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analysis of the glacier ice alga
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In the presented study, the cells of the glacial alga Ancylonema alaskanum collected in the Austrian
Alps were analyzed. Algae were imaged both in their natural environment and in laboratory conditions
using transmitted light and fluorescence microscopy. Using appropriate fluorochromes, the cell wall
and cell organelles were studied. Oval nuclei located in the middle of the cell next to the chloroplasts
and active mitochondria as well as lipid thylakoids of chloroplasts were imaged. Scanning electron
microscopy showed that the surface of the algal cell wall was not significantly differentiated, and
atomic force microscope imaging recorded little roughness. The SEM EDS analysis revealed that
carbon, nitrogen, oxygen, and magnesium were the main components of the cells. It is worth
emphasizing that the analyzed living algal cells were obtained directly from the glacier surface and
demonstrated normal respiratory processes i.e. undisturbed physiological functions. Additionally, the
mineral material accompanying the cells in their natural environment - fragments of the rock were
imaged by Differential Interference Contrast microscopy and analyzed by Fourier Transform Infrared
Spectroscopy. The study provides new data on the morphology and physicochemical characteristics
of A. alaskanum, contributing to a more comprehensive characterization of their place in this harsh
ecosystem.

Keywords Glacier ice algae, Ancylonema alaskanum, Staining organelles, Microscopy analysis, Spectroscopy
analysis, Mineral material

The recent fast melting of glaciers and ice sheets is now considered a symbol of climate change. Many complex
mechanisms are involved in ice melting!. Among these processes, surface darkening caused by organic material
on the ice has recently gained attention from the scientific community. The process of melting glaciers is currently
an important and frequently discussed topic in scientific journals, popular science literature, and Internet
portals. Due to the existence of white surfaces, glaciers reflect up to 99% of solar radiation, thereby protecting the
atmosphere from warming?. It is believed that even a small reduction in snow cover or snow albedo will have a
huge impact on reducing the protective properties of the cryosphere, which will contribute to global warming?~>.
Glacier surfaces are inhabited by diverse and dynamically interacting microbial communities®-®. The melting
of glaciers is undoubtedly related to the presence of microorganisms on the ice surface, which lower its albedo
and cause its melting®. Blooms can be caused by microorganisms and become visible only when the rate of their
multiplication increases substantially so that their huge quantities suddenly appear in one place. As is widely
known, white reflects considerable amounts of sunlight, while black absorbs it. Therefore, the darker the ice
becomes, the faster it melts at the same level of exposure to solar energy'®. As the ice melts at increasing rates,
more abundant algae grow on its surface, as they are provided with the liquid water and air they need to survive.
Algae multiply and the glacier surface turns darker. Anything that darkens the ice causes it to melt because
it accelerates the absorption of radiation. Additionally, these microorganisms living in extreme conditions on
the ice surface often combine with inorganic material in the form of mineral dust, creating dark sediment -
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cryoconite! 12, Scientists have evidenced that this process leads to increased absorption of visible radiation!>14.

All this adds up to the final result of the melting ice, which is currently raising concern.

There are numerous studies on the biomass of algae on glacier surfaces’, but only a few algal species contribute
to the biomass!®. On the other hand, algae represent a vast, still largely unexplored biomass that could potentially
be used in industry or medicine. In order to survive in extremely harsh environmental conditions, algae have
developed unique adaptive mechanisms. Their adaptive abilities in response to extreme conditions — such as very
low temperatures, high levels of UV radiation, and changes in nutrient availability - result in the production of
substances with high therapeutic potential. These include, among others, dyes and polyunsaturated fatty acids
with anti-inflammatory and immunomodulatory effects'®!”. Studies on the mechanisms protecting cells from
damage caused by low temperatures may help develop new therapies, as is the case with marine algae'®.

The functioning of glacial ecosystems is dependent on the presence of microorganisms®. Glacier ice algae
are extraordinary organisms that exhibit some of the most extreme adaptations to low temperatures and low
light ever observed in nature. This unique feature allows these algae to quickly produce biomass in spring
when light conditions improve. Ancylonema alaskanum (formerly Mesotaenium berggrenii var. alaskanum) is a
microorganism that was found in an Austrian Alps glacier'*?. These microscopic single-celled algae growing
in one of the most extreme habitats on Earth - glaciers also influence their modeling. This species was also
observed in cold regions of the world, such as Greenland*""?, southern Chile??, and Svalbard®. Blooms of
streptophytic algae living on glacier surfaces are formed by actively dividing vegetative cells. The reports about
their zygospores are only scarce?®, unlike snow algae, whose cysts cause snow to turn red!”?’. The relatively sparse
information about this single-celled alga prompted us to analyze its cells and characterize it morphologically and
environmentally. These algae stop dividing when isolated from the natural environment due to the difficulty of
simulating natural environmental conditions>>~%’.

