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One sentence summary: Red and orange spherical cysts causing snow colouration across several continents were investigated with regards to their
geographic distribution, ecology, ultrastructure and phylogeny; the cosmopolitan distribution of a new independent lineage Sanguina within the
Chlamydomonadales was molecularly confirmed.
†Lenka Procházková, http://orcid.org/0000-0003-3995-6483

ABSTRACT

Melting snowfields in polar and alpine regions often exhibit a red and orange colouration caused by microalgae. The
diversity of these organisms is still poorly understood. We applied a polyphasic approach using three molecular markers
and light and electron microscopy to investigate spherical cysts sampled from alpine mountains in Europe, North America
and South America as well as from both polar regions. Molecular analyses revealed the presence of a single independent
lineage within the Chlamydomonadales. The genus Sanguina is 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. Sanguina nivaloides is a diverse species containing a total of 18 haplotypes according to nuclear
ribosomal DNA internal transcribed spacer 2, with low nucleotide divergence (≤3.5%). Based on molecular data we
demonstrate that 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 is described, with small spherical orange cysts often clustered by means of mucilaginous sheaths, and causing
orange blooms in snow in subarctic and Arctic regions.
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INTRODUCTION

Several algal species are reported to cause the macroscopic phe-
nomenon of orange and red to pinkish snow, the latter often
referred to as ‘watermelon snow’ or ‘blood snow’ when occurring
as mass developments, including Chlamydomonas nivalis (Wille
1903; Kol 1968; Czygan 1970; Fjerdingstad et al. 1974; Kawecka
1981; Gradinger and Nürnberg 1996; Leya 2004), Chloromonas
nivalis (Remias et al. 2010; Matsuzaki, Nozaki and Kawachi 2018),
Cr. brevispina (Hoham, Roemer and Mullet 1979), Cr. polyptera
(Remias et al. 2013), Cr. rubroleosa (Ling and Seppelt 1993), Cr.
nivalis subsp. tatrae (Procházková et al. 2018a), Chlorosarcina
antarctica (Ling 2002), Smithsonimonas abbotii (Kol 1942), Chlain-
omonas kolii (Novis 2002) and Chlainomonas rubra (Hoham 1974).

One of the first field samples of red snow was collected during
the Northern Expedition under Captain Ross in August 1818 to
Baffin Bay (75◦54’ N 67◦15’ W) between northern Greenland and
Canada (Bauer 1819) and brought back to England to be inves-
tigated. Red snow has been reported from almost all polar and
alpine regions (Kol 1968; Marchant 1982; Mataloni and Tesolı́n
1997; Thomas and Broady 1997). The first phylogenetic studies
that identified a separate clade comprising solely red spheri-
cal cysts were based on 18S rRNA gene data (Leya 2004; Remias
et al. 2010, 2013), but a deeper molecular identification based
on nuclear ribosomal DNA internal transcribed spacer 2 (ITS2)
sequence data so far has been missing for this taxon except for
a recent study by Segawa et al. (2018) investigating samples from
both poles. Red spherical cysts have also been the focus of a few
metagenomic studies carried out in the USA (Brown, Ungerer
and Jumpponen 2016), Japan (Terashima et al. 2017), the Arctic
(Lutz et al. 2016; Segawa et al. 2018) and the Antarctic (Segawa
et al. 2018). However, detailed investigations of red snow from
mid-latitude mountain ranges like those in Europe are lacking.

Though modern microscopes are much better equipped than
200 years ago, a persistent problem is that the red spherical cysts
abundantly found in melting snow simply do not reveal enough
intracellular details that can be used for a deep morphologi-
cal description and thus, identification. The unicellular, thick-
walled cyst stages [‘cysts’ = unicellular life cycle stage protected
from unfavourable environmental conditions with a wall, which
was built exogenously or endogenously according to Ettl and
Gärtner (2014)] dominate snow surfaces during summer. The
characteristic dark blood-red pigment astaxanthin is accumu-
lated in similarly large quantities only in Haematococcus lacustris,
Chlainomonas rubra and some others (Remias, Lütz-Meindl and
Lütz 2005). In many cases astaxanthin covers the cysts’ chloro-
plast structure almost entirely, making light microscopy hardly
illuminating. A first revision of Chlamydomonas by Pröschold et al.
(2001) revealed how important chloroplast morphology is for
consistency with the phylogeny of the Chlamydomonadaceae.
Many snow algal species are held as live cultures in culture col-
lections (e.g. CCCryo, UTEX, CCAP), but none of these ‘green’
species ever formed a single phylogenetic clade together with
red spherical cysts from red snow. Instead, all 18S rRNA gene
phylogenetic studies have revealed a single clade comprising
immotile spherical red cysts (Leya 2004; Leya, Müller, Ling et al.
2004; Remias et al. 2010, 2013). This ‘red snow’ clade is clearly
separated from other clades of Chlamydomonas, Chloromonas,
Lobochlamys, Oogamochlamys, Haematococcus, Carteria, etc. Most
likely, green, flagellated isolates from red snow field samples
often were misinterpreted as having resulted from red spherical
cysts or even vice versa; e.g. Novakovskaya et al. (2018) thought to

