the Psal protein (Jordan et al. 2001). In Synechocystis Psal, an aspartic acid
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residue is involved in the calcium-dependent trimerization of PSI. Cyanobacterium aponinum, a
drought resistant cyanobacteria, has a lysine residue at that position, which prevents the binding and
is linked to high light resistance (Dobson et al. 2021). The Aspartic acid residue is conserved in
Chroococcidiopsis Psal sequences, suggesting an evolution mechanism to survive high light and
drought different than that present in C. aponinum. Interestingly the PsaB subunit from
Chroococcidiopsis species also shows a 7-amino-acid insertion compared to Synechocystis. This
insertion is also present at a similar location in C. aponinum. These extra amino acids are located on
the stromal side of the protein complex and oriented toward a chlorophyll rich complex region
suggesting a role in further complex arrangement. This insertion is located next to the PsaA-PsaB
dimer interface (Semchonok et al. 2022) and may be involved in the interaction of PsaA with other
proteins like IsiA, having a role in energy dissipation (Kouril et al. 2005; Toporik et al. 2019) or
oxidative stress management (Michel and Pistorius 2004). Future works are needed to evaluate this
hypothetical molecular determinant of Chroococcidiopsis remarkable adaptation of its
photosynthetic machinery to desiccation conditions.

Conclusions.

This work explores some biological traits of the endolithic cyanobacterium Chroococcidiopsis G-MTQ-
3P2 discovered under the surface of gypsum rocks in the Atacama desert, in laboratory conditions
where desiccation was performed on the same mineral surface. We refuted previous studies
supporting that development at the surface of gypsum would allow this cyanobacteria to extract
water from the gypsum surface, so we do not provide any clue on the specificity of the development
of this strain on such mineral. Our work suggests a critical and overlooked role of the sulfolipid SQDG
upon desiccation in cyanobacteria, but since gypsum is sulfur rich, this response should also be
evaluated in desiccation experiments performed on sulfur-poor minerals. The adaptation of
Chroococcidiopsis to desiccation and temperature variations in arid areas did not correspond to a
‘more efficient’ or ‘enhanced’ mechanism present in cyanobacteria populating temperate regions
such as the freshwater Synechocystis PCC 6803 strain. In particular, Chroococcidiopsis remodels only
moderately its acyl-profile in lipid classes, lacking therefore the classical homeoviscuous
thermoacclimation system. Rather, it maintains its lipid molecular species in most circumstances.
This could be considered a weakness, but the photosynthetic machinery proved to be particularly
resilient, owing to distinct structural and functional organization compared to Synechocystis. Indeed,
Chroococcidiopsis proved to be extremely performant in maintaining on optimal level of light energy
capture and conversion. Regarding photosynthesis machinery functioning and acclimation to
desiccation, future investigations are necessary to dissect the mechanisms responsible for the
differences we observed. One may wonder why endolithic Chroococcidiopsis strains, if so performant
and resistant to desiccation, are not encountered more often in most known habitats. The
Chroococcidiopsis phylum is spread in hot and cold deserts wordwide (Bahl et al. 2011; Lacap-Bugler
et al. 2017), but its presence declines when water availability increases (Hagemann et al. 2015). A
hypothesis not evaluated here may be that these Chroococcidiopsis have an Achilles’ heel, i.e. their
sensitivity to high light irradiance. A rich literature addresses their resistance to UV radiation, and
focuses on the hypothetical capacity of such microorganisms to survive on other planets, such as
Mars (Billi et al. 2022; Billi et al. 2019; Cockell et al. 2005; Fardelli et al. 2023; Friedmann and
Ocampo-Friedmann 1995; Gomez-Silva 2018; Li et al. 2022; Rzymski et al. 2022; Verseux et al. 2017).
It seems that a lot needs to be done to understand this unique lifestyle on planet Earth. The recent
description of a Chroococcidiopsis strain isolated from a solar panel (Baldanta et al. 2023), resisting
also to high UV-C, may help comprehend the different strategies in the Chroococcidiopsis to cope
with high light intensities. In the context of climate change, this work thus suggests that temperate
cyanobacteria may be unable to evolve in the direction of a high tolerance to arid land conditions,
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using the adaptation and acclimation mechanisms occurring in extant endolithic cyanobacteria. A low
moisture threshold may provoke the extinction of species, and their replacement by novel microbial
communities. To have a more complete overview, this work should nevertheless be completed with a
study of desiccation-tolerant cyanobacteria also living in temperate regions such as Nostoc. The
efficiency of colonization of emerging arid areas by pioneering Chroococcidiopsis needs also to be
addressed.
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Material and methods

