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Abstract

Snow algae cause blooms in slowly melting snowfields in mountain and polar regions. Although
they are excellent models for the study of life in extremely cold environments, their taxonomical diversity,
geographical distribution and variety of physiological strategies used to cope with their harsh
environment are only partially understood.

This work was focused on green algae from the order Chlamydomonadales and in one case on
golden algae from the order Hibberdiales. An integrative approach was applied to characterise species,
including the sequencing of several molecular markers (18S rDNA, ITS2 rDNA, rbcl) to reveal genotypes
and infer phylogenetic positions. Light and electron microscopy were conducted to describe the detailed
structure of cell wall surfaces and intracellular compartments. Moreover, fatty acid and pigment profiling
were carried out to provide new insights into the adjustments of metabolic pathways in these algae.
Rapid light curve measurements were used as a proxy of light preferences of photosystem Il.

Firstly, one of the main algae responsible for causing the phenomenon of red snow was shown to
represent a single, monophyletic lineage, independent from other algae within the Chlamydomonadales
(paper 1). Therefore, the new genus Sanguina (S.) was described, with two closely-related species,
S. nivaloides and S. aurantia. Using molecular methods, a cosmopolitan distribution of S. nivaloides in
polar and alpine regions was demonstrated. Secondly, the physiology of Sanguina nivaloides was
compared to another red snow forming species (Chlainomonas sp.) thriving at ice-covered high alpine
lakes, the former exhibited high photophysiological plasticity and had significantly lower polyunsaturated
fatty content (paper Il). Furthermore, a new species Chloromonas (C.) hindakii causing orange snow
blooms was described (paper Ill). Multiple populations were collected over a wide altitudinal gradient,
and the exploration of light preferences of field samples and a laboratory strain showed a high
intraspecific ability to adapt their photosynthesis to different light conditions. Additionally, the old taxon
Scotiella tatrae was transferred to C. nivalis and reduced to a subspecies as C. nivalis subsp. tatrae (paper
IV), likely representing a variation of a common cryoflora species with distinct cell wall morphology until
now known only from the Tatra Mts (Slovakia/Poland). Next, Scotiella cryophila is considered to be
the asexual cyst of C. rosae var. psychrophila; however, field-collected cysts identifiable as S. cryophila
originating from the Austrian Alps were phylogenetically separated from the authentic strain of C. rosae
var. psychrophila from North America and thus probably represent a new species (paper V). Two new
species of golden algae were described; Kremastochrysopsis austriaca causing yellow snow, and
K. americana from a pond (paper VI). The application of high throughput amplicon sequencing was
evaluated for the characterization of snow algal communities. An optimized workflow was proposed
for such projects to assist in accurate biodiversity analyses (paper VII). A strain of C. reticulata isolated
from red snow exhibited a range of unusual physiological characteristics: invariant high growth over
a broad range of temperatures, high electron transfer rates between the quinon Qa and Qg, and
the dominance of phosphatidylglycerol in thylakoid membranes in its chloroplasts (paper VIII). In the first
lipidomic study of snow algae (paper IX), Chloromonas snow species accumulated various triacylglycerols
with fatty acid chains in various stereospecific positions. Raman spectra of carotenoids of various snow
algae communities were detected and interpreted (paper X).

The presented thesis contributes to our understanding of the taxonomical and physiological
diversity of microalgae in mountain and polar snow fields. It shows that the biodiversity of these extreme
environments is underestimated, and provides new insights into the biogeography of snow algae.
Furthermore, the results reflect the species-specific dynamic nature of responses of metabolic profiles
and photosynthesis in the changeable snow environment.






Abstrakt

Snézné rasy zpUsobuji zabarveni snéhu v pomalu tajicich snéhovych polich v horskych a polarnich
oblastech. PfestoZe jsou vynikajicimi modely pro studium Zivota v extrémné chladném prosttedi, nase
dosavadni porozuméni taxonomické rozmanitosti, geografického rozsifeni a rozmanitosti fyziologickych
strategii snéznych fas v prizplsobeni se jejich drsnému prostiedi jsou pouze ¢astecna.

Tato prace se vénuje zelenym fasam z fadu Chlamydomonadales a v jednom pftipadé zlativkdm
z fadu Hibberdiales. V praci byl pouZit integrativni pfistup k charakterizaci druhl vcetné sekvenovani
nékolika molekularnich marker( (18S rDNA, ITS2 rDNA, rbcl) za uUcelem odhaleni genotypu a odvozeni
fylogenetické pribuznosti druh(l. Pomoci svételné a elektronové mikroskopie byly popsany detailni
struktury povrchu bunécné stény a vnitrobunécéného usporadani. Kromé toho byly sledovany profily
mastnych kyselin a pigment(, aby se ziskal novy pohled na Upravu metabolickych drah téchto fas. Rychla
méreni svételnych kfivek byla pouzita pro odhad svételnych preferenci fotosystému II.

Bylo prokazano, Ze jedna z hlavnich fas zpusobujicich fenomén cerveného snéhu je monofyleticka
linie v ramci skupiny Chlamydomonadales (€lanek 1), byl popsan novy rod Sanguina se dvéma blizce
pfibuznymi druhy S. nivaloides a S. aurantia. Pomoci molekuldrnich metod bylo prokazano celosvétové
rozsiteni druhu S. nivaloides v polarnich a alpskych oblastech. Za druhé, fyziologie druhu Sanguina
nivaloides byla porovnana s dalSim druhem tvoficim Cervené zabarveni snéhu (Chlainomonas sp.), ktery se
vyskytuje na povrchu ledové pokryvky vysokohorskych jezer: prvné jmenovany druh vykazoval vysokou
fotofyziologickou plasticitu a mél vyrazné nizsi obsah polynenasycenych mastnych kyselin (€lanek Il). Dale
byl popsan novy druh Chloromonas (C.) hindakii zpUsobujici oranZové zbarveny snih (¢lanek Ill). Populace
tohoto druhu byly nalezeny na Sirokém gradientu nadmotrské vysky, byly zkoumany svételné preference
terénnich cyst a laboratorniho kmene, vysledky dokladaji vysokou miru prizpGsobeni fotosyntézy rliznym
svételnym podminkam v ramci druhu. V dalsi studii byl stary druh Scotiella tatrae pteveden na C. nivalis a
redukovan na poddruh C. nivalis subsp. tatrae (clanek IV), ktery pravdépodobné predstavuje variantu
béZiného druhu kryofléry s vyraznou morfologii bunécné stény. Poddruh je doposud znamy pouze
z Vysokych Tater (Slovensko/Polsko). Dale, termin Scotiella cryophila je povaiovan pro oznaceni
nepohlavni cysty C. rosae var. psychrofila; prace ukdzala, Ze cysty z rakouskych Alp identifikovatelné jako
S. cryophila byly prekvapivé fylogeneticky oddélené od typového kmene C. rosae var. psychrophila ze
Severni Ameriky, a proto pravdépodobné predstavuji novy druh (€lanek V). Byly popsany dva nové druhy
zlativek: Kremastochrysopsis austriaca tvotici Zluté zabarveni snéhu a K. americana z tiné (Clanek VI).
V dalsi studii jsme vyhodnotili pouziti ‘high-throughput’ amplikonového sekvenovani pro charakterizaci
spolecenstev snéhovych fas. Pracovni postup pro takto zamérené studie jsme optimalizovali s cilem
zpresnit vysledky analyzy biologické rozmanitosti (€lanek VII). Kmen fasy C. reticulata izolovany z
cerveného snéhu vykazoval fadu neobvyklych fyziologickych vlastnosti: rostl v Sirokém rozmezi teplot a
byla zaznamenana vysokd rychlost prenosu elektronl mezi chinonem Qa a Qs, v thylakoidnich
membranach chloroplastl prevazoval fosfatidylglycerol (€lanek VIII). Prvni lipidomicka studie snéznych fas
ukazala, Ze snéiné fasy rodu Chloromonas akumulovaly rozmanité triacylglyceroly s retézci mastnych
kyselin v rlznych steoreospecifickych pozicich (¢lanek 1X). Ramanova spektroskopie byla pouzita pro
detekci a interpretaci karotenoid(i rozmanitych spolecenstev snéznych fas (€lanek X).

Pfedkladand prace prispivd pochopeni taxonomické rozmanitosti mikroskopickych Fas
v podminkach snéhovych poli horskych a polarnich oblasti. Ukazuje se, Ze biodiverzita téchto extrémnich
prostredi je nedostatecné prozkoumand a poskytuje novy pohled na biogeografii snéznych fas. Vysledky
dale odrazi druhové charakteristickou zménu rtznych metabolickych profil( a fotosyntézy v proménlivém
prostredi snéhu.
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1 Introduction

1.1 Why to work with snow algae?

Snow algae are a taxonomically and physiologically diverse group of phototrophic
microorganisms living in extreme conditions. They are interesting because of their
biodiversity, phylogeny and biogeography, and can serve as a model to study cellular
adaptations to harsh environments (e.g. light and temperature stress). They also play an
important role in melting snow and glacial ecosystems as primary producers. They can be
used to describe community interactions with bacteria and fungi, or be screened for
biotechnologically promising compounds. Recent studies have analysed the effect of massive
blooms on snow albedo and subsequent scenarios of global change. In addition, cryoflora is
beautiful, both macroscopically as the major constituent of snow blooms in the field, and
especially under the microscope. Last but not least, research on cryoflora allows

the researcher to visit remote places full of surprises.

1.2 Geographic and altitudinal distribution of snow algae habitat

Slowly melting snowfields may be found all around the world in mountain and polar
regions (Kol 1968). The availability of liquid water between snow and ice crystals is a key
factor for the development of a snow algae populations, as tiny freshwater channels provide

a solution of nutrients and dissolved gases.

The timing of the development of snow algal blooms is driven by complex factors;
however, the main pattern is determined by an interplay of the latitude and altitude of
a site. In mid-latitude regions of the Northern hemisphere, e.g. in the border mountains of
the Czech Republic and parts of Japan, snow algae are found annually where snow remains
at least until the beginning of May (Fukushima 1963, own observation). In the first half of
May, coloured snow spots in the Czech Mountains are usually small (a few centimetres in
diameter; Nedbalova et al. 2008; paper lll). At these sites, the earliest successful sampling in
the course of the season can be conducted, depending on spring precipitation and prevailing

air temperature, already in late March or mid-April, similarly as in the Chenango Valley in



the USA (Hoham et al. 2006). Nowadays (taking global warming into account), the best time
to collect large blooms (dozens of centimetres to a few square meters) at high alpine sites in
central Europe is from the end of May on, e.g. in the Tyrolean Alps (Austria) (Remias et al.
2005; papers |, 1, VII), and from mid-June on in the High Tatra Mountains (Slovakia, Poland)
(papers Il, 111, IV). In the Maritime Antarctic, the suitable time for harvesting snow algae
blooms is during the austral summer months of January and February (Davey et al. 2019),
while in the Arctic June to August is ideal (Lutz et al. 2014). Cryoflora in the tropical regions
have been sampled in summer seasons in New Guinea (Kol & Peterson 1976), Ecuador

(Nedbalova & Sklenar 2008) and Mt. Kilimanjaro in Kenya-Tanzania (Vimercati et al. 2019a).

The range of altitude where snow algae are found varies in mid-latitude mountains in
Europe, e.g. in the Alps from ~1500 to ~3,600 m. a.s.l. (Kol 1961), and in KrkonoSe and
Sumava in the Czech Republic from ~700 m to ~1,600 m a.s.l. (Fott et al. 1978, Kocidnova et
al. 1989, Lukavsky 1993, Nedbalova et al. 2008). In the USA altitudes range from ~1,800 up
to 4,300 m a.s.l. in the Sierra Nevada, California (Thomas 1972), from ~400 to ~1,400 m a.s.l.
in the region of New England and the state of New York (Hoham et al. 1993) and from
~1,800 up to ~3,400 on Niwot Mountain in Colorado and in the state of Washington (Brown
et al. 2016). In South America, snow algae have been found up to ~5,300 m a.s.l. in Chile
(Vimercati et al. 2019b), and in Japan they have been reported from ~200 m a.s.l. to 3,400 m
a.s.l. on the Shiretoko Peninsula and Mt. Fuji, respectively (Fukushima 1963). In polar
regions, snow algae may be found in maritime regions directly on the coast (Miiller et al.
1998) as well at more elevated inland locations (Lutz et al. 2015a). Similarly, snow algae can
occur at ‘pristine’ locations at polar sites far away from any signs of apparent nutrient inputs
(human settlement, animal colonies), e.g. on remote inland glaciers on Svalbard (Leya 2013),
as well as close to hiking trails, on mountain pastures and skiing slopes (Hoham et al. 1993,

Remias - pers. comm.) and next to penguin colonies (Remias et al. 2013a).



1.3 Melting snow as a challenging habitat

Microorganisms such as algae living in the mountain snowpack are subject to several
environmental stressors, including excessive UV and visible light irradiation (Thomas & Duval
1995, Sommaruga & Psenner 1997), daily freeze-thaw cycles (Edwards et al. 2007), limited
nutrients (Miller et al. 1998, Hiltbrunner et al. 2005) and a short growing season (a few
weeks per year) (Beniston et al. 2003). However, microalgae have adapted to survive a wide

range of extreme environments on Earth (Rothschild & Mancinelli 2001).