have observed such a phenomenon when linking green isolates
of Cr. reticulata from snow samples to red cysts in the same sam-
ple. The lack of knowledge about other life cycle stages, whether
vegetative (e.g. green actively dividing cells with a well-visible
chloroplast) or sexual (e.g. gametes), and the lack of sufficient
molecular data from red spherical cysts, have been the most hin-
dering in identifying their true taxonomy.

In this study we used a polyphasic approach to study field
material composed of spherical red and orange cysts sampled
from alpine habitats in Europe, North America, South America
and both polar regions. Our aims were (i) to reveal their molecu-
lar diversity based on ITS2 rDNA and rbcL gene sequences, (ii) to
describe their morphological and ultrastructural cellular details
using light, transmission and scanning electron microscopy, and
(iii) to characterise their habitat conditions (pH, conductivity,
elevation). Furthermore, we wanted (iv) to describe the geo-
graphic distribution of haplotypes detected by establishing a
haplotype network, and (v) to test the existence of spatial pat-
terns (Mantel test, sPCA). Based on the results, a new genus-
level taxonomy of the examined species is proposed with a
description of two new species: the new genus Sanguina Leya,
Procházková et Nedbalová with Sanguina nivaloides Procházková,
Leya et Nedbalová and Sanguina aurantia Leya, Procházková et
Nedbalová.

MATERIALS AND METHODS

Sampling localities

Patches of clearly visible red- or orange-coloured snow caused by
spherical red or orange cells were collected from 42 localities in
melting seasons between the years 1999 and 2018 (Fig. 1, Supple-
mentary Tables 1 and 2): 22 samples originated from alpine sites
in continental Europe, three from sites in North America and
one from South America. Moreover, 14 samples were collected
at polar sites on the island of Spitsbergen (Svalbard archipelago)
and two from polar sites on the Antarctic Peninsula.

To ensure the selection of ‘clean’ (mono-specific) bloom spots
and to avoid a taxonomically diverse sample, a field microscope
was used to check the sample in the field before collection. In
the lab, samples were further thoroughly examined using labo-
ratory light microscopy (see below) prior to molecular analyses.
If the sample appeared to be too diverse, it was discarded. In
addition, Alanagreh et al. (2017) reported that the dominant hap-
lotype was usually evident from the Sanger sequencing, similar
as in cloning approach.

Measurements of pH and conductivity and snow water
equivalent (referred to as ‘snow water content’ in the paper
cited) were carried out according to Procházková et al. (2018a).

In addition we were also able to investigate red cysts
collected in 1851, namely from the desiccated sample
‘MB ES 1781c’, further labelled ‘Rother Schnee Crimsen [sic]
Cliff Beverly 1851, 76◦3’N.B. 1781c’ obtained from the Ehrenberg
Collection at the Museum für Naturkunde in Berlin. This histor-
ical material was collected during the Grinnel Arctic Expedition
(1850–1851) under Lieut. De Haven of the U.S. American Marines
from red snow on scarlet-coloured cliffs (Crimson Cliffs) in Baf-
fin Bay on the Greenland coast (Beverly Greenland), though a bit
further north of the location, from where the Ross type sample
of 1818 originated (75◦54’ N 67◦15’ W; Ross 1820). Unfortunately,
the latter material was not traceable and could not be included
in this study.
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Figure 1. Sampling locations of Sanguina nivaloides (red circles), Sanguina aurantia (yellow circles) and regions where both species were sampled (red-yellow circles)
in continental Europe (right), on the archipelago of Svalbard (left), in North and South America (middle) and in Antarctica (middle). Numbering corresponds to the
sample origin from the following countries: Austria (1–10; 1-Haferkarlespitze, 2-High Tauern, 3–5 Kühtai, 6–10 Ötztal Alps), Italy (11–14; 11–13 Dolomites, 14-Sarntal

Alps), Norway (15–19), Slovakia (20-High Tatra Mountains), Slovenia (21-Julien Alps), Switzerland (22-Urner Alps), Svalbard (Norway) (23–36; 23-Amsterdamøya, 24-
Ny Ålesund, 25–29 Longyearbyen, 30-Raggfjellet, 31-Midterhuken, 32-Doktorbreen, 33–35 Hornsund, 36-Chomjakovbreen), Colorado (USA) (37–39 Rocky Mountains),
Argentina (40-Patagonia), Antarctica (41–42 Antarctic Peninsula). Habitat description of sampling localities including geographical data are shown in Supplementary
Table 1.