Strains and culture conditions. Chroococcidiopsis G-MTQ-3P2 was obtained from J. DiRuggiero and
maintained in BG11 growth media according to previous works (Huang et al. 2020). The strain
identification was verified by sequencing the 16S rRNA that matched the published genome (Huang
et al. 2020; Murray et al. 2021) and grouped with other Chroococcidiopsis species on a neighbor
joining tree. The study of Chroococcidiopsis G-MTQ-3P2 was performed in parallel with a dehydration
sensitive cyanobacteria, Synechocystis PCC 6803 (Raanan et al. 2016). To sustain the autotrophic
metabolism of the cyanobacterial strains and maintain a stable pH at 7.5, culture was performed
with a 2 mM inorganic carbon supply, under 3,000 ppm CO; bubbling. A photosynthetic fluorescence
kinetics with an Fv/Fm ratio of 0.47 +/-0.02, determined as described below, was considered as an
initial physiological condition for experiments. Cell density assessment was required to monitor
cultures performed in biological replicates. Due to Chroococcidiopsis tendency to form aggregates,
the spectrophotometric measure of total chlorophyll was performed with a 24-h methanol extraction
and quantified as described previously (Lichtenthaler and Wellburn 1983).

Inoculation and incubation of gypsum chips flat surfaces. Dehydration assays were performed on
pure gypsum (rehydrated plaster, alpha plaster made from Molda Super provided by SAINT GOBAIN
PLACO). Gypsum polycrystalline chips consisted of 15 mm diameter discs, with 2 mm thickness, UV-
sterilized. Liquid cyanobacterial cultures were concentrated to reach 200 pg Chlorophyll.mL? in
BG11, from which 100 pL were deposited on the surface of a chip in a sterile 6-well (20 mm
diameter) cell culture plate (Greiner) and immediately covered. The chips being porous, the media
quickly diffused in while the cells remained at the surface. Obtained chips were placed under a
constant 20 UE (umol photon.m™2.s?) fluorescent tube light at 25°C according to previous studies
(Huang et al. 2020). A water layer was added at the bottom of the incubation chamber during the
incubation period, preventing a complete desiccation of samples in the initial hours of the treatment,
but not preventing the complete desiccation after a few days. Alternatively, a centimetric gypsum
rock single crystal from San Martin de la Vega quarry (Spain) was provided by SAINT GOBAIN PLACO,
France. The determination of the orientation of the crystalline lattice was performed using an X-Ray
Laue diffractometer. With the help of J. Debray (Neel Institute, CNRS, Grenoble) the crystal was cut
so as to expose the (011) surface on several 1-cm? pieces. Crystal cut so to expose the (010) surface
was used as a control. The obtained chips were treated and inoculated as above.

XRD analysis of gypsum phase transition into anhydrite. The crystalline structure of pristine gypsum
and anhydrite as well as inoculated gypsum was determined by means of X Ray diffraction (XRD) to
assess potential phase transition in gypsum. A Panalytical Empyrean diffractometer equipped with a
Cobalt X-Ray source was used in a parallel beam configuration, well adapted to the roughness of the
polycrystalline gypsum chips. The samples of scraped powder from (011) and (010) monocrystalline
gypsum faces were measured on a Bruker D8 diffractometer in Bragg-Brentano geometry with
Copper Ka radiation. For the sake of clarity, the diffraction patterns are all presented as a function of
the scattering angle for Copper Ko radiation.

Photosynthetic efficiency. In routine, photosynthesis parameters were measured in cell cultures
with room temperature fast chlorophyll fluorescence kinetics using a PSI Fluor pen FP110, after 5 min
dark relaxation for all culture samples, as described previously (Strasser et al. 2000). The steady-state
fluorescence in dark-adapted cultures is termed FO, Fm is the maximal fluorescence after a saturating
light pulse with green light, and Fv is the difference between Fm and FO. With these parameters, the
maximum efficiency of energy conversion by photosystem Il (PSIl) can be calculated as Fv/Fm. In the
case of fully dehydrated gypsum discs, samples were re-hydrated with distilled water in the dark for
30 min prior the measure.
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Chlorophyll fluorescence emission spectroscopy at 77 K. Low Temperature Fluorescence was
measured using an ocean optics USB2000+ mini spectrophotometer, assorted with a 572 nm band
pass filtered white LED, used as excitation. Cells grown in liquid culture were collected by
centrifugation at 10,000 x g, for 5 min, in the dark. The pellet was suspended under 50 umol
photon.m?2.s! white light and deposited in the sample holder with a glass cover slide in exactly 1
minute. The sample holder was then closed and immediately plunged into liquid nitrogen. The solid
samples being flat gypsum discs, they were directly placed into the sample holder with their cover
slide and plunged into liquid nitrogen. The average of 3 biological replicates was represented in all
samples.