Solar radiation, namely photosynthetically active radiation (PAR; 400-700 nm), is the

energy source for microalgal photosynthesis. Typical light conditions at a high alpine locality
in the Tyrolean Alps (2,400 m a.s.l.) in summer were found to include PAR peaks at noon
with values between ~2,100 pmol photons m2s* (maximum under full sun) and < 1000 pmol
photons m? s (minimum under scattered cloudy skies) (Remias et al. 2010a; paper Il). UV-A
radiation (315-400 nm) showed a peak of 48.9 W m2 and UV-B radiation (280-315 nm) of
0.3 W m2. Under scattered cloudy conditions, the UV radiation declined to a range from 30.2
to 5.2 W m2 and from 105 to 20.3 mW m, respectively. At alpine sites in the Tyrolean Alps,
in the Rocky Mountains, in the New Zealand Alps and KrkonoSe Mts., maximal PAR
irradiances up to ~2500 pmol photons m s have been reported (Sommaruga & Psenner

1997, Gorton et al. 2001, Novis 2002a, Nedbalova et al. 2008).

In contrast, considerably lower ambient UV and PAR are common in polar regions, e.g.
around noon on a sunny day in summer at the glacier Longyearbreen (Svalbard), values
varied between ~1,000 and 1,100 pmol PAR m2 s%, UVA was in the range of 20.8-23.1 W m™
and UVB between 0,05-0,06 W m™ (Remias et al. 2012a). The maximum incident PAR flux
measured in the Arctic and Antarctic reaches approximately 1,500 pumol m= s (Stibal &

Elster 2007; Davey et al. 2019).

Although the snow surface may be exposed to high intensities of incident radiation, cells
located a few cm below the snow surface are exposed to much lower light levels, since the
penetration of light decreases logarithmically with increasing depth. For instance, 5 cm
below the snow surface (at elevation of 3,700 m a.s.l.), PAR reached ~20% of the PAR and

UV-A, B value at the snow surface at an alpine site (Gorton & Vogelmann 2003). At noon at



a high alpine site (2435 m a.s.l.), PAR 20 cm below the snow surface equalled only 2% of
surface amounts during sunny weather and 1.4% in cloudy conditions (paper V). In addition,
other factors also play a role in light transmittance in snowpack, such as the sizes of the
snow grains, weather conditions and time of the day (especially in the polar region in late

summer, when the sun descends close to the horizon).

Nutrients are deposited on snow by wind, precipitation, weathering of surrounding rock,
volcanic eruptions and animals. In alpine and polar regions, the electrical conductivities (EC)
of melt water are usually very low (EC <10 pS.cm™) (Miiller et al. 1998, Leya 2004, Lutz et al.
2015a, Remias et al. 2016) suggesting that the snow environment is limiting in nutrients.
In contrast, in proximity to a nutrient source, e.g. bird colonies, EC in snow can reach up to
~1,000 pS.cm™ (Ling & Seppelt 1998). A Saharan dust event led to a strong enrichment in Fe
in snow at a high-altitude site in the Italian Alps (Mauro et al. 2018). Moreover, snowfields at
locations near sea level are influenced by sea spray (e.g. EC=100 puS.cm; Leya et al. 2001).
At forested localities, leaching of coniferous litter and debris can be an important source of
nutrients for the growth of snow microorganisms (Hoham 1976). Overall, NH4-N is usually
the most abundant inorganic nitrogen form (Nedbalova et al. 2008, Remias et al. 2010a,
Novis 2002a). Higher nitrate concentrations have been present in samples without
an apparent algal presence when compared to samples with flagellates at Whiteface Mts.,

New York (Hoham et al. 1989), which may indicate an effective utilisation of nutrients.

pH values of meltwater in polar regions range between 6.7-8.1 on Windmill Islands,

Antarctica (Ling & Seppelt 1998), 7.4-7.5 in the Antarctic Peninsula (Remias et al. 2013a),
4.4-6.2 and 5.0-5.7 [rarely 7.5-7.9] on the Northwestern Svalbard (Miiller et al. 1998, Leya
2004), 6.1-7.2 around Longyearbreen on Svalbard (own observation), 4.7-7.0 on a glacier in
the North-Eastern Greenland (Lutz et al. 2014), and 4.9-7.9 on glaciers and ice-caps in
Iceland (Lutz et al. 2015a). In mid-latitude regions, pH in the Alps ranged from 4.6-6.2
(Remias et al. 2010a, 2016; paper I, V) and from 5.2-7.0 in the High Tatras (Kol 1975; paper
I, IV). Snow algae activity affect pH values in snow (Hoham et al. 1989); e.g. in the
Adirondacks of Upstate New York, the pH was more basic in samples containing algae (5.17

vs. 4.98) as a result of carbon dioxide consumption during photosynthesis.



Liguid water availability in snow can be expressed as snow wetness (Novis 2002a) or as a

snow-water equivalent (referred to as ‘snow/liquid water content’ [SWC] or ‘snow density’;
e.g. Hoham 1975a, Nedbalova et al. 2008; papers I-V). Its value is influenced by the
occurrence of heavy rains (Novis 2002a), air temperatures during the day, and also depends
on the depth of sampling (Hoham & Mullet 1977). Water availability was shown to have an
impact on dominant life cycle stages of Chloromonas in snow, with sexual stages more
common at lower and cysts (or zygotes) more common at higher SWC values (Hoham &
Duval 2001). An increase in abundance of Chlainomonas koliae (Hardy & Curl) Hoham took

place with proceeding melting (Novis 2002a).

Climatic factors, air circulation and local topographical differences play a role in snow
accumulation (Niedzwiedz 1992) and thus in the establishment of long-lasting slowly melting
snowfields suitable for the development of snow algal populations (Spijkerman et al. 2012).
Snow algae maintain populations from year to year in approximately the same localities
(Hoham & Duval 2001, Remias et al. 2016), indicating the presence of a local ‘seed bank’.

Localities of snow algae differ in their ambient irradiance, such as exposed high-light sites

above timberline (Gorton et al. 2001), semi-shaded sites in deeper parts of semi-permanent

snowdrifts (Remias et al. 2013b) and low-light sites close to or below coniferous tree
canopies (Nedbalova et al. 2008). The latter also significantly differs in the higher availability
of nutrients leached from the coniferous litter (Hoham 1976, Hoham et al. 2008a). During
their seasonal life cycle, one species may be exposed to different irradiance regimes since
the exact position of a cell in the snow pack changes over time in relation to several factors,
including the ability to move (i.e. flagellate stages), meltwater flow, and the presence of
horizontal ice layers and vertical ice fingers (Hoham & Duval 2001, Pomeroy & Brun 2001).
Exceptional localities for snow algae include melting snow fields within high alpine ice packs
(Novis 2002a), in glaciers (Remias et al. 2016), and in basal ice sheaths isolated from
permafrost ground (Remias et al. 2013b). All provide a prolonged period of meltwater
availability due to delayed water outflow from the snow. In contrast, snowfields located on
rock, soil and permafrost show higher water drain during melting (Wharton & Vinyard 1983),

and cells are subject to desiccation or high temperatures after snow melt.



1.4 Snow algae

1.4.1 Defining ‘true’ snow alga

Snow algae are members of several main algal groups (Chlorophyceae,
Trebouxiophyceae, Chrysophyceae, Dinophyceae, Cryptophyceae). The term snow alga
generally refers to freshwater microalgae found in snow, and traditionally glacial habitats
are included as well. However, there is still an ongoing discussion on what it exactly means
to be a ‘true’ (autochthonous) snow alga, and which organisms should be considered as
‘xenobionts’ (i.e. more or less accidently present in the habitat). Based on experimental
testing of several snow algal strains, Hoham (1975b) suggested that physiologically, a true
snow alga does not grow at temperatures above 10°C and its growth optimum is at lower
temperatures. Similarly, according to Leya (2013) the physiological criterion of being
a psychrophile, obligatorily adapted to snow temperatures, is a prerequisite to be regarded
as an autochthonous freshwater snow alga. A temperature threshold of 15°C for optimal

growth is used to separate_psychrophilic (i.e. obligate cryophilic) from psychrotrophic algae

(i.e. facultative psychrophilic) (Morita 1975, Helmke & Weyland 1995). The latter are non-
obligate cryophiles as they survive elevated temperatures (>20°C) and have a growth
optimum above 15 °C.

An ecological approach has been recently proposed and is used in this thesis, namely

that an alga which naturally grows and reproduces only in meltwater between snow or ice
crystals is a ‘true’ snow alga (Daniel Remias 2012). This definition has several consequences,
such as some alga assumed to be primarily soil alga (i.e. allochtonous algae like several
species of Raphidonema) are not considered part of the cryoflora in sensu stricto though
they can cause visible blooms. Under this definition, not all algae able to cause snow blooms

can be regarded as true snow algae.

1.4.2 Defining facultative snow alga

A facultative snow alga is defined here as a plastid-bearing microorganism
reproducing in various habitats including snow, e.g. soil, salt water, ponds, etc. For instance,

in maritime Antarctica and maritime Svalbard (Leya 2013) coastal green snow can be found
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consisting of actively dividing cells of several species that primarily reproduce in soil,
e.g. representatives of the genera Klebsormidium, Ulothrix, and Raphidonema. Some species
in these genera are regarded as native soil dwellers that are occasionally transported by
wind or water to snow surfaces where they may cause a short-term green snow
phenomenon, though the cells show many signs of morphological damage (Stibal & Elster

2005).

1.4.3 Snow blooms

The spectacular snow bloom phenomenon was reported for the first time by Aristotle
in the fourth century BC (Aristotle n.d.). While he recognized that something had to
contribute to this colouration, red snow was usually mistaken for mineral deposits or pollen
until the 19t century, when scientists began to pay more close attention to this unusual

event after a red snow sample from Greenland was delivered to Europe (Ross 1819).

Snow blooms can be defined as macroscopically visible mass accumulations of
freshwater microalgae in melting mountain or polar snow, and in glacier-based snowfields
(Figure 1). The snowfield colouration due to algae can be red, pink, orange, yellow, green or
grey (Kol 1968). The rarest snow coloration is blue, caused by cyanobacteria (Kol 19554, b).
The factors responsible for snow colourations are a combination of the pigment contents per
cell and the cell concentration per snow volume, with blooms generally becoming
macroscopically visible once cell counts exceed one thousand ‘giant’ red cells (Remias et al.
2016) or six thousand tiny vegetative cells per ml of meltwater (Hoham & Duval 2001).

Red, pink and orange snow colouration is usually associated with the presence of extra-

plastidal secondary carotenoids, mainly astaxanthin (Remias et al. 2005, Leya et al.

2009). A yellow bloom is usually caused by the dominance of cells containing the primary

carotenoid fucoxanthin (Petrushkina et al. 2017). Green snow is typical for mass
accumulations of cells where chlorophylls dominate and that (still) lack secondary pigments.

Grey snow or purple ice associated with algal blooms on glaciers is caused by dark brownish

vacuolar phenolic compounds (Ling & Seppelt 1990, Remias et al. 2012b). Grey snow may
also be caused by inorganic particles, though snow algae in low abundances might be

present (Kol 1966). However, in some cases grey/black snow or pinkish/reddish snow can be



almost macroscopically indistinguishable from snow coloured by inorganic particles
(Fukushima 1963, own observations from the Polish Tatra Mountains and glaciers in the
European Alps). Therefore, light microscopy in the field is always recommended. Moreover,
this may also reveal the presence of scattered algal cells in snow patches without any signs

of colour at the snow surface (Hanzelova et al. 2018, Brown 2019). Last but not least, yellow

snow close to mountain paths or skiing slopes may be the result of animal or human needs.

Figure 1. Details of coloured snow or ice caused by microalgae: (a) red snow in Tyrolean Alps, Austria,
(b) orange snow in Krkonose Mts., Czech Republic, (c) grey to purple ice on a glacier, Bernina Range,
Switzerland, (d) green snow in the High Tatra Mts., Slovakia, (e) yellow slush around Longyearbreen Svalbard,
Norway.

1.4.4 Taxonomy & phylogeny

Globally, the dominant snow algae are flagellates belonging to genera of green algae
such as Sanguina (formerly assigned to “Chlamydomonas”; paper 1), Chlainomonas (Hoham
1974a, b; Novis 2002a; paper Il), Chloromonas (Hoham & Mullet 1977; paper lll, IV) and

Smithsonimonas (Kol 1942).



An independent lineage within Chlamydomonadaceae causing red snow was
recognized by Leya (2004). Later, the new genus Sanguina was described, with Sanguina
nivaloides Prochdzkova, Leya & Nedbalova as its type (paper 1), based on a polyphasic
investigation of spherical field cysts (sequencing of three molecular markers, light and
electron microscopy of cells). No culturable isolates exist yet for this alga. Green, flagellated
isolates from red snow field samples of Sanguina nivaloides have often been misinterpreted
as having resulted from red spherical cysts or even vice versa; e.g. Novakovskaya et al.
(2018) and paper VIII thought to have observed such a phenomenon when linking green
isolates of Chloromonas (C.) reticulata (Goroschankin) Gobi from snow samples to red cysts

in the same sample.