Light and electron microscopy

Light microscopy was performed using an Olympus BX43 (Olym-
pus Corporation, Japan) equipped with a DXM 1200F digital
camera (Nikon, USA). Microphotographs were further processed
using the QuickPHOTO Camera 3.0 software (Promicra, Czech
Republic). The same software or cell∧P software (version 3.4,
Olympus Soft Imaging Solutions GmbH, Germany) was used to
measure cell sizes. Preparation of samples for scanning and
transmission electron microscopy (SEM and TEM) followed the
protocol described in Procházková et al. (2018a). The diameters
of around 40 cysts were measured for each field sample. Mea-
surements of red cysts from 1851 from the desiccated sample
‘MB ES 1781c’ were also included.

DNA extraction and PCR

DNA isolation was carried out using the DNeasy Plant Mini Kit
(Qiagen, Germany) as described in Procházková et al. (2018a). If
less than 20 mg wet biomass was available, DNA was extracted
using the Instagene Matrix (Bio-Rad Laboratories, USA) accord-
ing to Remias et al. (2016). The 18S small subunit riboso-
mal RNA gene (18S rRNA gene), internal transcribed spacer
region 2 (ITS2 rDNA) and ribulose-1,5-bisphosphate carboxy-
lase/oxygenase large subunit (rbcL) gene regions were ampli-
fied from DNA by polymerase chain reaction (PCR) using
the primers listed in Supplementary Table 3. Primer pairs
involved in the PCR of 18S were P2/P4, 18F2/18R2, FC/RF and
FA/RD. In order to amplify ITS2 we used ITS1/ITS4, ITS5/ITS4,
SSU/LSU, Al1500af/LR3 and TW81/AB28. For PCR of rbcL, we used
the primer pairs rbcL1F/rbcL7R, rbcL1F/rbcL4R, rbcL10F/rbcL7R,
rbcL8F/rbcL7R, Snow-F3/Snow-R12 and Snow-F0/Snow-R12. The
amplification reactions for these markers are described in
Procházková et al. (2018a). PCR products were purified and

sequenced using an Applied Biosystems automated sequencer
(ABI 3730xl) at Macrogen (Netherlands). Chromatograms of all
newly obtained sequences were carefully examined using the
program FinchTV 1.4.0 (Geospiza, USA). Only sequences show-
ing distinct single peaks in the electropherogram were used.
The nuclear rDNA ITS2 region was identified using a web
interface for the ITS2 database showing the position of the
26S motif (http://its2.bioapps.biozentrum.uniwuerzburg.de/cgi-
bin/index.pl?annotator; Koetschan et al. 2010). The sequences
obtained were submitted to the NIH genetic sequence database
GenBank at NCBI (accession numbers are shown in Supplemen-
tary Tables 4–6).