Analysis of pigments. Pigments were analyzed by high performance liquid chromatography (HPLC)
(Varian ProStar 800, Walnut Creek, CA, USA) coupled to a diode array detector using a C30 column
(Macherey-Nagel), at a 1 mL.min! flow rate. Cell pellets or gypsum chips with dry sample were
suspended in 100 pL of distilled water on ice for 1 minute, then completed up to 1 mL with
methanol, bubbled with argon for 1 min and left at -20°C for a week. The methanol extract was dried
under argon and suspended in 150 pL N,N-dimethylformamide (DMF), centrifuged at 10,000 x g for 5
min, and prepared into HPLC vials with insert. 50 uL were injected into a C30 column. The elution was
followed spectrographically from 260 nm to 680 nm. The elution buffers (A, 80% MeOH, 0.2% NH;-
Acetate; B, MeOH; C, Tert-Methyl-Butyl-Ether) were mixed 5% A + 95% B linearly replaced by 5% A +
80% B + 15% C until 10 min, then linearly replaced by 5% A + 30% B + 35% C until 35 min runtime.
Results obtained were compared to pigment determined in cyanobacteria and algae (Komatsu et al.
2016; Mochimaru et al. 2008; Taniguchi and Lindsey 2021; Xiong et al. 2017) and extracts of
Arabidopsis thaliana and Solanum licopersicum, allowing peak attribution. Canthaxanthin was
confirmed by electrospray ionization ion-trap mass spectrometry (Amazon SL, Bruker; Lipang
Platform, Grenoble). Quantification was performed through peak deconvolution using the Fityk
software (https://fityk.nieto.pl, 1.3.1 version) in split-gaussian mode on 3 biological replicates, using
the 450 nm elution spectrum. In the absence of absorption coefficient available for most compounds
in the solvent mix used, relative quantification was performed considering peak area.

SDS-PAGE. Cell pellets or dry materials collected from gypsum chips were suspended in 200 L lysis
buffer (urea 8 M, Tris-HCI 50 mM pH 6.8, ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid 1 mM, and beta-mercaptoethanol 20 mM) and kept on ice. Using about 200 pL of
425-600 um acid-washed glass beads, the samples were processed using a Precellys24 cell disruptor,
with 3 x 30-second runs separated by 30-second pauses in a cold room. After cell disruption, SDS was
added (1% final) and the suspension was mixed vigorously using a vortex, incubated 5 min at 80°C,
and centrifuged at 10,000 x g for 5 min. The supernatant was collected and proteins were quantified
using the Pierce Detergent Compatible Bradford Assay Kit from Thermo Scientific. 20 pg of total
proteins were loaded onto a 4-12% pre-cast MES-SDS PAGE gel (Sigma-Aldrich). After migration, the
gel was stained using instant Coomassie blue reagent (Sigma-Aldrich).

Cyanobacteria survival assessment. The survival of cyanobacteria at the surface of gypsum was
assayed by transferring chips into 50 mL of liquid BG11 medium. After 24 hours, cells and gypsum
micro-particles were suspended into the growth medium, and the clean chips were then removed
with tweezers. The growth rate was followed by chlorophyll quantification as described above.

Sample chemical preparation for scanning transmission electron microscopy (STEM). After 21 days
of drying onto a gypsum chip, both samples were rehydrated with a drop of 0.1 M phosphate buffer
(PB) (pH 7.4), scraped and fixed in 0.1 M PB (pH 7.4) containing 2.5% glutaraldehyde. Under liquid
conditions both samples were centrifuged at 1000 g for 5 min and the pelleted cells were fixed in 0.1
M PB (pH 7.4) containing 2.5% glutaraldehyde. All samples in both liquid condition and following
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three weeks of desiccation were then prepared as previously described (Flori et al. 2018). Samples
were then washed five times in 0.1 M PB (pH 7.4). Samples were fixed by a 2-h incubation on ice in
0.1 M PB (pH 7.4) containing 2% osmium and 1.5% ferricyanide potassium before being washed five
times with 0.1 M PB (pH 7.4). Samples were resuspended in 0.1 M PB (pH 7.4) containing 0.1% tannic
acid and incubated for 30 min in the dark at room temperature. Samples were again washed five
times with 0.1 M PB (pH 7.4), dehydrated in ascending sequences of ethanol, and infiltrated with
ethanol/Epon resin mixture. Finally, the samples were embedded in Epon. Ultrathin sections (70-90
nm) were prepared with a diamond knife on a PowerTome ultramicrotome (RMC products, Tucson,
AZ, USA) and collected on 200 mesh copper grids. Samples were visualized by scanning transmission
electron microscopy (STEM) using a MERLIN microscope (Zeiss, Oberkochen, Germany) set up at 30
KV and 240 pA.