The aim of the research was to analyze living algal cells originating from the natural environment using
biological and chemical methods. The use of various techniques ensured a better insight into these cells in
survival conditions. Details of their cellular structure can help us understand how these cells cope with the
exposed glacier ice surface. The approach to the analysis of algal cells on which there is little data was possible
thanks to the conducted interdisciplinary research - a combination of microscopic analyses from the field of
microbiology with chemical analyses from the field of spectroscopic sciences. This research was supported by
the knowledge of an experienced phycologist who also collected these samples from the glacier. The joint effort
of specialists from various fields creates a new approach to the subject and provides a broader characterization
of organisms, such as the A. alaskanum alga species.

Materials and methods

Sample collection

Samples containing living glacier ice algae Ancylonema alaskanum were collected on 22 August, 2022 in the
Austrian Alps (Langtaler Ferner, Solden, Tirol) at N46° 47.594° E11° 00.941), altitude 2634 m, sample code
WP314 (Fig. 1). The harvested glacier ice was gently melted in the dark at 4 °C overnight. Glacier meltwater pH
was 5.7 and electric conductivity was 4.8 uS.cm~!. Larger debris was removed by sieving the meltwater through
an 800, 400, 200, and 140 pm mesh size stainless steel sieve tower (Retsch, Germany). Until further processing,
the cells were kept in original glacier meltwater in an illuminated 5 °C incubator for a few weeks.

Brightfield light microscopy

The algal cells were observed and imaged using a Zeiss Axiovert 220 M with a scanning head LSM 5 Pa confocal
microscope. The cells were placed on a glass slide in an amount of 2 pul of glacier meltwater, covered with a
coverslip, and imaged using oil immersion at 100x magnification. The rock material was observed using the
differential interference contrast (DIC) technique with a Nikon Eclipse MA200 (Japan) microscope under 60x
magnification.

Fluorescence microscopy

The Calcofluor white dye is mainly used to stain fungal cell walls because it binds to chitin, causing blue
fluorescence of the cell contours?®-*C. This fluorochrome also binds to cellulose, which is a component of the
cell wall of algae and vascular plants®!~33. Calcofluor white (Fluka) was added to the aqueous suspension of algal
cells in a 1:2 ratio and incubated for 10 min in complete darkness. The algal cells were imaged with a confocal
microscope as described above. The excitation wavelength for Calcofluor white was A=365 nm, emission
A=475 nm, and fluorescence color - blue. The cells were imaged with a Zeiss LSM 5 Pa fluorescence microscope
at 100x magnification.

A mixture of fluorescent dyes: Hoechst 33342 (Sigma) and propidium iodide (Sigma) was used to visualize
algal cell nuclei?*4. The staining mixture was added in a 1:1 volume to the algal cell suspension and then
incubated for 5 min at 37 °C in the dark. The algal cells were analyzed using a Zeiss LSM 5 Pa fluorescence
microscope. Normal cell nuclei stain intensely blue. The nuclei of apoptotic cells are fragmented and emit
intensely blue fluorescence, and necrotic cells are characterized by pink nuclei. The excitation wavelength for
Hoechst 33342 and propidium iodide was A =365 nm, emission A=454 nm for Hoechst 33342, and emission
A=417 nm for propidium iodide. The samples were observed with a Zeiss LSM 5 Pa fluorescence microscope at
100x magnification.