Molecular analyses

Our 18S rRNA gene alignment contained 96 sequences (1544 bp)
and the rbcL matrix consisted of 62 sequences (954 bp); mem-
bers of Chaetophora-clade were selected as the outgroup. The
best-fit nucleotide substitution model was estimated by jMod-
eltest 2.0.1 (Posada 2008). Based on the Akaike Information Cri-
terion (AIC), the TIM2+I+G model was selected for the 18S rRNA
gene. Three partitions were set for rbcL gene sequences and
the following substitution models were applied: GTR+I+G (1st
codon position), TIM3+I (2nd codon position) and GTR+I+G (3rd
codon position). The 18S rRNA gene and rbcL phylogenetic trees
were inferred by Bayesian Inference (BI) and Maximum Likeli-
hood (ML) according to Nedbalová et al. (2017), with the minor
modification that Markov Chain Monte Carlo runs were carried
out for three million generations in BI. Convergence of the two
cold chains was checked by the average standard deviation of
split frequencies (0.000014 and 0.001613 for the 18S rRNA gene
and rbcL dataset, respectively). Bootstrap analyses were per-
formed by maximum likelihood and Bayesian posterior proba-
bilities were calculated as described by Nedbalová et al. (2017).
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The 42 sequences of ITS2 rDNA obtained during this
study were used as the main dataset which was split into
a red snow dataset (35 sequences) and an orange snow
dataset (seven sequences). The extended dataset additionally
included selected published sequences, which were assigned
to the investigated species based on a pairwise comparison
using BLAST. The newly generated ITS2 sequences of our
red snow sample RS 0015–2010 (accession number MK728599)
and orange snow sample RS 0017–2010 (accession number
MK728634) were used as a query. Samples of these addi-
tional sequences originated from Colorado and Washington
states (USA) (NCBI accession codes KX063716.1-KX063729.1
and KX063743.1-KX063753.1; Brown, Ungerer and Jumpponen
2016), and from Alaska (AB902998.1), Greenland (AB902971.1),
the Austrian Alps (GU117577.1; Remias et al. 2010) Japan
(AB903028.1) and Tadjikistan (AB902973.1, AB903025.1). The
individual sequences of specimens with ambiguous positions
(one or two ambiguous bases out of 205 bp in these speci-
mens from the main dataset: redCol, 4HT, 2SLOV, 4D, 9D; one
or eight ambiguous bases out of 205 bp in specimens of the
extended dataset: AL1, JP1) were resolved using the PHASE
algorithm implemented in DnaSP v.6.0. (Librado and Rozas
2009). PHASE assumes Hardy-Weinberg equilibrium and uses a
coalescent-based Bayesian method to infer haplotypes (Librado
and Rozas 2009). This means the PHASE algorithm can success-
fully infer haplotypes if a sufficiently high number of homozy-
gotic sequences are used. All samples were resolved with a
strong support. Haplotypes were delineated at the 100% simi-
larity threshold (i.e. two sequences belong to the same haplo-
type if they are identical). Only different haplotypes were used
in the ITS2 secondary structure modelling, whereas all haplo-
types were used in the ITS2 haplotype network analysis. For the
ITS2 haplotype network of a species causing red snow the main
dataset and extended dataset consisted of 40 and 59 sequences,
respectively. For the ITS2 haplotype network of a species causing
orange snow the main dataset and extended dataset consisted
of seven and 21 sequences, respectively.

The ITS2 rDNA sequences were folded using the Mfold server
at http://mfold.rna.albany.edu/?q5mfold (Zuker 2003). The sec-
ondary structure model that was consistent with the follow-
ing specific features of the nuclear rDNA ITS2 was selected,
namely four helices and a U–U mismatch in helix II (Coleman
2007). The ITS2 sequences were aligned on the basis of the
sequence-structure analysis (Schultz and Wolf 2009) using the
4SALE tool (Seibel et al. 2006, 2008). At this step a manual vali-
dation and correction of the sequence alignment and secondary
structure was necessary. The alignments of the main and the
extended dataset included 213 bp and both were used in the con-
sensus secondary structure modelling and haplotype network.
The secondary structure of the nuclear rDNA ITS2 of specimen
RS 0015–2010 (accession number MK728599) was drawn using
Visualization Applet for RNA (VARNA) version 3.9 (Darty, Denise
and Ponty 2009). The consensus secondary structure was edited
using Inkscape software version 0.91 (Free Software Foundation
Inc., USA). The number of compensatory base changes (CBC; a
double-sided base change of a nucleotide pair in a helix, retain-
ing the secondary structure) between haplotypes was evaluated
using the 4SALE tool. The nuclear network for ITS2 was con-
structed by TCS software version 1.21 (Clement, Posada and
Crandall 2000) using statistic parsimony under a 95% connec-
tion limit. Then we ran a second analysis, reducing the connec-
tion limit to 91% in an attempt to infer connections among sub-
networks. Gaps were considered the fifth phylogenetic character

(Vukić, Ulqini and Šanda 2017). The final edit of the haplotype
network was again carried out in Inkscape.