Lipid extraction. Chroococcidiopsis and Synechocystis cells were harvested by centrifugation if
collected from a liquid culture, or by placing inoculated chips in 50 mL falcon tubes, and stored at
-80°C until analysis. Membrane lipids were extracted in glass hardware following a modified version
of the Bligh and Dyer (Bligh and Dyer 1959) procedure, using methanol/dichloromethane/water at
ratios of 1.1/1/1.4, then evaporated under nitrogen and stored at —20°C until analysis.

Fatty acid regiolocalization on glycerolipid classes of Chroococcidiopsis. \We first identified the
positional distribution of the acyls groups esterified to the main glycerolipids of Chroococcidiopsis. To
that purpose, cultures grown as described were harvested and the lipids extracted. The glyceroplipid
classes were separated by 2D thin layer chromatography on 20 x 20 cm silica plates (Merck,
Darmstadt, Germany), using chloroform/methanol/water and chloroform/acetone/methanol/acetic
acid/water at ratios of 65/25/4 and 50/20/10/10/5 v/v respectively (Simionato et al. 2011).
Glycerolipid spots were revealed under UV light in the presence of 8-anilino-1-naphthalene sulfonic
acid (0.2% in pure methanol) and scraped off the plates. Each separated lipid class was recovered
from the silica powder after addition of 1.35 ml chloroform:methanol 1:2 v/v, thorough mixing and
addition of 0.45 ml chloroform and 0.8 ml H,O and collection of the chloroform phase. Lipids were
then dried under argon and analysed by mass spectrometry (MS). Purified lipid classes were
dissolved in 10 mM ammonium acetate in pure methanol. The glycerolipids were introduced by
direct infusion (ESI-MS) into a trap type mass spectrometer (Amazon SL, Bruker; Lipang Platform,
Grenoble), and their identity was confirmed by MS/MS analysis (Abida et al. 2015). Under these
conditions, the produced ions were mainly present as H’, H*, NHs* or Na* adducts. The position of the
fatty acid molecular species esterified to the glycerol backbone of the purified glycerolipids was
determined by MS/MS analyses. Depending on the glycerolipid species and the ionic adduct, the
substituents at sn-1 and sn-2 positions were differently cleaved on low energy collision-induced
dissociation. This was reflected in MS/MS analyses by the preferential loss of one of the two fatty
acids, leading to a dissymmetrical abundance of the collision fragments, and following dissociation
patterns of MS? fragments described in previous studies (Abida et al. 2015).

Lipid quantification. Cyanobacteria lipid extracts corresponding to about 25 nmol of total fatty acids
or to the total extract from the gypsum deposit were dissolved in 100 pl chloroform/methanol [2/1,
(v/v)] containing 125 pmol of each internal standard obtained from Avanti Polar Lipids Inc, completed
with synthetic standards described previously (Pittera et al. 2018). Lipids were then separated by
HPLC using an Agilent 1200 HPLC system with a 150 mm x 3 mm x 5 um diol column (Macherey-
Nagel), at 40°C, and quantified by MS/MS on an Agilent 6460 triple quadrupole mass spectrometer
equipped with a jet stream electrospray ion source, as described ealier (Pittera et al. 2018). SQDG
analysis was carried out in negative ion mode by scanning for precursors of m/z -225 at a CE of -56
eV. PG, MGDG and DGDG measurements were performed in positive ion mode by scanning for
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neutral losses of 189, 179 and 341 Da at CEs of 16, 8 and 8 eV respectively. Quantification was done
by multiple reaction monitoring (MRM) of all the molecules detected in the TLC-MS experiment with
100 ms dwell time. Mass spectra were processed with the Agilent MassHunter Workstation software
for lipid identification and quantification. Lipid amounts were corrected for response differences
between internal standards and external endogenous lipids (Jouhet et al. 2017). PG was normalized
in the Synechocystis sample by fixing its proportion at 25°C to previous quantifications used as a
reference (Yuzawa et al. 2014).
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Figure Legends

Fig. 1. Incubation of cyanobacteria on the surface of gypsum polycrystalline chips in desiccation conditions.
(A) Pigmentation of cyanobacterial deposits on the surface of the chips over a 15 days period of incubation. (B)
Comparison of the XRD chip profiles for 3 replicates of each strain after 15 days of incubation. (C) Comparison
of the obtained chips XRD profiles after 15 days of incubation with the different strains with the standard
profiles from the International Centre for Diffraction Data (ICDD) database, i.e. 01-080-6362 (-anhydrite), 04-
011-1764 (y-anhydrite), 01-080-7957 (Bassanite), and 04-009-1810 (Gypsum). AU, arbitrary unit. 6 = angle of
diffraction.