The traditional green algal genus Chloromonas includes mesophilic, cold-tolerant and
cold-adapted microorganisms. According to Barcyté et al. (2018a), phylogenetic analyses of
18S rDNA and rbcL markers showed a paraphyletic origin of Chloromonas within
Chloromonadinia, with genetically, morphologically and ecologically well-defined clades.
Clade 1,2 and 3 in Chloromonas were delimitated according to Hoham et al. (2002) Clade 1
(containing true Chloromonas) encompasses mesophilic and psychrotolerant organisms
(Barcyté et al. (2018b), paper VIII). Clade 2 encompass psychrophilic organisms forming
snow blooms (clades A, B [papers IlI-V], C, D sensu Matsuzaki et al. 2019), whereas clade 3
includes mesophilic algae only. Furthermore, no prominent sexually produced dormant cysts
have been described within clade 1 (though asexual resting spores were reported for C.
rosae var. psychrophila Hoham, Bonome, Martin & Leebens-Mack; Hoham et al. 2002).
Consistent differences in flagellate morphology (the shape of chloroplasts, presence or
absence of stigma and pyrenoid) between the three clades were summarized by Barcyté et
al. (2018a). These researchers suggested that the genus Chloromonas could be understood
as just a part of clade 1 (= core Chloromonas), a subclade containing the type species, and
corresponding only to C. reticulata clade sensu Proschold et al. (2001). According to Barcyteé
et al. (2018a), other clades or lineages should be carefully revised and new generic names

should be proposed.

Less frequently reported flagellates in snow are golden algae (Czosnowski 1948,
Hinddk 1969). A new species causing yellow blooms in snow was described as

Kremastochrysopsis austriaca Remias, Prochdzkova & R. A. Andersen (paper VI) and showed
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no close phylogenetic relation to other snow dwelling chrysophytes such as Chromulina
chionophilia Stein (Stein 1963, Hoham 1975b), Hydrurus sp. (Remias et al. 2013b, own
observation) or Ochromonas-like flagellates (Tanabe et al. 2011). Rarely reported flagellates
in snow include euglenoids (Hoham & Blinn 1979), cryptophytes (Javornicky & Hindak 1970)
and dinophytes (Gerrath & Nicholls 1974).

Other non-flagellated algae are passively transported on snowpack by wind or by
meltwater from adjacent soil, e.g. trebouxiophyceaen alga Raphidonema nivale Lagerheim
(Stibal & Elster 2005) and desmids Mesotaenium berggrenii (Wittrock) Lagerheim (Ling &
Seppelt 1990) or Ancylonema nordenskiéldii Berggern (Lutz et al. 2014). The latter two are
known to primarily cause glacier blooms. Reports on cyanobacteria in snow are sparse (Kol
19554, b).

The taxonomy of snow algae has historically placed strong emphasis on the
morphology of characteristic cysts (e.g. ‘Scotiella’ in Fritsch 1912, Chodat 1922), since no
culturable isolates were known due to the difficulty of inducing vegetative cell production
from field-collected material. In the past two decades, methods of molecular phylogenetics
have been applied in the course of taxonomic studies (e.g. Muramoto et al. 2008). Also, new
cultivation techniques and multigene (multimarker) phylogenetic analyses have
demonstrated that field cysts morphologically identified as C. nivalis (Chodat) Hoham &
Mullet (Hoham & Mullet 1977, 1978) and C. brevispina (Fritsch) Hoham, Roemer & Mullet
(Hoham & Mullet 1979) in fact consisted of multiple species: one Japanese lineage of C.
nivalis aplanozygotes was conspecific with C. miwae (Fukushima) Muramoto, Nakada,
Shitara, Hara & Nozaki (Matsuzaki et al. 2015), and one lineage of C. brevispina cysts from
Japan was assigned to C. krienitzii Matsuzaki & Nozaki which was described based on a newly
established strain (Matsuzaki et al. 2015). Most recently, a comparative morphological
analysis of field cysts and vegetative strains together with phylogenetic analysis resulted in
the species description of C. muramotoi Matsuzaki, Nozaki & Kawachi (Matsuzaki et al.
2019). Scanning electron microscopy demonstrated that the cysts of C. muramotoi are
different from those of C. miwae, based on the arrangement of the flanges developing on
the cell wall. Although Chloromonas dwelling in snow are a relatively well-studied group,

there is still an apparently underestimated (and unknown) biodiversity.
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1.4.5 Biogeography & dispersal

Snow algae are well known from mountain, alpine and high latitude regions
worldwide. They have been reported from Europe (e.g. Kol 1968, Komarek et al. 1973,
Lukavsky 1993, Nedbalova et al. 2008), Asia (e.g. Fukushima 1963, Yoshimura et al. 2000,
Takeuchi et al. 2006a, Matsuzaki et al. 2019), New Zealand (Thomas & Broady 1997, Novis
2002a,b), North America (e.g. Kol 1942, Garric 1965, Hardy 1966, Hoham et al. 1993, Brown
et al. 2016) and South America (e.g. Takeuchi & Kohshima 2004, Nedbalova & Sklenar 2008),
Australia (Marchant 1982), Africa (Duval et al.1999, Vimercati et al. 2019a), Arctic (Kol &
Eurola 1974, Miiller et al. 1998, Leya 2004, Spijkerman et al. 2012, Kviderovd 2012, Remias
et al. 2013b) and Antarctica (e.g. Fritsch 1912, Ling & Seppelt 1998, Remias et al. 2013a,b).

In the last century, several snow algae have been assumed to have cosmopolitan
geographical distribution because the (more or less) uniform morphology of their cysts
seems to be consistent, e.g. “Chlamydomonas nivalis” (Bauer) Wille (Kol 1968), C. nivalis
(Hoham & Mullet 1978) and C. brevispina (Hoham et al. 1979). The latter two species turned
out to be collective taxa (see above). There is not much known yet about the geographic
distribution of the newly described snow alga species (e.g. Matsuzaki et al. 2015, 2018,
2019).

In addition, a lack of sampling for sequencing in many regions worldwide makes it
difficult to evaluate patterns of geographical distribution. A few snow algal species are

regarded as endemic (or regional), e.g. Scotiella tatrae Kol was described and reported only

from the High Tatra Mountains (Slovakia) so far (Kol 1965, 1968). However, this species has
been recently re-examined and reduced to a subspecies, C. nivalis subsp. tatrae
Prochazkova, Remias, Rezanka & Nedbalova (paper IV). C. polyptera (Fritsch) Hoham, Mullet
& Roemer was reported from the Maritime Antarctic close to coastal animal colonies (Ling

1996, Remias et al. 2013a). By contrast, a_disjunct geographic distribution of snow

Chlainomonas with populations in North America and New Zealand was accompanied by
relatively low sequence divergence in rbcL sequences (Novis et al. 2008). A molecular
investigation of field collected cysts from Europe, North America and South America as well

as from both polar regions showed a cosmopolitan distribution of the red snow forming

species Sanguina nivaloides (paper I).
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Generally, one may infer that the presence of small sized cells (Gradinger & Nirnberg
1996) that are resistant to excessive visible light, high UV and desiccation (Holzinger et al.
2016) may be favourable for long distance dispersal. Indeed, it was experimentally
demonstrated that unicellular algal propagules may remain viable after long-distance
transport (Marshall & Chalmers 1997), as was also indicated by metatranscriptomic profiling
of Eukaryota in clouds at alpine site (Amato et al. 2019). Some microorganisms (e.g. fungi)
have been reported to be viable up to an altitude of 77 km (DasSarma & DasSarma 2018).
Moreover, the colonisation of new geographical regions or ecological resources may be an
important genetic diversification force in protists, despite their enormous population sizes
and cosmopolitan dispersal (Skaloud et al. 2019). That study found that the silica-scaled
chrysophyte Synura sphagnicola Korshikov - occurring in slightly acidic bogs - underwent
rapid diversification during the late Pleistocene, with the most recent haplotypes being
ecologically and biogeographically much more differentiated than the older, morphologically
distinguishable lineages that diverged in the Miocene. This finding indicates that periods of
divergence in eukaryotic microorganisms (at least in some lineages) may be equivalent to
the estimated time of speciation in plants and animals. However, a better understanding of
global and regional patterns of microbial dispersal and what environmental factors control
the development of microbial communities in complex natural systems is needed (Schmidt

et al. 2014).

Microalgae may be passively dispersed by prevailing air streams (Brown et al. 1964,
Schlichting 1969), ocean currents (Gillespie et al. 2012), birds (e.g. birds migrating between
the two polar regions, such as the Arctic tern), insects (e.g. Revill et al. 1967), mammals
(Kristiansen 1996), and reptiles (Visi¢ et al. 2019) as well as by humans (e.g. snow algal cysts
with a gelatinous matrix were thought to be transported from one ski slope to another,
Hoham et al. 1993). Humans as a vector can also be illustrated by the introduction of several
Japanese macroalga by into European waters by the translocation of shellfish stocks.
Sporophyte stages of these alga may survive in the digestive tracts of bivalves in aquafarms
(Schwinghamer et al. 1994). Other examples of human influence include algal dispersal due

to ballast water discharges from ships (Smayda 2007).
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1.4.6 Biodiversity & sequencing of environmental samples

Currently, there are several molecular markers employed for DNA-based species
identification and/or barcoding for principal algal groups; e.g. for green algae the following
markers are recommended: rbcl, tufa, 18S rDNA, ITS rDNA, and 26S rDNA (Leliaert et al.
2014). Concerning environmental samples, only virtually monospecific field blooms or
isolated single cells from snow are suitable for Sanger sequencing (Remias et al. 20133,
Matsuzaki et al. 2015; papers 1=V, IX). In contrast, mixed communities are ideal targets for
state-of-the-art high-throughput (i.e. metagenomic) amplicon sequencing, e.g. using the
Illumina system (paper VII). Both approaches provide different results, leading to insights
into the biodiversity and biogeography of snow algal communities (using culture
independent methods). The choice of molecular marker(s) is usually a trade-off reflecting
the availability of reference data for certain groups of investigated microorganisms and its

resolution sensitivity for this group(s).

One of the first metagenomic studies of snow algal assemblages was based on a
single marker. Lutz et al. (2015a) investigated the partial 18S rDNA (V4-V5 hypervariable
region of the otherwise conservative marker) of eukaryotic communities at three different
Arctic sites. Only four algal phylotypes were detected (Chloromonas, Raphidonema, two
uncultured Chlamydomonadaceae) (Lutz et al. 2015a). Similarly, partial 18S rDNA high
throughput sequencing was applied to the so far under-investigated cryoflora at a nival site
above 5,000 m a.s.l. in the Chilean Andes (Vimercati et al. 2019b). The authors focused on
microbial communities in thin blades of hardened snow known as ‘nieves penitentes’, and
the most abundant operation taxonomic unit was 100% identical with “Chlamydomonas
nivalis” CCCryo RS_0015-2010 (the type specimen of Sanguina nivaloides, paper 1), while the
second and third most common operational taxonomic units (OTUs) belonged to two still

undescribed species of Chloromonas.

In paper VII, we proposed an updated approach - short reads of 18S rDNA data from
Illumina should be accompanied by the generation of new Sanger sequence libraries from
local samples to compensate for a lack of reference data in public databases. This approach
was used in the first microbial investigation of melting snow in Africa at Mt. Kilimanjaro on

the Tanzania-Kenya border (Vimercati et al. 2019a). Kilimanjaro is the most isolated high-
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altitude peak on Earth, making this site ideal for testing ideas related to microbial dispersal
and biogeography. In that study, the periglacial ecosystems of Kilimanjaro were revealed to
harbour algae related to the genera Chloromonas and “Chlamydomonas” (Vimercati et al.
2019a). Sequences of green algae found on ice and in soil were closely related to those
found in similar environments such as European alpine snow (Remias et al. 2010a), Arctic
glaciers (Leya et al. 2004) and Antarctic snow (Remias et al. 2013a). Taking a closer look and
manually performing a comparison of the selected ~1,720 bp long new 18S rDNA Sanger
sequences with available data in public databases, the clone under accession number
KX771795 turned out to be almost genetically identical with the red snow forming alga
“Chlamydomonas nivalis” CCCryo RS_0015-2010 from Svalbard (JQ790560.1 in Remias et al.
2013a; paper 1). Moreover, the clone KX771778 was closely related to the reddish snow
forming species C. nivalis Gassan-B from Japan (LC012714.1 in Matsuzaki et al. 2015) and
C. hindakii Prochazkova & Remias from the High Tatras (Poland) (paper IlI).

Since several Chloromonas species share more than 99 percent identity in
the hypervariable V3-V4 region of the 18S rRNA gene (paper V, paper VII), that section
of this marker is not specific enough for the resolution of closely related Chloromonas
species. In contrast, the use of a hypervariable marker for metagenomic sequencing (ITS2
rDNA) allowed the possibility to test the intraspecific heterogeneity of the most common
species across regions and years (Brown et al. 2016). The two most common snow algae
(affiliated with “Coenochloris sp.” and “Chlamydomonas sp.”) were shown to have a distinct
haplotype diversity distribution locally and regionally in red snowfields in Colorado and
Washington, USA. Their results suggested that snow algae are communities of clones within
a discrete patch yet are heterogeneous across the landscape. Thus, these communities are
likely structured via strong priority effects, intense kin competition and dispersal limitations.
The above mentioned North American sequences of “Coenochloris sp.” and

“Chlamydomonas sp.” have recently been assigned to the two newly described species

Sanguina nivaloides (paper 1) and Sanguina aurantia Leya, Prochazkovd & Nedbalova

(paper 1).

A bipolar study of red snow used lllumina sequencing and combined both markers,
i.e. the conservative (18S rDNA) and the highly variable (ITS2 rDNA) in combination with long

reads of 18S rDNA by Sanger sequencing (Segawa et al. 2018). They showed that red-algal
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blooms in polar regions comprised mainly cosmopolitan phylotypes (e.g. “Chlamydomonas”-
snow group B; conspecific with Sanguina nivaloides - paper 1) but also included endemic

phototrophs, which were distributed either in the Arctic or Antarctica (Segawa et al. 2018).