Geographic relationships

To investigate the spatial genetic structure of the red snow
alga studied, we summarised genotype allele frequency data of
the variable ITS2 rDNA marker by performing a spatial princi-
pal component analysis (sPCA). A principal component analysis
(PCA) summarises multivariate genetic information into a few
linearly uncorrelated variables, the principal components (Jom-
bart, Pontier and Dufour 2009). The PCA method was recently
modified to include spatial information to investigate the part
of the genetic variation that is or is not spatially structured, the
sPCA (Jombart et al. 2008). The sPCA analyses a matrix of relative
allele frequencies, which contains genotypes in rows and alle-
les in columns. Geographic coordinates of sampling points are
used as input data for the creation of a list of weights derived
from a connection network (function ‘chooseCN’). Our sPCAs
were performed with the adegenet package in R software (Jom-
bart 2008), and using the function ‘spca’ and bar plots of the
sPCA eigenvalues were produced showing the amount of genetic
diversity (as measured by the multivariate method being used)
represented by each principal component. To test for the exis-
tence of global and/or local structure, we performed two Monte
Carlo multivariate tests (Jombart et al. 2008). The outputs are rep-
resented as figures showing two histograms (one for the global
test and one for the local test) of permuted test statistics, and
the reference distribution of these statistics is obtained by ran-
domly permuting the rows of the genotype datamatrix. Spa-
tial PCA was carried out for two versions of the datasets of the
red spherical cysts: (i) Europe, America, Antarctica and Sval-
bard, and (ii) Europe. To assess the significance of the correlation
between ITS2-based genetic and geographic distance matrices
of the investigated species causing red snow, we also performed
a classical Mantel test (‘mantel.randtest’) using the package ade-
genet in the R software. Pairwise Euclidean distances for both dis-
tance matrices were computed using the function ‘dist’. Haplo-
type diversity of the species studied within and among moun-
tain ranges (European Alps, Tatra Mountains, continental Nor-
way, Svalbard, Rocky Mountains, Patagonia) and polar regions
(Svalbard, Antarctica) were evaluated using the program MEGA
(version 7.0.14); genetic distances between ITS2 sequences were
generated using both uncorrected (p-distance) and corrected
pairwise distance [Kimura two-parameter (K2P) distance]. The
number of base differences, uncorrected (p-distance) and cor-
rected pairwise distance (K2P) between 18 ITS2 haplotypes of
red cysts and two ITS2 haplotypes of orange cysts were evalu-
ated with MEGA as well.

RESULTS

Habitat conditions

The species causing red snow in this study, Sanguina nival-
oides, occurred on temporary (alpine meadows, polar rocks, per-
mafrost) or persistent (glaciers) snowfields in both alpine and
polar regions (Supplementary Fig. 1). This species was hardly
found at mountain sites below the timber line (e.g. sample ‘sub-
alpine’). It was observed occasionally in massive amounts on
open icy glacier surfaces, though as long as there is a snow layer
on the glacier, this habitat is also occupied. The species causing
orange snow in this study, Sanguina aurantia, occurred at sim-
ilar habitats on Svalbard only. At localities where these species
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are found once, they appear consistently year after year, forming
reddish or orange blooms in summer, producing the well-known
macroscopic phenomenon of red snow or blood snow due to the
dominating red pigment astaxanthin in its cysts. Colour shades
can vary from orange (orange spherical cysts) and pink to dark
cherry and blood red (red spherical cysts) (Supplementary Fig.
2). These localities are usually well-defined in their extent and
can cover areas from a few square metres up to several hun-
dreds of square metres. Over summer and with melting of the
snow cover algal populations are slowly exposed on the snow
surface, and are often washed down from snow fields in alpine
regions, resulting in intensely coloured streaks on the otherwise
white snow. If a snow field is not persistent over the summer
months, the cysts can end up on permafrost or rocky soil, and
then covered by fresh snow at the end of the summer. There they
are a ‘seed bank’ serving as an inoculum for the next melting
season when the newly encountered habitat is suitable. In addi-
tion, they may be dispersed to other locations by strong winds
or storms, which are e.g. typical for autumn in the polar region
around Svalbard. Snow fields with blooms of Sanguina nivaloides
can be almost flat or be part of a steep slope, with any variation
in between. Blooms have been observed at sites close to alpine
pathways and on pastures, as well as at polar sites far away from
any signs of civilisation, e.g. on remote inland glaciers on Spits-
bergen. Also, organic nutrient input was not a decisive factor, as
we found red snow both far away and also close to bird colonies.
Red snowfields were located at elevations between 13 and 585
m a.s.l. in polar regions, and between 1914 and 3731 m a.s.l. in
alpine regions (Supplementary Table 1). The orange snowfields
were located between 10 and 500 m a.s.l. in polar regions (Sup-
plementary Table 2). In snowfields with S. nivaloides or S. auran-
tia, blooms had low electrical conductivities (3–26 μS cm−1, occa-
sionally up to 84, but usually well below 100μS cm−1) and pH val-
ues between slightly acidic (pH 4.7) and neutral (pH 7.1) (Supple-
mentary Tables 1 and 2). Snow temperatures were naturally sta-
ble near 0◦C. The water equivalent of a red blooming snowfield
in the Austrian Alps amounted to 51.6 ± 1.6% (sample WP123).
Snow field inclination and its cardinal direction towards the sun
are thought to account for decisive differences in incident solar
radiation and temperature, but neither were correlated with the
occurrence of red snow.