The Rhodamine 123 dye (ThermoFisher Scientific) is commonly used to stain the membranes of properly
functioning mitochondria*. Active mitochondria emit green fluorescence. Cells with impaired mitochondrial
function have no membrane potential and do not emit any fluorescence. Rhodamine 123 was used at a
concentration of 120 ug mL~!. The negative control was performed using sodium azide, which is an inhibitor of
the mitochondrial respiration pathway®. A 1.3% solution of sodium azide (Sigma) was incubated with the algal
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Fig. 1. (a) Overview of the sampling sites of Ancylonema alaskanum: (b) (A) Sampling location at Langtaler
Ferner, a glacier in S6lden, Tyrol, Austria (23 Aug 2022, field sample WP314). (B) Detailed view of the faintly
brownish glacier ice surface before harvest.

cells in a 1:1 ratio for 10 min at room temperature. Controls were incubated with Rhodamine 123 at 37 °C for
20 min and then washed 3 times with sterile water. Samples were transferred to microscope slides and imaged with
a Zeiss LSM 5 Pa fluorescence microscope at 100x magnification”. The excitation wavelength for Rhodamine
123 was A =470 nm and emission A =528 nm; dyed structure — the membrane of active mitochondria.

The fluorescent dye Nile Red (Sigma-Aldrich) was used to determine lipids in the A. alaskanum algal cells®®.
Nile Red (NR, 9-diethylamino-5 H-benzo[a]phenoxazine-5-one) is one of the most commonly used fluorescent
dyes. It is lipophilic in nature, i.e. it is able to bind to intracellular neutral lipids** with a linear correlation
between NR fluorescence and neutral lipid content®’. A 1:10 DMSO: PBS (pH 7.2) solution was used for staining.
The algal suspension was mixed in a 1:1 ratio with the prepared dye solution and incubated for 10 min in the
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dark at room temperature; then, it was placed on a microscope slide and observed using immersion at 100x
magnification with a Zeiss LSM 5 Pa fluorescence microscope at excitation wavelength A =546 nm and emission
A=635nm.

Acridine orange is a fluorochrome used to stain living and fixed microbial cells*!. This fluorescent dye binds
nucleic acids. It has the ability to penetrate cells and emit green fluorescence when bound to dsDNA and red
fluorescence when bound to ssDNA or RNA. This fluorochrome is permeable to cells and interacts with DNA
and RNA through intercalation or electrostatic attraction, respectively. Acridine orange can be used to stain
acidic organelles, such as lysosomes, autosomes, or vacuoles*?. It emits orange fluorescence inside the organelle
at low pH. The A. alaskanum cell suspension was mixed with a 0.001% aqueous acridine orange solution in a
1:1 volume ratio and incubated in the dark for 10 min. The cells were observed at the excitation wavelength
=470 nm and emission A =520 nm*’ using a Zeiss LSM 5 Pa fluorescence microscope at 100x magnification**.

Scanning electron microscopy (SEM)

The algal cells were visualized using the SEM technique. The cells together with the rock material were centrifuged
and the supernatant was suspended in a fixative (10 ml 0.1 M phosphate bufter pH="7.0, 10 ml 8% glutaraldehyde,
200 mg sucrose) and then incubated for 4-6 h at room temperature. Then, 1.5% OsO, was added to the pellet
and centrifuged for 30 min at 2500 g. Next, OsO, was removed and the cells were suspended in 0.1 M phosphate
buffer, followed by centrifugation for 30 min at 2500 g. The algal cells were dehydrated in acetone solutions
with increasing concentrations: at 30%, 50%, 70%, and twice at 100%. The cells were transferred to SEM trays
and dried in a silica gel desiccator for 24 h. The samples were sputtered with gold using a K550X sputter coater
(Quorum Technologies). The algal cells were imaged with a Vega 3 scanning electron microscope (Tescan, Czech
Republic)*1:44,

Atomic force microscopy (AFM) analysis of Ancylonema alaskanum cells

Samples for the AFM analysis were prepared exactly as for scanning electron microscopy. The preparations were
not sputtered with gold, but were applied to mica disks, dried in a silica gel desiccator for 24 h, and then analyzed
using an atomic force microscope. The surface of the A. alaskanum cells was measured using NanoScope V
AFM (atomic force microscope) in the Peak-Force Quantitative Nanomechanical Mapping Mode (Bruker,
Veeco Instruments Inc., Billerica, MA, USA) and NanoScope 8.15 software. The nominal spring constant of
the RTESPA probe (Bruker, Billerica, MA, USA) (silicone tip on the nitride lever) was 40 N/m**. The resolution
of the scans obtained was 256 x 256 pixels. The scan rate was 0.5 Hz. Height and Peak Force Error images were
obtained simultaneously. The data were analyzed with Nanoscope Analysis ver. 1.40 software (VEECO, USA).