One of the weak points of most studies conducting environmental sequencing of
snow algal assemblages is the lack of any light microscopy of the harvested samples.
This creates an information gap that could be useful for later correct OTU affiliation.
Furthermore, it is fruitful to compare differences in the taxonomic composition based on
a combined use of a conservative marker (e.g. 185 rDNA) and of a hypervariable marker
(e.g. ITS2 rDNA). All these gaps, limitations and possible improvement in the high-
throughput amplicon sequencing (HTS) approach were evaluated in detail in paper VII.
Finally, the biodiversity of the cryoflora of the European Alps was investigated for the first

time by these state-of-the-art methods (paper Vil).

Moreover, detailed single-species studies focused on intraspecific genetic variability,
accompanied with evaluations of morphological variability and geographical distribution are
still rare in the context of snow algae. Using Sanger sequencing of monospecific field blooms,
this was performed for the red snow species ‘Chlamydomonas nivalis® (paper 1), and the
same strategy was applied to multiple populations of the species producing cysts

morphologically assignable to C. nivalis (paper Ill).

1.4.7 Complex life cycles of chlamydomonadacean algae

Combined field and lab observations of partial life cycles (from vegetative flagellates
to zygote) done for field material have provided insights into the life cycle of several snow
dwelling Chloromonas (e.g. Hoham 1975a, Hoham & Mullet 1977, Hoham et al. 1979, 1983).

Unfortunately, however, the life cycle for most snow algae is not known, due to several

reasons. In some cases, there is no vegetative strain for the species available, since there are
problems inducing the germination of field collected cyst under lab conditions. In other
cases, the development of cysts from vegetative strains under laboratory conditions has not
yet been observed. For instance, the red snow forming species Sanguina nivaloides has only

been found in the form of cysts in field so far (paper I). Therefore, all diagrams describing
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the life cycle of this species are just hypothetical, with no empirical proof in terms of
molecular data (Mdller et al. 2001, Sattler et al. 2010, Remias 2012). Consequently,
the following illustrates the complexity of the snow algal cycle using the example of snow

dwelling Chloromonas.

The vegetative cells of the genus Chloromonas may act as gametes, and sexual
reproduction begins when the flagella of two gametes from two opposite mating types
(isogamy or anisogamy) come into contact, with four-flagellate plano-zygotes being
produced (Hoham & Mullet 1977, Hoham et al. 1979). Later, the four flagella get lost and an
immotile, presumably diploid, zygote is formed (Remias et al. 2010a, own observation).
Combined field and lab observations of partial life cycles have attempted to reconstruct life
cycles for C. brevispina (partly likely C. krienitzii) Hoham et al. 1979, Matsuzaki et al. 2015,
own observation), C. hohamii Ling & Seppelt (Hoham et al. 1983, Ling & Seppelt 1998),
C. nivalis (Hoham & Mullet 1977), and C. pichinchae Wille (Hoham 1975a). However,
in laboratory conditions neither sexual reproduction nor the production of cysts have been
observed for several Chloromonas species from snow even under nitrogen starvation

(Matsuzaki et al. 2018, 2019). Other factors possibly inducing sexual mating have been

tested as well, such as the spectral composition of light, irradiance level, photoperiod and
cell density. It was shown that the response is species specific. Significantly more mating

occurred under a_ prolonged photoperiod (day:night, in hours) of 24:0 than 12:12

for homothallic C. chenangoensis Hoham, Berman, Rogers, Felio, Ryba & Miller (Hoham et al.

2009). Also, density-dependent mating was found for the closely related heterothallic

C. tughillensis Hoham, Bergman, Rogers, Felio, Ryba & Miller (Hoham et al. 1998) with
a preference of 1.5 x 10° cell mI"* (when compared to 0.5 x 10° cell mI'* and 1.0 x 10° cell

ml). In the case of Chloromonas sp.-D, a prolonged duration of blue light (430-460 nm peak)

was preferred in comparison with the reference light (530-700 nm peak), both with
an irradiance level of 95 umol photons m2 s (Hoham et al. 2000). All the three above-

mentioned species originated from shaded sites close to canopies.

A key factor in the success of chlamydomonadacean snow algae to colonize melting

snow is very likely their seasonal life cycle, as | will illustrate for a snow alga of the genus

Chloromonas (Figure 2) living in mid-latitude mountains (Hoham & Ling 2000, Sattler et al.

2010):
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At the beginning of the melting season (e.g. in the Alps at an elevation of about
2,000 m a.s.l. in April), one can hardly see any snow discoloration. Snow algae from the
previous seasons are assumed to be resting at the interface between the snow and soil
(or rock) as resistant stages (cysts). The snow starts to melt slowly, and the cysts apparently
recognize the availability of liquid water and germinate (which is accompanied by mitosis
or meiosis). Then, flagellate stages are released and migrate upwards to the sub-surface
layers, where they mate (in case of gametes) or become individually immotile. With ongoing
melting the cells are transformed into new cysts, and accumulated and exposed at the snow
surface. After total snowmelt these resistant stages should survive inactively over the rest
of the year in the soil or on bare rock. At this point, they can be subject to airborne long-

distance transport by wind.

Life cycle stage

Time > Quadriflagellate
(motile zygote)

Young cyst
\ % Mature cyst
0 ‘ Empty old cyst

Lo e Cryoconite particle
‘ . \ . Airborne long distance
40 ('\ ‘ L ﬁ *..  distribution
v ﬂ

Rock surface

Alps {2000 m a.s.l.)

April/May June/July August/September
Temperature of cells

7

Light for cells

Figure 2. Typical seasonal life cycle of a snow alga (Chloromonas nivalis), based on observation over many
seasons in European Alps [Figure modified by LP with a permission from Sattler et al. 2010]

The main physiological and cytological differences between the green cells of the
flagellate phase and the reddish immotile cells of cyst phase were summarized in Remias
(2012) (Figure 3): Briefly, cysts are reproductively inactive, accumulate reserve deposits and
are resistant to abiotic stresses (e.g. freezing and high irradiation), while flagellate stages can
migrate to reach optimal irradiances for photosynthesis and are reproductively active but

sensitive to high irradiance and freezing. Reddish snow consisting of cysts is usually found
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at open sites, while green snow consists commonly of flagellate stages and is found on

the snow surface at shady sites (Fukushima 1963, Kol 1968).

The presence of cysts (or zygotes) as resistant ‘resting stages’ increases the range of
environmental conditions in which a species can survive, ensuring the persistence of
a species over time. Nitrogen depletion (particularly NO3’) in melting snow and an increase

in snow water content seem to coincide with a shift in the life cycle from a vegetative phase

to resistant cysts in Chloromonas alga (Hoham 1975a, Hoham et al. 1979, 1983).

Interestingly, other factors such as species-specific viral infections might also be important

for snow algae life cycles. Together with high cell density, it was shown that both nitrogen

depletion and viral infections trigger the formation of resting stages at the end of bloom in

a marine diatom (Pelusi 2019).
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Figure 3. Main ecophysiological differences between two life cycle stages (flagellates, cysts) in the seasonal life
cycle of a chlamydomonadacean snow alga. [Figure modified by LP with a permission from Remias (2012),
illustrated here on example of Chloromonas hindakii (paper Ill)]

The freezing processes combined with prolonged dormancy are important factors

resulting in the meiosis (or mitosis) of cyst stages of several snow Chloromonas species
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during autumn (Hoham et al. 1979). Interestingly, simulation of these conditions in the
laboratory has been recently successfully applied in enabling the easier establishment of

strains for Chloromonas species dwelling in snow (paper IIl).

The assumed presence of haploid vegetative stages and diploid zygotes in the life

cycle of chlamydomonadacean snow algae is an example of a heteromorphic life cycle where

a prolonged haploid/diploid stage exists, and as consequence, transformation into cysts and
the germination of cysts are spatially and temporally separated. This may have several
impacts, including the colonisation of new locations by a snow alga being facilitated by high
capabilities for uniparental reproduction (i.e. selfing, asexuality or both) (Krueger-Hadfield et
al. 2016). This hypothesis is interesting in the context of the uncertainty of dispersal
strategies and the lack of knowledge of geographic distribution patterns for many snow

algae.

1.4.8 The role of snow algae in ecosystems

Painter et al. (2001) used the range of chlorophyll absorption to quantify snow algal
biomass in the snow cover with an airborne imaging spectrometer to estimate snow-algae
densities in the Sierra Nevada Mountains of California. A trial scan of their field site found
a mean concentration of 1,300 cells ml™ over an area of 0.495 km? of snow. They assumed
all the algal cells were in the top 10 cm of snow, so the areal biomass concentration was
estimated to be 0.033 g.m™. Takeuchi et al. (2006b) investigated the spatial distribution
of red snow algae on the Harding Icefield, Alaska using the range of carotenoid absorption
retrieved from a satellite image. The averaged mean carbon content estimated from

the algal biomass of red snow for the icefield in the image was 1.2 kg km™2.

Williams et al. (2003) integrated daily measurements of gas exchange to show a CO;
uptake around 2,300 umol m? day? in heavily colonized red snow patches in the Snowy
Range of the Rocky Mountains, which indicates that summer snowfields can be productive.
Moreover, these authors combined gas-exchange measurements with remote sensing
of algal concentrations, estimating an overall annual net primary production for a red
snowfield of 5 g m?2. This represents ~2% of the area-specific productivity of arctic

heathlands (Shaver 2001, Williams et al. 2003). Similarly, Lutz et al. (2014) measured net
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photosynthesis rates in three sample types at the Mittivakkat Glacier the southeast
Greenland: red snow (snow algae dominated in abundances), a brown-blackish biofilm
(a mixture of snow and glacier algae), and grey ice (glacier algae dominated). All showed
positive trends (the highest value was for the biofilm), indicating that snow and glacier algae

are important primary colonizers and net primary producers that differ spatially (elevation)

and temporally in their distribution in a glacier (Lutz et al. 2014). Hamilton & Havig (2017)
measured carbon fixation rates of snow algae communities on supraglacial snowfields
at glaciers in the Pacific Northwest. Their geochemical, isotopic, and microcosm data suggest
these assemblages were surprisingly not limited by phosphorus or fixed nitrogen availability

(Hamilton & Havig 2017), but the addition of inorganic carbon stimulated primary

productivity (Hamilton & Havig 2018).

Snow and glacier algae support the microbial community that coexists with them,
which includes heterotrophic bacteria (Terashima et al. 2017), fungi (Brown et al. 2015),
ciliates (Bidigare et al. 1993), rotifers, nematodes (Hoham 1989), ice-worms (Shain et al.
2001), and springtails (Sattler et al. 2012). These algae may also play an important role
in supraglacial and periglacial snow food webs, since they actively sequester iron,
manganese, and phosphorus leached from minerals sourced from the local rocks (Hamilton
& Havig 2017). Bacteria adhered to the outer smooth cell wall of red cysts
of “Chlamydomonas nivalis” were visualised by scanning electron microscopy (Weiss 1983).
Modern approaches such as metagenomic profiling of the pro- and eukaryotic communities
in Japan showed patterns of the co-occurrence of certain microorganismal groups: species
belonging to the subphylum Betaproteobacteria were frequently detected in both green and
red snow, while members of the phylum Bacteroidetes were also prominent in red snow
(Terashima et al. 2017). It is assumed that these bacteria can utilize the available carbon
sources in algae-rich environments and may promote algal growth in the field as well as in
laboratory conditions (Terashima et al. 2017) with essential nutrients, such as vitamins (Croft
et al. 2005). Bacterial abundances and production rates were higher in red snow containing
algae than in noncolored snow (Thomas & Duval 1995). However, bacterial abundances can
also increase in surface snow during the melting season in the absence of or prior to snow
blooms, probably due to the utilization of dissolved organic carbon in snow meltwater
(Segawa et al. 2005).
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1.4.9 Mechanisms of physiological adaptation

1.4.9.1 Pigments

Three major classes of photosynthetic pigments occur among algae: chlorophylls,
carotenoids (carotenes and xanthophylls) and phycobilins. Their individual abundances are
characteristic for certain main taxonomic groups (Hoek et al. 1995). For green algae (which
dominate in snow blooms), the following pigments are especially important: chl-a, chl-b,
B-carotene, lutein, violaxanthin, neoxanthin, episodically antheraxanthin and zeaxanthin
(Bidigare et al. 1993, Remias et al. 2005). Carotenoids participate in several plastidal
processes: a) in light harvesting and transfer of the photons to chlorophylls,
b) as antioxidative agents protecting the thylakoid membranes from oxidation due
to reactive oxygen species and other radicals. Interestingly, cleavage carotenoids products
that are volatile cause a smell (Watson 2003), and blooms caused by Sanguina nivaloides are
often called watermelon snow since the red snowfield smells faintly of fruit due to volatile

degradation products of astaxanthin esters.

All carotenoids involved in photosynthesis are classified as primary carotenoids.
Under certain scenarios, e.g. when cells are exposed to extreme conditions, certain

microalgae have the ability to produce secondary carotenoids, especially astaxanthin,

canthaxanthin and echinenone (Leya et al. 2009). These ketocartenoids (i.e. carotenoids
containing a carbonyl group) play an essential role in snow algae. Generally, both high light
levels as well as nitrogen depletion are known to induce secondary carotenoid synthesis
(Sun et al. 2008, Cordero et al. 2010). Other factors that have been shown to play a role are
increased concentrations of iron ions (Wang et al. 2013), and temperature, salt stress and
combined stresses (Lemoine & Schoefs 2010). It is unknown if endogenous mechanisms

in snow algae induce astaxanthin production in the course of their seasonal life cycle.