Cytological observations

Light microscopy (Fig. 2) and electron microscopy (SEM: Fig. 3,
TEM: Fig. 4) showed that field samples of Sanguina nivaloides
consisted of red spherical cells exhibiting different accumula-
tion levels of secondary carotenoids in abundant lipid droplets,
which in mature cysts fully masked the chloroplasts making any
detailed structure unrecognisable by light microscopy (Fig. 2A)
and thus unusable for identification. A single parietal chloro-
plast and one or two large, unpigmented vacuoles were observed
in young cells in their early stage of development only (Fig. 2B–
D and Fig. 4C and D). The typical mature red cyst was smooth-
walled (Figs 2A and 3A), but in two cases the red snow also con-
sisted of populations of cysts with nipples (Figs 2E, 3B and 4F). A
few scattered cysts with short blunt nibs (Fig. 3C) or pronounced
papillae (Figs 2F and 3D) or cells carrying uniformly distributed
small smooth papillae (Fig. 3E) were noticed in a population of
smooth-walled cells . Sanguina aurantia field samples (Fig. 5) con-
sisted of smaller spherical cysts with a striking orange-coloured
cell content, the cells had an outer distant cell layer or the dis-
tant layer was absent. A few scattered cells of ‘ruby’-like cysts
(the term ‘ruby’ is frequently used for this type of cyst as the

dark red pigmented cyst content and the wall structure appear
like a ruby encased in mother-of-pearl) were found in two red
snow samples (Supplementary Fig. 3A-F, marked with an aster-
isk in Supplementary Table 4). We are certain that no sequences
of those ruby cysts were used in any of the analyses in this study,
as they would have been greatly outnumbered by the domi-
nating smooth-walled cysts, even assuming they were equally
amenable to DNA extraction in the first place. As far as the intra-
cellular ultrastructure of our samples is concerned, mature cysts
had a naked pyrenoid in a single chloroplast, which is forced into
a central position by surrounding lipid globules (Fig. 4A) and cell
walls consisted of two layers (Fig. 4B). Early stages of red cysts
differed in the presence of a clearly visible single parietal chloro-
plast (Fig. 4C and D) and a three-layered cell wall, the outermost
being fuzzy (Fig. 4E). Orange-coloured cysts of Sanguina aurantia
differed from red cysts of Sanguina nivaloides in the structure of
the second layer of their cell wall, being multilayered and slightly
undulating on the surface (Fig. 5C and E). This layer most likely
reflects the maturity of the cysts, as orange-coloured cysts of
the same cell diameter but with smooth surfaces also existed in
this population of Sanguina aurantia (Fig. 5D). Cytosolic electron-
dense vacuoles filled with a crystalline structure were observed
in both red cysts of Sanguina nivaloides and in orange-coloured
cysts of Sanguina aurantia (Fig. 5G).

Size ranges of the orange-coloured cysts and red cysts over-
lapped, with 6.2–15.5μm and 7.3–39.0μm, respectively. The vari-
ability of cell size ranges in field samples of each haplotype of
both snow algal species (for description see below) is shown
in Supplementary Fig. 4. The material from Baffin Bay (sample
‘MB ES 1781c’ from the Ehrenberg Collection at the Museum für
Naturkunde in Berlin) contained cells in the size range typical
for red cysts (Fig. 6).