Fig. 2. Survival of cyanobacteria after desiccation on a gypsum surface. The chlorophyll concentration was
measured as a function of time in BG11 media after incubation of the inoculated chips with the two strains. The
flasks were maintained at 25°C with 20 pmol photon.m2.s? of light with orbital shaking. Graphs indicate the
average of values obtained in triplicates. Error bars show standard deviations.

Fig. 3. Chroococcidiopsis and Synechocystis maximum quantum efficiency (Fv/Fm). The Fv/Fm values were
obtained using the PSI Fluor pen FP110, following the OJIP protocol, after 5 min dark relaxation. (A)
Photosynthesis efficiency of cyanobacteria after desiccation on a gypsum surface. Dehydrated gypsum chip
samples were re-hydrated with sterile distilled water in the dark for 30 min prior the measure. (B)
Photosynthesis efficiency of cyanobacteria after cultivation at different temperatures. Growth was
performed in BG11 medium with 2 mM total inorganic carbon. The pH was kept constant at 7.5 by bubbling
3,000 ppm CO, mixed with air at 100 mL.min in a Multicultivator at the indicated temperature. The light was
set constant at 20 pumol photon.m'z.s'l. G, Chroococcidiopsis G-MTQ-3P2; Syn, Synechocystis PCC 6803.

Fig. 4. Comparison of the ultrastructure of the two cyanobacterial strains Synechocystis PCC 6803 (A, B) and
Chroococcidiopsis G-MTQ-3P2 (C, D) in liquid culture and after 21 days of drying onto a gypsum chip. Image
parameters: A, bar 300 nm, working distance (WD) 4.6 mm, magnification (mag) 43,730x; B, bar 300 nm, WD
4.7 mm, mag 52,440 x; C, bar 400 nm, WD 4.6mm, mag 37,210 x; D, bar 400 nm, WD 4.6 mm, mag 32,440 x.
The arrows indicate thylakoidal membranes.

Fig. 5. Relative proportions of the major lipid classes upon change of growth conditions. Effect of (A)
desiccation and (B) growth temperature on the membrane lipid profiles of Synechocystis and
Chroococcidiopsis. Relative proportions of the four major membrane lipid classes were evaluated as described
in methods. Values correspond to the average obtained from triplicates. Error bars correspond to standard
deviation. Monogalactosyldiacylglycerol, MGDG; diagalactosyldiacylglycerol, DGDG;
sulfoquinovosyldiacylglycerol, SQDG; phosphatidylglycerol, PG.

Fig. 6. Remodeling of acyl profiles of each membrane lipid class in Synechocystis and Chroococcidiopsis
exposed to desiccation. (A) MGDG, (B) DGDG, (C) SQDG and (D) PG acyl profiles as a function of the
dehydration progression, up to 21 days. Values correspond to the average obtained from triplicates. Error bars
correspond to standard deviation.

Fig. 7. Remodeling of acyl profiles of each membrane lipid class in Synechocystis and Chroococcidiopsis
exposed to desiccation. (A) MGDG, (B) DGDG, (C) SQDG and (D) PG acyl profiles as a function of growth
temperature. Values correspond to the average obtained from triplicates. Error bars correspond to standard
deviation.

Fig. 8. Analysis of low temperature fluorescence emission spectra upon excitation of the phycobilisomes at
572 nm. (A) and (B) show the effect of temperature adaptation on the low temperature excitation profile
comparing Synechocystis and Chroococcidiopsis, respectively. The curves represent relative intensities, and
were normalized by superimposing the value at 695 nm (PSII peak). (C) and (D) show the effect of dehydration
on the same profile on Synechocystis and Chroococcidiopsis, respectively. The curves represent relative
intensities, and were normalized by superimposing the phycobilisome peak, avoiding a normalization on PSII
peak, as this peak disappears in Synechocystis after three weeks of desiccation. Curves are the average of three
normalized biological replicates.
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