The amount of accumulated astaxanthin in a cell is expressed as its ratio to chlorophyll-a;
the highest value so far of 34.1:1 has been reported for Sanguina nivaloides cysts on
Svalbard (Miller et al. 1998). High amounts of extra-plastidal astaxanthin provide

a_multifunctional stress defence: astaxanthin shields the photosystem against excessive

irradiation including short episodes of enhanced UV-B (Remias et al. 2010b). Enantiomers

of astaxanthin differ in their spectral absorption properties: while all-trans-astaxanthin has
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its maximum absorbance in the visible light range (470 nm), 13Z-cis-astaxanthin (and its
esters) also has additionally a significant capability of UV protection (around 375 nm)

(Remias & Lutz 2007; paper Il). Moreover, these abundant lipid droplets help in freezing

resistance since they occupy large volume of cells and therefore reduce the water content
that would otherwise increase the dangers of increased lysis due to crystalline ice formation
(Remias et al. 2005). Finally, astaxanthin helps in enhancing the cytosolic resistance
to oxidative stress (mediated by excess light, UV-B irradiation) and nutritional stress

(Lemoine & Schoefs 2010).

Under nitrogen limitation, cells can redirect their biochemical reduction potential
away from proteins to nitrogen-free metabolites such as fatty acids or carotenoids. Since
the amount of storable intraplastidal carotenoids is limited by the physiological demand
of the photosynthetic apparatus and the solubility of these non-polar compounds,
an alternative strategy is activated: the synthesis of non-photosynthetic secondary
carotenoids and their export into the cytoplasm and deposition in lipid globules. There,
the astaxanthin with its two hydroxyl groups is usually esterified with fatty acids (Remias et

al. 2005).

The lack of laboratory cultures for many snow algae also causes gaps
in the knowledge about their physiology. Interestingly, the accumulation of secondary
carotenoids in some zygotes of Chloromonas (e.g. Cryocystis granulosa (Kol) Kol ex Komarek
& Fott, Chloromonas nivalis, Chloromonas brevispina in forested snowfields) appears to be
related to the aging of cells as well as to ambient irradiance levels (Hoham & Duval 2001,
Remias et al. 2010a, own observation). Field cysts of Chlainomonas sp. sampled later in the
season had a higher astaxanthin to chlorophyll ratio when compared to the population
collected earlier in the season (paper Il). Analyses of field samples revealed that the pigment
composition of algal communities is variable and dependent on sampling time and location:
e.g. it dramatically changed on a glacier in Greenland during a 2 week melting season (Lutz
et al. 2014). Similarly, snow algae communities from Iceland collected sooner in the season
and at higher elevation glaciers (with later melting periods) were dominated by chlorophylls
(31-100% of total pigments), followed by secondary carotenoids (between 0 and 69%) and
then by primary carotenoids (up to 8%) (Lutz et al. 2015a). In contrast, snow algal

communities collected later in the melting season showed higher secondary carotenoid
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contents (up to 69%) (Lutz et al. 2015a). An increase of the astaxanthin to chlorophyll-a ratio
in relation to cyst maturity was also documented for a population of Chloromonas nivalis in

the Austrian Alps (Remias et al. 2010a).

Astaxanthin was shown to be the pigment responsible for the red colour
in cytoplasmatic lipid bodies in cysts of “Chlamydomonas nivalis” (Remias et al. 2005; paper
Il), Chlainomonas sp. (paper IlI) and the reddish/orange colour of cysts of Chloromonas
species in snow (Remias et al. 2013a; papers lll, IV), though in lower quantities. Interestingly,
two closely related species markedly differed in their accumulation of astaxanthin, despite
the fact that they dwelled in the same habitat on Svalbard: small orange cysts affiliated with
Sanguina aurantia exhibited astaxanthin to chlorophyll ratios from 1 to 3 (Miiller et al. 1998;
paper 1), while dark red cysts of Sanguina nivaloides had ratios from 10 to 34 (Miiller et al.
1998; paper |). The Chloromonas representatives, which accumulate less astaxanthin
than Sanguina, were suggested to compensate for this with a larger pool of carotenoids
of the xanthophyll cycle in order to protect the chloroplast against excessive irradiation

(Remias et al. 2010a).

Peak profiles of secondary carotenoids may be used for a_rough chemotaxonomy

(Remias et al. 2016). While in Chlainomonas sp. astaxanthin is mainly esterified with two
fatty acids and is thus more non-polar, in Sanguina nivaloides and Chloromonas nivalis less
non-polar monoesters prevail (Bidigare et al. 1993, Remias et al. 2010a, 2016a; paper Il).

Astaxanthin provides chloroplast protection mainly against visible light (Gorton et al. 2001).

Under elevated UV-B radiation, impaired (but not inhibited) photosynthesis and an increase
of secondary pigments took place in Sanguina nivaloides, indicating a trade-off between
autotrophic productivity on the one hand and UV-protection on the other. The high amounts
of secondary carotenoids attenuated the changes during the exposed conditions.
This attenuation explains why violaxanthin was the only xanthophyll cycle pigment found
to be typical for low-light-adapted thylakoids (antheraxanthin and zeaxanthin were below
detection limits) (Remias et al. 2010b). UV tolerance is relevant for snow alga especially
during the atmospheric transport of cysts after snowmelt, when they are exposed to much

higher UV doses than at collection sites in Alps or even at high latitude localities.
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Adaptation strategies to high light stress other than secondary carotenoids have been
demonstrated for Trebouxiophyceae and several species of Chlorophyceae (Leya et al. 2009).
Raphidonema nivale and Raphidonema sempervirens Chodat exhibited an unusually high

pool of primary xanthophyll cycle pigments and did not accumulate any secondary

carotenoids. The xanthophyll cycle was also shown to be very effective for photoprotection
in snow chrysophytes Ochromonas (0.) smithii Fukushima and O. itoi Fukushima (Tanabe et
al. 2011). In contrast, the transition from non-stressed to stressed (elevated light, nitrogen
deficiency) conditions in trophic stages of several snow and permafrost algae
of Chlorophyceae decreased the yield of all primary pigments, while all secondary
carotenoids and a-tocopherol markedly increased (Leya et al. 2009). An increased
accumulation of a-tocopherol during cyst maturation was reported for field samples

of Chloromonas nivalis (Remias et al. 2010a) and Chlainomonas sp. (paper II).

1.4.9.2 Phenolic secondary metabolites

Mesotaenium berggrenii, and Ancylonema nordenskiéldii, the most prominent algae
dwelling at melting bare glacier surfaces, have different protective strategies: secondary
carotenoids like astaxanthin has never been detected in their cells, but rather they
accumulate high amounts of a polar brownish pigment in vacuoles (Remias et al. 2009,
2012a; own observation). These secondary metabolites were revealed to possess an unusual
benzotropolone backbone (known from oxidation products of black tea), and the main
compound was identified as purpurogallin carboxylic acid-6-O-B-D-glucopyranoside (Remias

et al. 2012b). This phenol, together with its congener, exhibit a_broad spectral absorption

covering the entire UV A and B range, and also a large part of the visible light range (Remias

et al. 2012a, b). Moreover, it may act as a_chemical defence against grazers (e.g. glacier

springtails) due to its tannic attributes, or may represent a_‘physiological sink’ for surpluses

of reductive energy from photosynthesis that cannot be invested, in e.g. growth and cell
division, because of abiotic limitations (e.g. temperature, nutrients). Since such phenolic
compounds are nitrogen-free, its abundant synthesis by algae is not dependent on eutrophic
conditions. Phenolic substances have also been reported from other species of Zygnematales

(Streptophyta), i.e. Spirogyra (Nishizawa et al. 1985), Zygnemopsis (Figueroa et al. 2009),
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Zygnema (Pichrtovd et al. 2013) and Zygogonium (Aigner et al. 2013). Concerning
chlamydomonadacean snow algae, total phenolic and free proline contents, as well
as antioxidant protection factor, were found to increase in “Chlamydomonas nivalis”

under UV-A and UV-C light exposure (Duval et al. 2000).

1.4.9.3 Functional profiling of snow microbial communities

One of the first insights into snow ecosystem functioning in situ was gained
in studying the pro- and eukaryotic green and red snow communities on Feiringsbreen,
Svalbard (Lutz et al. 2015b). Green snow represented a carbon and nutrient rich
environment, and was dominated by the algae Microglena sp. with a metabolic profile
characterized by key metabolites involved in growth and proliferation. In contrast,
the nutrient poor red snow habitat was colonized by various Chloromonas species with
a high abundance of storage and reserve metabolites, likely in order to face upcoming
severe conditions. Recently, an investigation of snow algal communities in Ryder Bay,
Antarctic Peninsula (Davey et al. 2019) showed that green snow was protein-rich, had a high
chlorophyll content, and contained many metabolites associated with nitrogen and amino
acid metabolism, while red snow communities had a higher carotenoid content
and contained more metabolites associated with carbohydrate and fatty acid metabolism.
Interestingly, in green snow dominant compounds (fungi were dominant in 18S rDNA reads)
such as the amino acid lysin and its metabolite aminoadipic acid were detected (Table S4 in
Davey et al. 2019), which is a precursor for penicillin synthesis in fungi that produce
a-aminoadipate (Fazius et al. 2012). In red snow (Davey et al. 2019) found glycerol, sugar
alcohols and other low molecular weight carbohydrates that are associated with osmotic
acclimation such as mannitol and glycerol (Egger & Karsten 2010). The glycerolipid and fatty
acid composition was similar between green and red blooms, which is consistent
with the classical hypothesis that a high degree of fatty acid saturation is related

to membrane stability at low temperatures (Bidigare et al. 1993).
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1.49.4 Photosynthesis

Snow and glacial ice habitats are quite different than mesophilic ones. A number of
physiological adaptations are expected considering the low temperatures and extreme
irradiation. Algae adjust both how effectively they absorb photons and how efficiently they

turn absorbed light energy into chemical energy via photosynthesis.

Primary productivity is a term used to describe the rate at which plants and other
photosynthetic organisms produce organic compounds in an ecosystem. For snow algae,
this has been measured by carbon fixation (Fogg 1967, Thomas 1972, Javornicky 1973,
Mosser et al. 1977, Williams et al. 2003, Hamilton & Havig 2018) and by measurements

of changes in oxygen concentrations in light and dark bottles (Lutz et al. 2014).

The relationship between the rate of photosynthesis and light intensity can be
described by ‘light curves’ (LC; P/l curves), which assess not only the present photosynthetic
capacity, but the algal activity over a wide range of ambient light intensities (Falkowski &
Raven 1997). There are several ways to measure photosynthetic performance. A direct
method utilises oxygen evolution monitoring (Remias et al. 2005; paper VIII), while
an indirect method utilises the measurement of rapid light curves (RLCs) using variable
chlorophyll fluorescence (Strasser et al. 2000, Stibal & Elster 2007; papers lI-V). In the latter,
a parameter called the electron transport rate, or ETR, is closely related
to the photosynthetic activity measured by oxygen evolution or oxygen dioxide uptake (Beer
et al. 1998). Relative ETR (rETR) approximates the rate of electrons pumped through
the photosynthetic chain (Ralph & Gademann 2005). Photon energy captured
by a chlorophyll-a molecule can either drive photosynthesis, be converted to heat, or be
emitted as chlorophyll fluorescence. The latter provides the most appropriate means
for screening the dynamic processes occurring in the photosystem Il (PSII) reaction centres,
i.e. the efficiency of light energy utilization, diurnal changes in PSIl photochemistry,

or electron transfer rates (Ralph & Gademann 2005).

Traditional light response curves and rapid light curves have three distinct sections:
an initial light-limited region, a light-saturated region, and with even higher irradiance
(supra-saturating) a region where the curve may tend to decline. With traditional light

response curves, this decline is usually associated with photoinhibition (Henley 1993);
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however, with RLCs this decline could be linked to the dynamic down-regulation of PSII
(White & Critchley 1999), not true photoinhibition as there is (commonly) insufficient time
for photodamage to occur. For quantitatively comparing LCs, several characteristic
parameters such as a (the slope of the linear part of the curve), Ik (the light saturation
coefficient) and Pmax (the maximum rate when light becomes saturating; rETRmax in RLC) are
calculated (Ralph et al. 2002; papers 1lI-V). Finally, these photobiologic assays are
temperature dependent, and this fact can be used to make conclusion about light

preferences of an alga.

RLCs of the snow alga Chloromonas brevispina under a spruce canopy in the Krkonose
Mts. (Czech Republic) have indicated that the photochemical activity of cysts is measurable
in situ (Kviderova et al. 2005). This is of relevance, since for many snow algae no living strain
is available yet. At Svalbard, photosynthetic parameters changed over the course
of the snow melting season in a single spot dominated by orange cysts (Sanguina aurantia,
paper I) in relation to weather changes (higher irradiances corresponded with higher rETR,
alpha, k), and likely also as a consequence of the cell maturation process (paper Il). These
cysts were mostly saturated later in the season, with the saturating depth reaching more
than 2 cm on some days. A higher accumulation of secondary screening pigments outside
the plastids resulted in a reduced amount of photosynthetic active radiation available for the
photosystems (Stibal & Elster 2007). By contrast, purple cysts from the same region
(S. nivaloides, paper 1) seem to have never reached saturation (Stibal & Elster 2007). Cysts
of this species from the Austrian Alps also never became inhibited up to 2100 umol
photons m?2 s! (Remias et al. 2005; paper Il). This probably reflects a combination
of abundant secondary carotenoid accumulation (Miiller et al. 1998; paper Il) in combination
with a photoprotectively advantageous localisation of the plastid in the centre of the cell

(Remias et al. 2016; paper I).