Molecular identification of genus Sanguina and its
closest relatives

According to our 18S rRNA gene and rbcL phylogenies (Figs 7
and 8), the genus Sanguina forms a monophyletic lineage within
the Chlamydomonadaceae containing samples from nearly all
regions of the Earth (Greenland, North America, South America,
Africa, Europe, Asia, Svalbard and Antarctica). The closest rela-
tives to the genus Sanguina are organisms found on glaciers or
glacier-associated environments, such as the strain CCCryo 086–
99 (cf. Ploeotila sp.) from a glacier surface or uncultured eukary-
ote clones from glacial debris in Alaska and periglacial environ-
ments on the top of Mount Kilimanjaro in Tanzania. Slightly
distant relatives represent strains from the Arctic permafrost
in close vicinity to glaciers and snow fields, e.g. CCCryo 101–
99 and CCCryo 133–01 (both cf. Sphaerocystis sp.) or Arctic snow
fields, e.g. CCCryo 147–01 (cf. Coenochloris sp.), and from soil
such as ‘uncultured Haematococcaceae clones’ isolated from an
aspen rhizosphere and Gloeocystis sp. from desert soil in Wash-
ington State. Phylogeny based on rbcL data (Fig. 8) showed an
increased molecular variability in comparison with 18S rRNA
gene data among specimens of the genus Sanguina because of
the degeneracy of the genetic code, which accounts for the exis-
tence of synonymous mutations. Interestingly, the small orange
cysts of Sanguina aurantia formed a small subclade within the
red cyst samples of Sanguina nivaloides. The rbcL phylogeny con-
firmed the positions of cf. Sphaerocystis and cf. Coenochloris as
slightly distant relatives to Sanguina nivaloides. Additionally, it
revealed that these genera form closely related lineages (Fig. 8) to
Achoma brachiatum isolated from an alpine herbfield soil in New
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Figure 2. Light microphotographs of Sanguina nivaloides. (A) Typical mature red cyst with smooth cell wall (holotype specimen CCCryo RS 0015–2010), abundant lipid
droplets entirely masking the cell interior and structure of the chloroplast. (B-D) Young red cysts in early stage of development, (B) showing visible parts of a single
parietal chloroplast (paratype sample WP123), (C-D) depicting the large unpigmented vacuole (arrowhead) (samples: Sva4 and Saddle). (E-F) Mature red cysts of less
frequent haplotypes causing red blooms, (E) visualises nipples on the cell surface (arrowheads, paratype specimen CCCryo RS 0003–2004). (F) shows pronounced

papillae on cell surface (arrowheads, sample 4D). Scale bar 20 μm.

Figure 3. Scanning electron microphotographs of Sanguina nivaloides. (A) Typical mature red cyst with smooth cell wall (holotype specimen RS 0015–2010). (B-D) Mature
red cysts of less frequent haplotypes causing blooms, (B) showing nipples on cell surface (paratype specimen RS 0003–2004), (C) depicts the smooth surface with short
blunt nibs, which may represent the compressed remnants of the presumably transient primary cell wall, this cell wall layer may decompose over time (note: on the

left side of the cell ’papillae’ are present, on the right side they are absent, specimen RS 0011), (D) shows the pronounced papillae on the cell surface (sample 4D). (E)
Scattered cells with small papillae on their cell surfaces in a population of smooth-walled cells (sample redCol). Scale bars 5 μm.

Zealand (Novis and Visnovsky 2012). Whether any of them could
be assigned to the genus Achoma is discussed further below,
but remains to be investigated. To sum up, the monophyly of
the Sanguina-clade and the phylogenetic positions of its clos-
est known culturable relatives were confirmed for both markers

(Supplementary Figs 5 and 6). Moreover, our phylogenetic anal-
yses demonstrate that the positions of strains SAG 26.86 of Cr.
typhlos (= UTEX 1969 = CCCryo 122–00), and Cr. reticulata SAG
29.83 (= UTEX 1970 = CCCryo 213–05) in the Chloromonas-clade
based on 18S rRNA gene and rbcL phylogenetic trees clearly dif-
fered from the position of S. nivaloides (Supplementary Figs 5 and
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Procházková et al. 7

Figure 4. Transmission electron microphotographs of Sanguina nivaloides. (A, B) Mature red cyst (holotype specimen RS 0015–2010), (A) shows the centrally located
plastid with a naked pyrenoid, surrounded by abundant lipid droplets. (B) depicts the electron-dense thick cell wall covered with a very thin transparent layer. (C-E)
Young red cyst (paratype sample WP123), (C) shows the large cytoplasmatic-free area (arrowhead) between the cytoplasmatic membrane and the cell wall, the nucleus

and the parietal plastid, as well as parts of the Golgi aparatus, no lipid bodies visible, (D) depicts the parietal plastid with a naked pyrenoid, lipid bodies and vacuoles, (E)
shows a detail of the cell wall consisting of three layers: the innermost—thick electron dense (CW1), the middle one—very thin electron transparent (CW2; trilaminar
sheath) and the fuzzy upper layer (CW3; presumably the primary cell wall). (F) A detail of a cell wall nipple of less frequent haplotypes (paratype specimen RS 0003–
2004). C = chloroplast, CY = cytoplasm, CW1 = cell wall 1, CW2 = cell wall 2, G = Golgi stacks, L = lipid globules, N = nucleus, P = pyrenoid, PM = plasmatic membrane,

V = vacuole. Scale bars = 2 μm for (A, C, D). Scale bars = 0.5 μm for (B, E, F).