SEM/EDS analysis

Microscopic examinations of algal samples were performed using a high-resolution scanning electron-ion
microscope Quanta 3D FEG (FEI). Microscopic images of the sample surface topography were taken in high
vacuum (HV), in a topographic contrast mode, SE. Before performing SEM analyses, the tested samples were
sputtered with a Pd/Au layer using a Polaron SC7640 sputter coater. Images of the samples were recorded at a
magnification of x 10 000. Microanalysis (elemental composition) of the tested samples was also performed using
EDS X-ray spectrometry. The FEI Quanta 3D FEG microscope is equipped with an EDS X-ray spectrometer with
a fast Octane Elect Plus detector, which allows precise analysis of the elemental composition, including mapping
of the distribution of elements**.

FTIR spectroscopy

Infrared spectroscopy is an analytical technique that uses the interaction of IR radiation with tested biological
or chemical samples?>°. Part of the radiation is specifically absorbed by the analyzed samples. Absorption of
electromagnetic radiation in the infrared range causes changes in the vibrational energy and rotational energy
of the molecule. The radiation passing through the studied sample is recorded. Since different molecules with
different structures are characterized by different spectra, these spectra can be used to identify and observe
subtle differences in the molecules?*®. FTIR spectroscopy was used to identify minerals accompanying the
algal samples. The samples were air-dried and subjected to FTIR analysis. Due to the very small size of the
objects studied, a Nicolet iN10 MX FTIR microscope (Thermo Scientific) was used. The studies were performed
using the reflectance technique with a detector cooled by liquid nitrogen. The MCTA detector guarantees signal
stability in the mid-infrared spectrum: 4000-650 cm™ . For each spectrum, 256 scans were performed with a
resolution of 8 cm™L.

Results

Imaging of algal cells using Brightfield light microscopy

The Ancylonema alaskanum algal cells appeared in the brightfield light microscope images as cylindrical
structures with broadly rounded edges and visible grains inside the cells (Fig. 2). The cells were measured, and
their cell size distribution is shown in Fig. 3.

The largest group of cells, in percentage terms as much as 29.7%, were cells with dimensions of 10-12 pm,
marked in green in the histogram (Fig. 3) with a mean cell size of 11.0 um. Cells sized 12-14 um were also
present in a significant number, i.e. 25%, as reflected in the yellow part of the histogram, with a mean cell size
of 12.8 um. Cells larger than 14-16 um accounted for nearly 20% of the entire population (marked in blue on
the chart). Cells with a size of 16-18 pm accounted for 5.7% and are marked in gray in the graph (mean cell size
16.7 um). The largest cells, 16-18 um and over 18 um, represented the lowest percentage, i.e. 1.63% and 0.81%,
respectively (blue and red in the graph) (Fig. 3).
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Fig. 2. (A, B). Ancylonema alaskanum algal cells observed under a transmitted light microscope (pointed by
green arrows). Scale bar corresponds to 10 pm.
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Fig. 3. Size of algal cells in the collected samples. Sets of cells of a specific size are marked with colors.
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Staining of cell structures using fluorescence microscopy

The cell wall was stained with the Calcofluor white fluorochrome. The images in Fig. 4A1,A2,A3,A4 showed cell
wall staining. It is seen as blue fluorescence at the periphery of the cell, where Al and A3 are stained control
images in transmitted light.

After staining the algal cells with a mixture of Hoechst 33,342 and propidium iodide dyes, the cell nuclei
turned blue (Fig. 4B1,B3 - stained cells in transmitted light; Fig. 4B2,B4 - stained cell with emitted fluorescence).
They were visible as compact and round structures in the central part of the cell, near the chloroplasts emitting
red fluorescence in these conditions (Fig. 4B2,B4). The cells in transmitted light are shown in micrographs Bl
and B3. Staining the nuclei with the mixture of fluorochromes showed that the cells were neither necrotic nor
apoptotic. The cells appeared to be alive and functioning properly.

The Rhodamine 123 stained active mitochondria, which fluoresced in green. The structures were visible as
elongated structures located in the central part of the cell (Fig. 4C1,C3 - control, Fig. 4C2,C4 - stained cell ). The
fluorescent signal from the mitochondria came from a very limited central area in the cells. The cytoplasm was
highly compressed, as most of the cell volume was occupied by large vacuoles (typical of Streptophytes).