In the Maritime Antarctic, oxygen evolution measurements of cysts of the green alga
C. polyptera and zoospores of the chrysophyte Hydrurus sp. showed no sign
of photoinhibition at higher irradiance levels (~1,300 pmol photons m=2 s) (Remias et al.
201343, b). Interestingly, two very closely related taxa, C. nivalis from the Tyrolean Alps and
C. nivalis subsp. tatrae, exhibited similar photosynthetic performance (paper IV), reflecting

the fact that they thrive in similar habitats at open sites, but they differed in relative
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astaxanthin accumulation, the latter having three times more (paper IV). In contrast,
fluorometric measurements demonstrated that the cysts of Scotiella cryophila Chodat K-1
(a member of the Chloromonas clade based on 18S rDNA sequencing) were adapted to low
light conditions. That was exactly the situation deeper in the snow where population was
found (20 cm below the surface) (paper V). Snow algae live in a changeable environment.
With proceeding melting, cells that previously grew in low light conditions deeper
in the snow will be exposed at the snow surface. Such cells have to rearrange their
photosynthetic apparatus and its antennae, e.g. relocate light harvesting complexes
between PSIl and PSI, alter the pigment composition, e.g. accumulate secondary
carotenoids, or rely on energy dissipation, e.g. via the xanthophyll cycle (Tanabe et al. 2011,

Lyon & Mock 2014, Hopes et al. 2017).

The first ecophysiological comparison of populations of the same cryoflora species
from two different mountain ranges was done for Chlainomonas sp. (High Tatra Mts.
in Slovakia, Tyrolean Alps in Austria). The photosynthetic rates of the alga from both sites
were consistent in their response to irradiance, with photoinhibition not noticed up to high
light intensities of 1,300 umol photons m= s (paper Il), corresponding to previous findings
for this species based on oxygen evolution measurements (Remias et al. 2016). However,
the former population (sampled later in the season) needed only half the irradiance than
the latter (collected earlier in the season) to become saturated (lk) (paper Il). This can be
explained by the advanced snowmelt and associated irradiance stress experienced later
in the season (paper Il). An acclimation to the long-term higher PAR and UVR conditions
at certain locations may also be responsible for observed differences between two

populations of vegetative flagellates of Chloromonas species (Kviderova 2010).

Recently, a new species causing orange snow, C. hindakii, was described (paper Ill)
and demonstrated for the first time for a snow alga that the photosynthetic apparatus can
adapt to quite different light conditions (paper Ill). This was achieved by comparing RLCs
of a laboratory vegetative strain and field cysts collected from shaded, partly shaded
and fully exposed snowfields. This showed an intraspecific flexibility of the photophysiology,

which apparently allows this species to thrive at quite different light conditions in snow

(paper HlI).
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1.4.9.5 Lipid compounds

Major metabolic adaptations enabling the cell growth and photosynthesis of snow
algae at low temperatures are associated with the maintenance of membrane fluidity. Lipids
are the main structural components of biological membranes, the main storage site

for energy, and are involved in cell signalling.

Three main classes are recognized: neutral lipids, phospholipids and glycolipids.
Neutral lipids in microalgae are represented predominantly by triacylglycerols (TAGs),
diacylglycerols, sterols and sterol esters (Leblond & Chapman 2000). Microalgae deposit
neutral lipids in organelles referred to as lipid bodies or oil globules, while phospholipids and
glycolipids are part of biomembranes. Nutrient availability, temperature and PAR are the key
factors influencing fatty acid composition in lipids (Roessler 1990). Very high contents

of polyunsaturated fatty acids (PUFAs) were found in both principal life cycle stages

of chlamydomonadacean snow algae, namely in cysts of Chlainomonas and Chloromonas
(papers 1I-1V) and vegetative flagellates of Chloromonas (paper lll, IX). This indicates
the importance of PUFAs in resilience under a range of harmful conditions and
the adjustment of the photosynthetic apparatus (Kugler et al. 2019). Desaturation of FAs
promotes a looser packing of lipids and a decrease in the temperature of membrane
solidification at low temperatures (Morgan-Kiss et al. 2006). Lipid droplet formation leads
to striking ultrastructural alterations in the cell during cyst maturation (Remias et al. 20103;
paper 1V), generally associated with an overall reduction of the plastid and decreased
stacking of thylakoid membranes (paper Ill, V). PUFAs formed more than 75% of the total
fatty acids in a Chloromonas brevispina population from Sumava, Czech Republic; vegetative
flagellates dominated the field sample, and only a few cysts were present (Rezanka et al.
2008). On the other hand, Bidigare et al. (1993) reported significantly lower PUFA
from green snow of Chlamydomonas spp. sampled in Antarctica (28%). However, that result
was based on single measurement in the field. There is only limited knowledge
about the variability of fatty acid profiles of snow algal strains under varying controlled

conditions in the laboratory (Spijkerman et al. 2012).

In snow algal cysts, neutral lipids were composed predominantly of saturated lipids,

whereas phospholipids and glycolipids were composed predominantly of PUFAs, suggesting
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their key role in membrane fluidity adjustment (paper Il, 1V). Interestingly, in flagellate
stages, PUFAs prevailed even in the neutral lipids of C. hindakii (paper lll). Although cysts
and flagellate stages of C. hindakii contained the same quantities of PUFAs, differences
inthe FA profile were found: For the flagellates, the most abundant PUFA was
hexadecatetraenoic acid,16:4 (42,72,112,13Z), which was three times higher than for cysts
of the same species. Similarly, this FA was important in flagellates of C. remiasii Matsuzaki,
Nozaki & Kawachi isolated from the Arctic (strain CCCryo 005-99) and kept under nitrogen
deficient conditions (Spijkerman et al. 2012) and green field samples of C. pichinchae from
mountains in the Czech Republic (paper IX). Generally, the PUFAs found prevailing
in Chloromonas snow species are linoleic acid, 18:2 (9Z,12Z), a-linolenic, 18:3 (92,12Z,15Z),
and stearidonic acid, 18:4 (6Z,92,12Z2,15Z) (papers lI-1V), which is consistent with the mean
content of individual FAs in 22 strains of Chloromonas screened in a study by (Lang et al.

2011).

Concerning the intraspecific variability of populations sampled in different

geographical regions, no significant difference in FA profiles was found between field
samples of Chlainomonas sp. from two mountain ranges in central Europe that were
identical in their ITS2 rDNA sequences. In the case of Sanguina nivaloides,
the monounsaturated oleic acid, 18:1 (9Z), dominated the Svalbard field sample (sample
9/10 1b, Spijkerman et al. 2012), while it was 4.5 times lower in an Austrian population
where a-linolenic was the most abundant FA (paper Il). One may assume that FA profiles are
influenced by adaptations to latitudinal differences of ambient conditions, genetic variability

between the samples, and/or the time of sampling over the course of the season.

Photosynthetic membranes of cyanobacteria, algae and plants are unique in their
richness of glycolipids dominated by galactolipids followed by sulfolipids. Interestingly,

an unusually high content of the phospholipid phosphatidylglycerol was found in thylakoid

membranes (>80%) of the green alga C. reticulata isolated from red snow. This charged lipid
may provide structural flexibility that is a prerequisite for electron transfer at the acceptor
side of PSIlI at low temperatures (5°C) (paper VIII). In order to understand the cellular
physiology, comprehensive identification and precise quantification of lipids is crucial

in lipidomic research (paper IX).
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1.5 Climate change: Are habitats of cryoflora threatened?

Studies of the global deep-sea oxygen (880,) and carbon (*386C) isotope records
indicate that the Earth has experienced continuous temperature changes. It has drifted from
extremes of expansive warmth with ice-free poles, to extremes of cold with massive
continental ice-sheets and polar ice caps. During the Cretaceous period (144 to 65 Ma),
tropical flora and fauna thrived in polar regions. The Cenozoic era (65 Ma up to present)
followed the Cretaceous and marked a significant shift in planetary temperature. The Earth
began to cool down about 50 Ma BP (see Figure 9.1 in Marshall 2011). The onset
of the Quaternary glacial cycles was at about 2.5 Ma. The planet has experienced more than
40 glacial-interglacial episodes during this period so far. The cycles have increased
in magnitude over the past million years (see Figure 4 in Lisiecki & Raymo 2005), indicating
that the glaciations have become more severe. Currently we live in an interglacial period

that is expected to come to an end perhaps 20,000 years from now.

Insights into the complex interactions between snow and climate were recently
published by Thackeray et al. (2019). In the northern hemisphere, the extent of snow cover
has experienced a significant decline, at rates of 3.1% and 13.6% in May and June per decade
over the past half-century (1967-2018) (Bormann et al. 2018). Increasing surface
temperatures are expected to delay the onset of the snow season and promote earlier
melting (Brown et al. 2009), with the greatest changes to happen in spring. Snow
in the mid-latitudes appears to be most sensitive to climate change (Mudryk et al. 2017) and
mid-latitude areas below 1200 m a.s.l. are assumed to suffer complete snow cover loss

by the end of 21st century (Marty et al. 2017).

In the last fifty years, 335 + 144 gigatons of glacier ice have melted away globally,

resulting in a_global sea-level contribution of 0.92 + 0.39 millimetres, per year (Zemp et al.

2019). This can be compared to ~120 m of ice layer covering whole area of Austria. One
major current contributor to the global sea-level rise was the melting of heavily glacierized
regions, with approximately one third originating from Alaska (Zemp et al. 2019). There were
also large contributions from regions with less glacierization but strongly negative specific
mass changes, such as Western Canada, USA, and Southern Andes. The Himalayas were

the only region that exhibited mass gain over the full observation period (Zemp et al. 2019).
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This implies that glaciers could almost disappear in certain mountain ranges in this century,
while heavily glacierized regions will continue to contribute to sea-level rises beyond
the year 2100. Taking a closer look at the European Alps, glaciers are still present in France,
Switzerland, Italy and Austria. Under strong warming (implying a high CO; emission
scenario), these glaciers are projected to almost disappear within one century (Zekollari et
al. 2019). Even a scenario of moderate warming does not bring much hope for
the ‘permanent ice’ of the European Alps, as only about one-third of the present-day glacial
volume will remain in 2100 (Zekollari et al. 2019). Even more at risk are equatorial glaciers
and mountains with snow (e.g. Mount Kilimanjaro in Africa); these are currently
disappearing rapidly and we are likely the last generation able to observe these ‘cold islands’

in the tropics (Zawierucha & Shain 2019).

The consequences of dramatic changes of seasonal snow cover and glacier decrease
will have a huge impact on supplies of drinking water, and further uses such as hydropower
generation, industry and functioning of meltwater-dependent mountain agriculture,
especially in cold-arid regions with seasonal water scarcity. This is particularly important
in tropical Andes of Peru and Himalaya (Thompson et al. 2011, Nusser et al. 2019).
In addition, further socioeconomical impacts of glacial retreat include the uncertain
development of tourism as a major economic support for developing countries, for instance

Mountain Kilimanjaro in Tanzania (Molg et al. 2008).

Recent climate changes are also clearly of relevance for the presence of cryoflora.

In addition, however, cryoflora also impacts the results of climate change. Light absorbing

impurities on surfaces are affecting the climate through changes in snow albedo. It is
calculated as the percentage of incident light (400-700 nm) which is reflected by snow
(Thomas & Duval 1995, (Lutz et al. 2014). Snow and glacier algal blooms have been shown

to have significant effects on albedo reduction (Lutz et al. 2016, Ganey et al. 2017, Stibal et

al. 2017). Other impurities in snow include carbonaceous particles (Warren 1984), mineral
dust (Fugazza et al. 2015, Mauro et al. 2018), and other organic matter (Takeuchi & Li 2008).
With regard to grain size, water content and presence of any impurities, the albedo of snow
is dramatically changing. In the Tioga Pass area, Sierra Nevada, California, fresh snow was
reported to have 90+2% while old snow had 58+5.5% (William H Thomas & Duval 1995).

At Mittivakkat glacier in south eastern Greenland, the differences in albedo from the clean
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(~75+5%) to red snow (~49+8%) and to biofilms (~20+£4%; glacier and snow algae) were
attributed to an increased secondary cell pigmentation and mineral contents. Cell
concentrations and life cycle stages also play a role. Masses of green snow made
of vegetative flagellates show decreased solar reflection of even ~30% (Feiringbreen,

Svalbard; (Lutz et al. 2015b). Such microbial darkening phenomenon further accelerate snow

and ice melting. In four Arctic locations, Lutz et al. (2016) estimated an overall decrease
in snow albedo from red snow algal blooms over the course of one melt season of 13%.

This indicates that such a bio-albedo effect should be considered in climatic models.

1.6 Perspectives of the snow algal research

Due to global warming, the existence of cryoflora on tropical glaciers (e.g. (Vimercati
et al. 2019a) and many mid-latitude mountain ranges (e.g. Nedbalova et al. 2008) are very
threatened, and they thus urgently deserve focused research before these habitats will be

gone forever.

The acquisition of new snow and glacier algal strains is the first step for further
analysis of their detailed cytology, ecophysiology, genomes (molecular taxonomy) and
for biotechnology (e.g. Hulatt et al. 2017). To my knowledge, there is no existing laboratory
strain of the most prominent snow and glacier algae such as Sanguina nivaloides
or Ancylonema nordenskiéldii and Mesotaenium berggrenii (Williamson et al. 2019).
Acquiring knowledge about detailed environmental changes inducing snow algal cysts
to germinate, or the establishment of continuous growth of glacier algae, is necessary.
Both problems seem to depend on simulation of the precise abiotic conditions present
inthe field. | assume that glacier species have intracellular sensors that realize
if the situation does not perfectly match that in the field — stopping growth endogenously.