The Nile red fluorochrome was used to locate lipids in the algal cells. They were visible as double oval red
fluorescent structures occupying half of the cell lumen (Fig. 4D1 - control, D2 - stained cell, D3 - control, D4 -
stained cell).

Inaddition, the acidic cell compartments were stained with acridine orange, which caused to the compartments
to fluoresce red (Fig. 5A1,B1,C1,D1 - stained cells observed with transmitted light, Fig. 5A2,B2,C2,D2 - stained
cells under a specific type of filter for fluorescence observation). The green areas of the cell visible in transmitted
light gave a red fluorescent signal after using the dye for both fat and acidic compartments. In the case of fat

Fig. 4. Ancylonema alaskanum algal cells after staining of the cell wall, organelles, and fats with fluorochromes:
Al, A2, A3, A4—Calcofluor white—cell wall staining (A1, A3 - cells observed with transmitted light, A2,

A4 - stained cells with emitted fluorescence); B1, B2, B3, B4—a mixture of Hoechst 33,342 and propidium
iodide—nucleus staining (B1, B3 - cells observed with transmitted light, B2, B4 - stained cells with emitted
fluorescence); C1, C2, C3, C4,—Rhodamine 123—mitochondria staining (C1, C3 - cells observed with
transmitted light C2, C4 - stained cells with emitted fluorescence); D1, D2, D3, D4—Nile red - lipid staining
(D1, D3 - cells observed with transmitted light, D2, D4 - stained cells with emitted fluorescence). The scale
bar corresponds to 10 pm.
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A1

B1

Fig. 5. Ancylonema alaskanum algal cells after staining of acidic compartments with acridine orange (A1-D2);
left panels for every staining variant show cells observed with transmitted light; right panels - stained cells with
emitted fluorescence. The scale bar corresponds to 10 pm.

staining, a red outline of the cell was visible, which was not observed after staining acidic structures with acridine
orange.

SEM imaging of algal cells

The cell imaging using scanning electron microscopy visualized the morphology and surface of the algal cell wall
(Fig. 4). The surface of the cell wall analyzed using this technique is rather flattened and without any sculpture.
The cells are oval with rounded edges, and single grains are visible on the wall surface. The oval shape of the cells
causes the edges of the algal cells visible in the scanning electron microscope as brighter rims, which makes it
possible to distinguish these structures from rock fragments.

Atomic force microscopy (AFM) imaging of algal cells

The surface of the algal cells was additionally imaged using atomic force microscopy, which gave information on
the properties of the cell wall. The wall surface of two randomly selected cells was analyzed. The elevation profile
of both analyzed areas was very similar. The roughness values were measured over the entire cell surface on
1000 nm x 1000 nm areas. The average surface (Ra) roughness and surface root-mean-square (RMS) roughness
of the cells was: Al - Ra=9.05 nm, Rq=11.4 nm. A2 - Ra=8.84 nm, Rq=11.6 nm. It can be seen that the surface
of the walls varies to some extent. It is clearly slightly corrugated, and the visible reduction in the profile is a
result of the natural oval shape of the cell. The many small peaks visible in the graphs indicate roughness of the
cell surface (Fig. 5), which could not be seen in the SEM analysis.

SEM/EDS analysis

The SEM EDS studies showed that carbon, nitrogen, oxygen, and magnesium were the main elements in the
composition of the A. alaskanum glacier ice algae. In addition, the presence of silicon, potassium, calcium, and
iron was found in concentrations below 1% by mass. The SEM EDS test results are presented in Fig. 6.

Microscopic analysis of the rock material

The rock masses accompanying the algal cells were analyzed microscopically using the DIC function. The rock
material looked in a characteristic way, showing coloration similar to that of a precious opal, which opalizes in
a rainbow manner, shimmering with many colors (Fig. 7). The minerals had sharp, irregular edges and visible
overlapping layers of rock material with a pearly lustre.

FTIR analysis of the rock material

The FTIR studies of the rock material accompanying the glacier ice algae showed the best match of the obtained
spectrum to Nontronite from the HR Inorganic database, a mineral from the clay mineral group with the
chemical formula (CaOO'S,Na)O'SFe“Z(Si, Al),0,,(OH),nH,0O. The match coefficient of the obtained spectrum
to the Nontronite spectrum from the database was HQI=90.44. The differences in the spectra in the range of
3700-3000 cm~! and 1700-1500 cm™! were caused by different water contents in the compared samples. In the
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Fig. 6. Ancylonema alaskanum cells imaged by SEM (A, B, C). The scale bar corresponds to 10 pm.