A technically accurate simulation of such field conditions in the laboratory is likely needed.

Genomes, transcriptomes, and reverse genetic tools serve as important platforms
for advanced studies on algal ecology, evolution, and adaptation (Hopes et al. 2017, Lyon &
Mock 2014). Currently, there are only a few polar/snow green algae with a published

genome, e.g. the psychrotolerant freshwater green alga Coccomyxa subellipsoidea Acton
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C-169 (Blanc et al. 2012), and snow alga Chloromonas brevispina UTEX SNO96 (J. A. Raymond
2014) and Kremastochrysopsis austriaca DR75b (Raymond & Remias accepted). Further
genomes of snow algae are currently under work (S. Lutz - pers. comm.). Still, there is much
to discover in the function of genes. For instance, there are over 2,300 genes (~30% of all
genes) in the Coccomyxa subellipsoidea genome with no known homologs in sequenced
mesophilic chlorophytes (Blanc et al. 2012). Most of the genes involved in defence,
detoxification, and carbohydrate metabolism display higher sequence similarity to bacteria
rather than to green algae, suggesting possible acquisition by horizontal gene transfer.
Similarly, this origin has also been suggested for ice-binding proteins in the snow alga

Chloromonas brevispina (Raymond 2014).

The production of knock-down lineages (e.g. Kugler et al. 2019) of snow algal strains
for genes of enzymes involved in lipid metabolism (e.g. FAs synthases, elongases, lipases,
desaturases) should show a link between certain functions of PUFAs and the ability

of an alga to thrive in the extreme conditions of melting snow.
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2 Research objectives and methods of this thesis

In the present thesis, | performed both field and laboratory observations and experiments to
answer the following questions:

e What are the phylogenetic relationships of snow algae causing blooms? Do the newly
described species show any close phylogenetic relationship to other psychrophilic
species? Is there a hidden molecular diversity within the widely distributed species
Chloromonas (C.) nivalis?

The molecular phylogeny was inferred based on the tree construction of 18S rDNA and
rbcL (papers |, 1ll, V, VI). If almost identical sequences of the closest taxon had already
been published before, no new phylogenetic tree was generated (paper II, IV).

e What are the closest relatives to these species? What is the genetic variability among
populations of a single species?
The relationship with closely related reference species and among samples of a single
species was evaluated by the construction of ITS2 rRNA secondary structures (a search
for compensatory base changes was conducted) (papers -V, VII).

e What are the pros and cons of using 18S rDNA and ITS2 rDNA for the evaluation

of amplicon high-throughput sequencing data (HTS)? Are ITS2 rDNA transcript
secondary structures comparison and oligotyping helpful in delineating the cryptic
diversity of dominant species?
The differences in the algal community structure obtained using the two markers were
summarised in non-metric multidimensional scaling ordination graphs. Furthermore, it
was checked whether outcomes of the different taxonomic assignment strategies
for both markers were cross-correlated with traditional light microscopy observations
(paper VII).

e Is it helpful to complement HTS data with newly generated traditional Sanger

sequencing data for a custom-based reference library?
Sanger sequencing of local abundant taxa was carried out to obtain new reference
sequences, and it was checked whether the taxonomic assignments improved once the
additional reference sequences were included into the custom-made reference sequence
database (paper VII).

e Are morphological characteristics of snow algal cells consistent with their phylogeny
reconstruction based on molecular data?

Cell surface morphology details and intracellular ultrastructure were inspected by using
light, scanning and transmission electron microscopy (papers I-VII)

e Is there any pattern in the geographical distribution of haplotypes of a cosmopolitan
species? Is there any significant relationship between the geographical distance and
the sequence similarity of ITS2 rDNA?
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The geographic distribution of haplotypes was detected by establishing a haplotype
network. To test the existence of spatial patterns, the Mantel test and spatial principal
component analyses were carried out (paper )

Does the spatial distribution of the snow algal population on an ice-covered lake
correlate with the availability of liquid water in the snow?

The spatial distribution of snow water content and the cell concentration in snow
on the ice cover of a high alpine lake was investigated along a transect (paper Il)

Are there any differences in adaptation strategies between populations, between
different life cycle stages of one species, or between closely related taxa in terms
of pigment and lipid profiles?

Pigment (HPLC) and fatty acid (GC-MS) analyses were conducted for: two populations
of Chlainomonas sp. (Austrian Alps versus High Tatra Mountains), a laboratory strain
and a population of field-collected cysts of C. hindakii, and a population of C. nivalis
subsp. tatrae from the High Tatra Mountains (papers |II, Ill, 1V). Using Raman
spectroscopy, data were obtained from monospecific and mixed field snow algae
samples (paper X). The lipid composition of field samples of Chloromonas flagellates was
studied in detail using high-resolution mass spectrometry (ESI-MS), and the analysis
of triacylglycerols (silver-LC and NARP-LC/MS) identified regioisomers containing PUFA
(paper IX).

Do the light preferences reflect the conditions in the original habitat? Do populations
from high light conditions become photoinhibited at higher irradiances than those
from low light conditions?

Using rapid light curves, three populations of C. hindakii consisting of cysts (collected
above timberline, next to a spruce canopy and 3-5 cm below the snow surface) and
a laboratory strain of the same species were compared (paper lll). Additionally, cysts
of C. nivalis subsp. tatrae from the snow surface (paper IV) and cysts of Scotiella
cryophila causing a green bloom at the depth of 20 cm below the snow surface (paper V)
were studied.

What is the temperature dependence of the growth and photosynthetic activity
of a Chloromonas strain isolated from snow compared to a mesophilic strain
of Chlamydomonas reinhardtii?

In a wide range of temperatures (5 to 35°C), the autotrophic growth of both strains was
assayed by measurements of total chlorophyll content and oxygen evolution rates were
determined (paper VIII).

What are the possible mechanisms behind the photosynthesis adaptation
of the Chloromonas strain isolated from snow to low temperature?

The temperature dependence on the electron transfer rate from quinon Qa to quinon Qg
and lipid composition of thylakoid membranes were investigated for C. reticulata
acclimated for temperatures ranging from 5 to 35°C. Amino acid changes in the sequence
of the D1 protein in comparison with other taxa were detected (paper VIII).
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3  Outline of the original papers (I-X)

This thesis consists of ten papers (I-X). Eight papers (I-VI, IX, X) focused on microalgae
causing snow discolouration by massive reproduction, while paper VIl is methodologically
motivated, using a metagenomic evaluation of whole green algae assemblages present
in melting snow. Paper VIl investigated the physiology of an alga isolated from red snow but
is likely not responsible for the colouration.

Paper | (Prochazkova et al. 2019, FEMS Microbiology Ecology) focused on spherical cysts
commonly found in red snow worldwide and formerly affiliated with the name
of Chlamydomonas nivalis. The samples originated from alpine habitats in Europe, North
America, South America and both polar regions. No culturable isolate of the investigated
alga is available. Molecular analyses of the field cysts revealed the presence of a single
independent lineage within the Chlamydomonadales (well separated from genera
Chlamydomonas and Chloromonas). The genus Sanguina was described, with Sanguina
nivaloides as its type. It is distinguishable from other red cysts forming alga by the number
of cell wall layers, cell size, cell surface morphology and habitat preference. S. nivaloides
is a diverse species containing 18 haplotypes in the dataset according to ITS2 rDNA.
It has a cosmopolitan distribution with an absence of geographical structuring,
indicating an effective dispersal strategy with the cysts being transported all around
the globe, including trans-equatorially. Additionally, Sanguina aurantia was described,
with small spherical orange cysts often clustered by means of mucilaginous sheaths,
and causing orange blooms in snow in subarctic and Arctic regions.

Paper Il (Prochazkova et al. 2018, European Journal of Phycology) investigated a species
causing massive red blooms in a special habitat of slush on ice-covered high alpine lakes.
Two populations (identical in four molecular markers) in the High Tatras in Slovakia and
Austrian Alps consisted mostly of smooth-walled quadriflagellates. They shared similar
photosynthetic performances, very high levels of polyunsaturated fatty acids and abundant
astaxanthin accumulation, comparable to the red cysts of Chlamydomonas nivalis (now
Sanguina nivaloides). Higher levels of a-tocopherol,13Z-isomer of astaxanthin and secondary
pigments were accumulated in the Slovak population in comparison with the Austrian
population, probably reflecting harsher environmental conditions for the former in the late
melting season. Chlainomonas sp. has been misinterpreted several times as Chlamydomona
nivalis, therefore we compared these two species using a polyphasic approach and showed
that the latter species shows high photophysiological plasticity and has significantly lower
PUFA content. An annual cycle of lake-to-snow colonization by Chlainomonas sp. from slush
layers deeper in the ice cover was proposed. Our results point to an ecologically highly
specialized cryoflora species, whose geographic distribution is likely to be more widespread
than previously assumed.

Paper Ill (Prochazkova et al. 2019, Microorganisms) focused on the ecophysiology and
identity of previously unknown species responsible for orange snow blooms in three
mountain ranges in the central Europe. The cysts within the blooms morphologically
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resembled those of Chloromonas nivalis. Molecular and morphological traits of field and
cultured material showed that they represent a new species, Chloromonas hindakii sp. nov.
For the first time for a snow alga, cyst stages collected in a wide altitudinal gradient and
the laboratory strain were compared in terms of the performance of photosystem Il (using
PAM fluorometry). Results indicated that the physiologic light preferences of each
population reflected the conditions in the original habitat. A high content of polyunsaturated
fatty acids (about 60% of total lipids) and the accumulation of the carotenoid astaxanthin
were observed. These are regarded as adaptations to coping with extreme environmental
conditions of snow that include low temperatures, freeze-thaw cycles and variable light
intensity. The intraspecific ability of adaptations of the photosynthetic apparatus to different
irradiance regimes seems to be crucial for thriving in different snow habitats.

Paper IV (Prochazkova et al. 2018, Fottea) re-examined a snow alga morphologically fitting
the original description of Scotiella tatrae and causing brownish snow blooms near its type
locality in the High Tatra Mountains (Slovakia). The investigated alga turned out to be
genetically (sequencing of four markers) very closely related to Chloromonas nivalis from
the Austrian Alps. Therefore, S. tatrae was transferred into the latter taxon and reduced
to a subspecies as C. nivalis subsp. tatrae. Both exhibit a similar photosynthetic
performance, thrive in similar habitats at open sites above timberline, but differ
in astaxanthin accumulation and the number of aplanozygote cell wall flanges. In a field
sample of C. nivalis subsp. tatrae, polyunsaturated fatty acids formed nearly 50 % of total
lipids, dominating in phospholipids and glycolipids. C. nivalis subsp. tatrae likely
represents a variation of a common cryoflora species with distinct morphology.

Paper V (Remias et al. 2018, Phycologia) explored the photobiology, cytology and
phylogenetic position of cysts causing sub-surficial green snow in the Austrian Alps, Tyrol,
and morphologically identifiable as the snow alga Scotiella cryophila sensu Chodat, initially
described from Switzerland. Cysts of S. cryophila K-1 had secondary cell walls
with pronounced rib-like surface structures, and contained several small spherical plastids.
Cysts performed active photosynthesis at temperature conditions close to the freezing point,
and were photoinhibited at irradiances corresponding exactly to habitat conditions occurring
at a depth below the snow surface where the population was found. Phylogenetic analyses
using several molecular markers indicated that S. cryophila K-1 is related to Chloromonas,
known to contain several snow algae. The taxon formed an independent lineage and was
clearly genetically distinct from the type strain of Chloromonas rosae var. psychrophila
from North America that is supposed to have morphologically identical cysts.

Paper VI (Remias et al., accepted, Journal of Phycology) described the cellular morphology,
ultrastructure and phylogenetic position of two new species of golden algae:
Kremastochrysopsis austriaca causing yellow snow blooms in the Austrian Alps and its sister
species K. americana isolated from a pond in USA. When grown in culture, both taxa showed
a characteristic hypo-neustonic growth of active flagellates, with older cells forming
palmeloid colonies at the bottom of the culture vessel. K. austriaca had no close
phylogenetic relation to other psychrophilic chrysophytes, e.g. Chromulina chinophilia,
Hydrurus sp., and Ochromonas-like flagellates.
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Paper VII (Lutz et al. 2019, Fottea) evaluated the limits and possible improvements of high-
throughput amplicon sequencing analysis applied to green algal assemblages in melting
alpine snow. The taxonomical assignment of DNA sequences strongly depended
on the quality of the reference databases wused. Furthermore, for accurate
identification a combination of the manual inspection of automated assignments and
oligotyping of the abundant 18S rDNA OTUs and ITS2 rDNA secondary structure analyses
were needed. The use of one marker can be misleading because of the low variability (18S
rDNA) or scarcity of references (ITS2 rDNA). HTS outputs need to be thoroughly checked
when the organisms are poorly represented in databases. An optimized workflow
for accurate diversity analyses includes consistent sampling, a two-molecular-marker
approach, light-microscopy-based guidance, the generation of appropriate reference
sequences and a final manual verification of taxonomic assignments.