Nontronite spectrum, much more intense bands characteristic of stretching vibrations of the -OH groups were
observed.

The FTIR studies also facilitated the identification of another mineral accompanying the glacier algae. The
obtained FTIR spectrum was subjected to a spectral search process using commercial databases. The best match
was obtained to the illite spectrum from the HR Inorganic database. Illite is a mineral from the silicate group,
classified as a clay mineral with the chemical formula K, ;.. AL,(Si, Al),O,,(OH),. The match coefficient of the
obtained spectrum to the illite spectrum from the HR Inorganic database was HQI=94.09 (Fig. 8).

Discussion

Due to the limited data available on the glacier ice alga Ancylonema alaskanum, it seemed appropriate to
examine the morphology and structure of living cells collected in the field. The research carried out so far allows
the comparison of two species of glacier ice algae. Another glacier ice alga Ancylonema nordenskioldii found
in Svalbard was previously analyzed by us using fluorescence microscopy, scanning electron microscopy, and
atomic force microscopy techniques*:.

Calcofluor white was used to stain the algal cell wall. The fluorescent blue dye binds to the 1-3 beta and
1-4 beta polysaccharides of chitin, cellulose, and callose®, which are present in the cell walls of fungi, plants,
and algae. This fluorochrome is widely used in cell biology studies to stain the cell walls of both algae and
land plants®>>, The comparison of A. alaskanum and A. nordenskioldii cells indicated some similarities in their
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Fig. 7. A. alaskanum cell wall surface observed with AFM. A1, A2 1- surface of cells (left panel) and the height
profile of cells (on right panel).

morphology; in both cases, the cell wall staining using Calcofluor white suggested its cellulose structure (Fig. 9).
It is worth noting that A. alaskanum cells were not infected with a fungus, unlike the previously described
A. nordenskidldii from Svalbard*!, where chytrid-like fungi penetrating the latter species were noticed. In the
analysis of the A. alaskanum cells, not a single cell attacked by the fungal parasite was observed, as revealed by
fluorescent microscopy using Calcofluor white, which binds to the chitin of the fungal walls.
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Fig. 8. SEM images of the A. alaskanum glacier ice algae and the elemental composition determined from
these areas by the scanning electron microscopy with the EDS detector.

Mucous material production is a strategy for desiccation tolerance in many terrestrial Zygnematophyceae®'.
Remias and collaborators®® reported a “fibrous layer” of the cell wall of Ancylonema alaskanum in a TEM picture,
but such a possible extracellular matrix was not further discussed in the cited paper. Generally, arabinogalactan-
proteins (highly glycosylated proteins) may be crucial for adhesion of cells to the substrate in Zygnematophyceae™.
In the case of Ancylonema alaskanum, a very typical behavior of field cells in glacier meltwater was observed:
little rock debris were surrounded by cells resembling “a raft with passengers” The mechanism remains to be
elucidated to determine e.g. whether some cell wall compounds play a role in this phenomenon or whether this
is rather a consequence of electrostatic gentle sticking to the quartz-like particle.

The SEM images showed that the cells were oval with small granules on the surface (Fig. 4). The observations
carried out using a scanning electron microscope showed that the wall of A. alaskanum was definitely more
stable than that of A. nordenskioldii, as it was not as sensitive to dehydration as the very thin and delicate wall of
A. nordenskildii**. The A. alaskanum cells fully retained their natural shape. In our studies, AFM analysis was
used to characterize the cell wall surface and showed the diversity of this surface. The analyses of A. alaskanum
revealed that the cell surface was not smooth but slightly ridged. After the AFM analysis, the surface topography
was clearly visible (Fig. 5). The A. alaskanum cell wall surface is rougher than that of A. nordenskiéldii. The height
profile determined by the atomic force microscope was characterized by many peaks, which was not observed in
the profile of A. nordenskiéldii cells. In a study conducted by Permann and co-workers, AFM was recently used
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Fig. 9. (A, B, C). Fragments of shimmering with different colors rocks from A. alaskanum algal samples
observed with DIC microscopy. The scale bar corresponds to 20 um.

on high pressure freeze/freeze substitution fixed material of the cell walls of Zygnematophycean zygospores,
which allowed the determination cell wall characteristics, such as adhesion and stifftness®.

The analysis of cellular structures using fluorochromes dedicated for individual organelles revealed the
distribution of these structures in the cell, indicating that the cells functioned properly without signs of apoptosis
and necrosis. Hoechst 33,342 is a dye applied for the analysis of cell nuclei. It belongs to the group of blue

fluorescent dyes used to stain DNA%*-%. The visualized nucleus of A. alaskanum is located in the center of the
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Fig. 10. Comparison of the FTIR spectra of samples A and B with the database.

cells and thus next to the parietal partly lobed chloroplasts; similar central location of the nucleus was reported
for A. nordenskioldii. After using a mixture of Hoechst 33,342 and propidium iodide, the nuclei of cells fluoresced
blue and were compact. In the case of necrosis, the nuclei stain red, and in apoptosis they fluoresce white and
blue and are clearly fragmented®*”. Such phenomena have not been observed in the cells studied (Fig. 9).

Mitochondrial imaging using fluorescent methods is an essential tool for studying the function of these
cellular organelles®*. Rhodamine 123 is a cationic fluorescent dye that is used in microscopy to specifically label
respiring mitochondria. This fluorochrome distributes itself according to the negative membrane potential across
the inner mitochondrial membrane, and loss of potential will result in loss of dye and therefore fluorescence
intensity®’. The dye has been used to monitor mitochondrial function in living algal cells. Brightly fluorescing
active mitochondria are evidence of cell viability. Active mitochondria fluoresce green, while inactive ones do
not fluoresce at all*’. In the observed case, the process of the respiration process is not disturbed (Fig. 9).

Acidic cellular compartments stained with fluorochrome acridine orange correspond to the location of
chloroplasts, which is consistent with the images of A. alaskanum presented in another article?’. The chloroplast
was recognized as an acidic compartment (Fig. 10), as this signal comes most likely from the lumen, which is
acidic due to biochemical processes (i.e. proton accumulation in the lumen during the light part of photosynthesis
and function of ATP synthase)*-.

Lipids are an integral part of the thylakoid membranes in chloroplasts as well as cytoplasmic membranes.
Lipids of the thylakoid membranes of chloroplasts were bound and stained with fluorochromes dedicated to
detecting lipids (Fig. 9). The comparison of the size of cells of A. alaskanum and A. nordenskisldii showed that
the former algae are almost half as long as the previously described glacier ice alga A. nordenskiéldii**. Although
both Ancylonema species originate from glacier surface habitats, the differences in these cells are very significant.

An important conclusion is the confirmation of the suitability of the methods used to study glacier ice algal
cells. Scanning microscopy and atomic force microscopy are very effective in characterizing cell morphology and
analyzing cell wall topography. Fluorescence microscopy methods using appropriate fluorochromes distinguish
cell organelles well and facilitate confirmation of physiological regularities.

Due to the accessibility of the bedrock, sampling the subglacial microbiome is much more difficult than
from the glacier surface®. The rock material in which the samples are collected makes it much more difficult to
visualize individual cells. Microbial diversity in supraglacial environments is higher than microbial diversity
under the ice. However, species found in subglacial environments are most often well suited to the subglacial
geochemical environment and are often organisms related to other extremophiles®!.

The SEM microscopic studies using an EDS detector allowed the determination of the elemental composition
of the tested A. alaskanum algae (Fig. 6). The studies showed a homogeneous elemental composition of the tested
algal samples. Carbon is the main element constituting over 50% of the mass concentration. Oxygen constitutes
over 17% of the mass of A. alaskanum algae. The SEM EDS studies showed nitrogen content of over 12% by
weight in the tested algae. The A. alaskanum algae were compared in terms of the content of elements with
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A. nordenskioldii. Significantly lower oxygen content was found in the A. alaskanum cells. Significantly higher
contents (12 times) of nitrogen as well as magnesium, sodium, and iron were observed. The silicon concentration
was similar in A. alaskanum and A. nordenskioldii cells*.