Paper VIII (Luke$S et al. 2014, FEMS Microbiology Ecology) investigated the temperature
dependent response of growth, photosynthetic electron transfer rate and fatty acid
composition of a strain of Chloromonas reticulata isolated from red snow. The growth
and oxygen evolution rate were low at 2 °C yet progressively enhanced to 10 °C and were
significantly higher at temperatures from 5 to 15 °C in comparison with the mesophilic
control Chlamydomonas reinhardtii. Unprecedent high rates of Qa to Qg electron transfer
were found. The thermodynamics of the process revealed the existence of an increased
structural flexibility that we explain by amino acid changes in the D1 protein combined
with the physico-chemical characteristics of the thylakoid membrane composed of > 80%
negatively charged phosphatidylglycerol.

Paper IX (Rezanka et al. 2014, Phytochemistry) described the development of methods
enabling the rapid determination of total lipids in algae, and detailed the identification
and quantification of a complex mixture of natural triacylgylcerols (TAGs) by silver-LC/APCI-
MS and NARP-LC/APCI-MS. Both types of chromatography readily identified TAGs containing
16:3 and 16:4 acids in the molecule, both qualitatively and semiquantitatively. The genus
Chloromonas was concluded to be a potential biotechnological source of C16 PUFAs.
For the first time, lipidomic profiling of field samples of snow algae using high-resolution
mass spectrometry (ESI-MS) was performed.

Paper X (Osterrothova et al. 2019, Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy) tested the potential of Raman spectroscopy to determine the primary and
secondary carotenoid pigments in different species and life-cycle stages of snow algae.
The performance of Raman spectrometry to the reference method of biological pigment
analysis, high-performance liquid chromatography, was compared. According to the Raman
spectrometry, red cysts were rich in astaxanthin. Flagellated green cells commonly
contained lutein as a major carotenoid, together with minor amounts of B-carotene and
varying amounts of antheraxanthin, violaxanthin and neoxanthin. Aplanozygotes contained
mixtures of both primary and secondary carotenoids. However, the ability of Raman
spectroscopy to discriminate between structurally slightly differing carotenoid pigments or
several carotenoids in an admixture from an unknown biological system remains limited.
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4 Summary and conclusions

Snow algae are found in melting snowfields in polar and mountain regions. These
habitats are regarded as ephemeral and extreme. Microalgae living in such sites are exposed
to several abiotic stresses. This thesis summarizes recent findings on the genetic diversity,

ecophysiology and morphology of these organisms.

Phylogeny, morphology and taxonomy

This thesis includes new data on less-known or poorly-described green microalgae,
and taxonomic descriptions of novel green and golden algae species (papers |, 1, IV=VI).
Chlainomonas sp. was shown here to regularly cause red snow on lake-ice covers in the High
Tatras and the Austrian Alps (paper Il). Still, analyses of multiple molecular markers
in further cryoflora species of Chlainomonas (i.e. Chlainomonas koliae, Chlainomonas rubra
(Stein & Brooke) Hoham) are needed to determine the exact taxonomic position of each
species within the clade (Novis et al. 2008). Three newly described or revised taxa
(C. hindakii, Scotiella cryophila, C. nivalis subsp. tatrae) belong to a group of morphologically
and taxonomically closely related snow phytoflagellates (papers IlI-V), and most of them
were formerly associated with the collective taxon C. nivalis (Hoham & Mullet 1977).
In addition, | showed that it is possible to distinguish cysts of these species morphologically
using ultrastructural traits (e.g. the number of cell wall flanges) from cysts of other snow

algae (paper ).

Moreover, this thesis demonstrates that sequencing of field-collected cysts is
a successful strategy for deciphering the phylogenetic position of several species causing
prominent blooms (paper -V, IX), such as Sanguina and Chlainomonas sp.,
as the establishment of actively growing isolates has not yet been successful for either.
However, only virtually monospecific blooms can be used for this purpose (Remias et al.
2013a, paper I-V, IX). The selection of ‘clean’ snow spots depends on light microscopy
in field prior to harvest (paper 1). An alternative approach utilizes single cell sequencing

(Muramoto et al. 2008).
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An insight into biogeography of snow algae

Concerning geographical distributions, this thesis shows that either cosmopolitan
(paper 1) or likely local (endemic) taxa (paper IV) can dominate melting snow fields.
For Chlainomonas sp., other similar habitats (frozen alpine lakes, flat snow-covered glaciers)
with red blooms need to be investigated to evaluate geographic distributions. Furthermore,
molecular reinvestigations of strains from North American sites that were designated
C. rosae var. psychrophila (Hoham et al. 2002) and North American field cysts that
are morphologically identical to Scotiella cryophila are needed. Re-sampling of the type
locality of the latter taxon in western Switzerland (Chodat 1922) could be crucial. While
additional surveys have to be performed, it seems probable that the golden alga

Kremastochysopsis austriaca is distributed in several areas of the Austrian Alps (paper V).

Intraspecific genetic variability

This thesis also demonstrates that the red bloom causing alga Sanguina nivaloides is
a diverse species, containing at least 18 haplotypes of ITS2 rDNA (paper 1), while a single
snow spot is usually made by single clone (paper VII), thus corresponding to the assumed
evolutionary explanation proposed by (Brown et al. 2016). This finding also helps explain
why Sanger sequencing of monospecific spots can be successful when applied to snow algal
blooms. Genetic variability below the species level might be elucidated using
a microsatellite-based approach (Nagai et al. 2007) developed from single cell genomics

(Muramoto et al. 2010).

Improvements and limitations of high-throughput amplicon sequencing when

applied to snow algae communities

Long distance dispersal strategies of snow algae have hardly been investigated.
New techniques like HTS of several molecular markers will be useful in establishing
the biogeography of snow algae (Lutz et al. 2016). However, evaluations of biodiversity
at the species level using these current metagenomics methods are susceptible to several
technical biases (summarized in paper VII). This can be demonstrated e.g. by light
microscopy, which indicated that some high alpine snow samples were dominated by a few
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algal species that were not always reflected in the sequencing dataset. Consequently, HTS
amplicon data need to be handled with care if applied to habitats or groups of organisms
that are (highly) underrepresented in molecular databases (paper VII). Further studies may

find it helpful to utilize the optimized protocol proposed here (paper VII).

Pigment composition: comparisons between populations, closely related taxa, and unrelated

species thriving at similar habitats

The intracellular pigment ratio of astaxanthin to chlorophyll significantly differs
by one up to two magnitudes between three main taxa causing snow blooms: Chloromonas
spp. (paper lll, IV), Chlainomonas sp. and Sanguina nivaloides (paper Il). These results are
in line with previous reports (Miller et al. 1998, Remias et al. 2005, 2016), and correspond
with findings that the latter two species are restricted to exposed habitats in term
of irradiance, where a high accumulation of astaxanthin in extraplastidal lipid bodies plays
an inevitable role in multifunctional stress defence (Remias et al. 2010b). In contrast,
members of the former genus may occupy latitudinal gradients from forested to alpine sites;
these cells rely more on heat dissipation in the xanthophyll cycle (Remias et al. 2010a).
Closely related taxa (two Chloromonas) or even two genetically identical populations (for
ITS2 rDNA; two Chlainomonas sp.) shared similar physiological properties (in term of RLCs)
and ecological requirements (high alpine sites), but differed slightly in the abundance
of secondary carotenoids (paper Il, IV). It is assumed that cell aging (maturation of cysts
over the course of the season) also plays a role in the extent of astaxanthin accumulation

(Remias et al. 2010a).

Fatty acid and pigment profiles of the two contrasting life cycle stages: flagellates and cysts

This thesis compares for the first time the pigment and fatty acid profiles of two
contrasting life cycle stages in one Chloromonas species (paper Ill). Cysts were astaxanthin
rich, while lutein was the major carotenoid with minor amounts of B-carotene in flagellates
(paper Ill, X). However, both stages were almost consistent in their fatty acid profile,
with PUFAs dominating (paper Ill). These pigment findings correspond with the proposed

main ecophysiological differences between immotile cysts and motile flagellates (Remias
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2012). On the other hand, fatty acid desaturation is one of the core adaptations to extreme
temperature conditions in melting snow to keep membrane fluidity, independent of algal life

cycle stage (Morgan-Kiss et al. 2006).

Temperature dependent growth and photosynthesis

Alternatively, this thesis demonstrates a novel complex of physiological adaptations
of a cryotolerant Chloromonas species to perform photosynthesis at a wide range
of temperatures. This included a unique lipid composition of thylakoid membranes around
and within PSIl and amino acid changes in the D1 protein structure when compared
to a mesophilic counterpart (paper VII). Interestingly, the strain is a member
of the Chloromonas snow algal “clade 1” sensu (Hoham et al. 2002), which encompasses
psychrotolerant and mesophilic organisms (e.g. C. rosae var. psychrophila, Hoham et al.
2008b; C. svalbardensis Barcyté & Hodac, C. arctica Barcyté & Hodac, Barcyté et al. 2018a,b).
By contrast, other Chloromonas species investigated in this thesis are members of “clade 2”
containing psychrophilic algae (e.g. C. pichinchae, Hoham 1975b; C. tughillensis,
C. chenangoensis, Hoham et al. 2008b; C. hindakii, paper lll). Finally, this thesis presents
the first lipidomic study of Chloromonas snow dwelling species based on field samples

(paper IX).

Other physiologically interesting compounds in snow algae

For Sanguina spp. and Chlainomonas sp. and three newly described Chloromonas
taxa, other physiological aspects such as the occurrence of antifreeze agents, accumulation
of soluble carbohydrates (osmolytes), and presence of ice binding proteins (Raymond 2014)
have not yet been studied. But saccharose and glycerol as main soluble carbohydrates may
occur in the cysts of snow dwelling Chloromonas, since these compounds were already
found in C. polyptera in maritime Antarctic (Remias et al. 2013a) and C. nivalis
in the Austrian Alps (Remias et al. 2010). Interestingly, the recently described species
K. austriaca (paper VI) appears to secrete a protein that affects the growth of ice (Raymond

& Remias accepted). In other ice-associated algae, such proteins mitigate damage
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to the cells by ice or help maintain an aqueous environment. This is the first time an ice-

active substance has been observed in golden algae (Raymond & Remias accepted).

Mycosporine-like amino acids act as UV screening compounds, but are not expected
in the taxa described in this work, since they have not yet been found in either
chlamydomonads (Remias et al. 2010a, b) or glacier desmids (Remias et al. 2012b). They
were detected, however, in various members of the Trebouxiophyceae (Karsten et al. 2005),
and some members of this algal group are involved in green snow (e.g. Koliella). One may
assume that in the nitrogen limited conditions of melting snowfields/glaciers these
compounds are either too expensive to be produced, or they are substituted for by nitrogen-

free pigments such as phenols or carotenoids.

Photosynthesis and cellular ‘memory’ of light conditions in the field

Light preferences of snow algae (measured by RLCs) reflected the conditions
from which they originated (paper I1I-V). Still, detailed mechanisms of physiologic
adaptations among life cycle stages (e.g. “Scotiella cryophila” cysts) remain unexplained:
drastic cellular changes must take place, e.g. during photoacclimation from low light
conditions deep below the snow surface to high-light exposure on the surface — a change
happening within a few weeks (paper V). Interestingly, this thesis documents the high
intraspecific photophysiological plasticity of photosystem |l for cyst samples of one
Chloromonas species collected from high and low light conditions (paper lll). The response
of a cold-adapted alga exposed to different light conditions can be investigated, along
with screening which responses are activated (e.g., effect on pigments, proteins) (La Rocca

et al. 2015).

Cultivation essays for snow algal strains isolation

Establishing cultures from field cysts has been reported to be generally difficult
(Hoham et al. 1979, Matsuzaki et al. 2019). The generation of flagellates from cysts
abundantly found in the field is of great interest to scientists considering that this step is
tricky, and it has never successfully performed for many species of snow algae so far. This
thesis found for C. hindakii that this culturing is possible, at least for several taxa within
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the genus Chloromonas, when carried out under suitable laboratorial conditions simulating
the temperature regime of melting snow (paper Ill). Contraction of the protoplast was found
to be a very typical advance step (prior to putative meiosis), and the production
of 4 daughter cells is a common phenomenon for many Chloromonas field cysts as well
(paper IV, V). However, the key factor enabling daughter cells to be released
from the mother cell is likely the regular application of gentle freeze thaw cycles.
Additionally, sampling at known locations early in the season or in deep slush layers might
help uncover vegetative stages (e.g. Sanguina nivaloides or Chlainomonas sp.), enabling

remaining uncertainties about their life cycles to be resolved using viable cultures/isolates.

Concluding remarks

From the results described above, | conclude that the application of a polyphasic
approach to snow algae, including the molecular analysis of multiple DNA regions, and
description of the ecology, cytology and physiology are helpful tools in revealing species
identities and evaluating cryoflora biodiversity of polar and alpine regions. To sum up, this
thesis demonstrates that the biodiversity of cryoflora is still not thoroughly explored.
The results presented in this thesis bring new insights to snow algal biogeography.
Moreover, | propose a “best practice” when dealing with unculturable algal material in order
to explore a species photobiology and physiology and infer phylogeny. This thesis also
demonstrates the crucial need for generating reference sequence databases. The proposed
optimized protocol for high throughput amplicon sequencing is essential to obtain accurate
biodiversity assessments. Although snow algae are a diverse group of phylogenetically
unrelated microorganisms, they appear to convergently use a few similar adaptations

to thrive in the extreme conditions of melting mountain and polar snow.

While | hope the outcomes and conclusions of this thesis are interesting
from the point-of-view of basic research, established snow algal strains might also be subject
to screening of metabolite profiles (lipids, pigments, soluble carbohydrates) and used

in applied research (Rezanka et al. 2018, Kaftan et al. 2012).
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