Using the DIC microscopic and FTIR chemical methods, we analyzed the rock material accompanying algal
cells in their natural environment (Figs. 7 and 8). The FTIR spectra showed similarity to nontronite and illite.
Nontronite is an iron (IIT)-rich clay mineral belonging to the common and widespread smectite minerals. It is
formed in the process of hydrothermal transformation of silicates. Smectite minerals have specific properties,
e.g. susceptibility to water dispersion, ability to exchange cations and sorption of organic substances, and ability
to swell and form thixotropic suspensions that do not sediment for a long time®2.

Illite, a mineral from the silicate group, is classified as a clay mineral. It is also a very common and widespread
mineral throughout the world. Its particularly large accumulations occur on ocean floors. Nitrogen is held
by illite in the form of the NH, * cation, substituting for K +in illite interlayers®>. This may be related to the
increased amount of nitrogen in the cells of the alga A. alaskanum, potentially leading to the lower C: N ratio
of cca. 56:12 observed in the algal cells. The carbon to nitrogen stochiometry in cryoflora cells was reported to
reflect in situ conditions®. Assessment of the macro-nutrient stoichiometry of glacier algal assemblages from the
southwestern Greenland ice sheet margin reported an elevated C: N ratio of 1.997 to 73 in Ancylonema cells®,
which reflects their characteristic oligotrophic environment.

The smectite-to-illite (S-I) reaction is closely related to hydrocarbon maturation, geopressuring of shale, the
formation of growth faults, and changes in pore water chemistry®. The degree of the S-I reaction is frequently
used as a geothomiometer to allow reconstructions of tectonic history of sedimentary basins®’. Some evidence
indicates that microorganisms may play an important role in the formation of silicates®. It was demonstrated
that microorganisms can promote the S-I reaction by dissolving smectite through reduction of structural Fe(III)
in the smectite structure®. Iron(III) bound in clay minerals can be an important electron acceptor supporting
algal cell growth in natural environments. Whether glacier ice algae are involved in these processes or benefit by
enriching their mineral composition is an open question and a problem for further research.

Adaptation of biological and chemical methods for the analysis of algal cells that have not been thoroughly
characterized seems to provide valuable knowledge that will allow further comparisons of rare microorganisms
living in harsh environmental conditions. Most of the microorganisms living in glacier ice are not yet known.
A team of researchers from the Chinese Academy of Sciences examining glaciers on the Tibetan Plateau found
a total of 968 species of microorganisms frozen in the ice. Most of them were bacteria, but also algae, archaea,
and fungi®. The most surprising fact was that approximately 98% of the discovered species were completely
unidentified and unknown. This is definitely an unexpected level of biodiversity, considering the challenges of
living inside glaciers.

Single-celled microscopic algae living in one of the most extreme habitats on Earth influence the formation
of these environments. By reducing albedo, glacier ice algae accelerate the melting of snow caps and glaciers and,
therefore, the extent of their blooms can be used to monitor ongoing climate change'”. Secondary metabolites
such as purpurogallin in glacier ice algae protect chloroplasts and nuclei from damage caused by increased
ultraviolet (UV) radiation and visible light, while ice-binding proteins and polyunsaturated fatty acids contribute
to reducing cell damage associated with exposure to low temperatures and ice-desiccation (on glaciers, liquid
water may be only intermittently available due to freezing), characteristic features of glacial environments!””°.
Purpurogallin is a compound with antioxidant, anticancer, and anti-inflammatory properties. Additionally, its
anticancer properties have been proven in esophageal squamous cell carcinoma’!. This natural compound found
in some plants is also an effective hepatoprotector that may act partly or mainly as a xanthine oxidase inhibitor’2.
It has also been proven that purpurogallin was found to have a significant effect on osteoclast differentiation in
a dose-dependent manner without causing cytotoxicity”>.

We are particularly interested in the medical properties of glacier ice and snow algae and our future research
will aim to expand the knowledge on this subject. We regard these studies as a preliminary stage of these analyses
showing us the properties of cells after isolation thereof from their natural environment. The interdisciplinary
research has allowed us to better understand and characterize the cells of the glacier ice alga A. alaskanum. Its
uniqueness and characteristic environment pose new challenges and encourage further exploration of these
unique microorganisms.

Data availability

The datasets generated and/or analysed during the current study are not publicly available due to [there was no
data requiring statistical analysis during the current study] but original microscopic images and FTIR spectra
are available from the corresponding author on reasonable request.
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