6). These strains were isolated from snow samples and were
formerly believed to cause red snow, and thus, they originally
were (mis)identified as Cd. nivalis and Cd. yellowstonensis (Sutton
1970), respectively. The former is still listed under two different
names, as Cr. typhlos (SAG) and Cd. augustae (UTEX), as is the lat-
ter, Cr. reticulata (SAG) and Cr. clathrata (UTEX); in both cases the
designations at SAG are correct. Moreover, strain CCAP 11/128
(= UTEX 2824 = CPCC 528 = CCCryo 214–05; accession number
HQ404886.1) is listed as Cd. nivalis at UTEX (and others), but in
our phylogeny proved to be Cr. typhlos based on the comparison
of its ITS2 sequences (pairwise blast search), with 100% identity
and no CBC for this marker with CCCryo 122–00 of Cr. typhlos (=
SAG 26.86 = UTEX 1969 = CCAP 11/51B = IAM C-263 = NIES 2226
= IU 1969 [original deposition]; accession number HQ404869.1).

The CBC species concept applied to Sanguina nivaloides
and Sanguina aurantia

The network analysis of field samples of Sanguina nivaloides from
Europe, North America, South America and Antarctica (35 spec-
imens) applying a 95% connection limit resulted in a total of
18 ITS2 haplotypes interconnected in one network (Fig. 9). Hap-
lotypes differed by one up to seven nucleotide changes out of
205 base pairs (Table 1). The network analysis of Sanguina auran-
tia field samples from Svalbard (seven specimens) resulted in
two ITS2 haplotypes differing by one nucleotide change out of
213 bp. Based on the comparison of ITS2 rDNA secondary struc-
tures, one CBC was found between Sanguina nivaloides (the red

cysts) and Sanguina aurantia (the small orange cysts) at the 13th
position in helix II (Fig. 10). However, there is no consensus as
to whether the CBC detected at this position can be used for a
species separation within the Chlorophyceae. In other words,
some authors treat this position as a variable one (e.g. Dem-
chenko et al. 2012), others as a conservative one (e.g. Caisová,
Marin and Melkonian 2013). Most recently, CBCs in the 5´ end
of helix III were only treated as relevant for evaluating species
boundaries between closely related taxa (Segawa et al. 2018).
Sequence identities between red cysts and small orange cysts
were ≥95.1%, whereas sequence identities within red cysts were
≥96.5% (Supplementary Table 7), suggesting that both types of
cysts investigated in this study are very closely related. Among
the red cysts of Sanguina nivaloides no CBC was found in the con-
served parts of this marker structure, suggesting that accord-
ing to the CBC species concept as proposed by Coleman (2000),
all our samples of red snow from Europe, North America, South
America and Antarctica were caused by one species. The pres-
ence of the one CBC and the number of base differences between
ITS2 haplotypes of Sanguina nivaloides (red cysts) and Sanguina
aurantia (orange cysts) are summarised in Table 1. Interestingly,
two haplotypes of red cysts (H4 and H5) lack the CBC at the 13th
position in helix II in their ITS2 secondary structure when com-
pared to small orange cysts (Table 1). When comparing three
molecular markers, the lowest intraspecific variability between
S. nivaloides and S. aurantia haplotypes was detected in 18S
(≤0.2%), was higher in rbcL (≤4.4%) and the highest was in ITS2
(≤4.9%) (Supplementary Tables 7–9).
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Figure 5. Light and electron micrographs of Sanguina aurantia (holotype specimen RS 0017–2010), (A) depicts the distant outer cell layer. (B) shows that the distant
cell layer is absent. (C-D) outermost layer is wrinkled and when it is decomposed, the smooth cell wall below may appear. (E) shows details of the cell wall with the

electron-dense layer (CW1) being covered by several more or less undulating thin transparent layers (CW2, CW3). (F) shows a cross-section of the cyst showing the
nucleus and the centrally compressed chloroplast. (G) depicts the cytosolic electron-dense vacuoles filled with crystalline structures. C = chloroplast, CW1 = cell wall
1, CW2 = cell wall 2, CW = cell wall 3, L = lipid globules, N = nucleus, V = vacuole. Scale bars = 10 μm for (A, B), 5 μm for (C, D), 0.5 μm for (E) and 2 μm for (F, G).

Table 1. Amount of compensatory base changes in the ITS2 secondary structure (lower left) and the number of base differences/number of
indels (each of two bp length) (upper right; e.g. ‘3/4’ means that 3 differences and 4 indels were found) between 18 haplotypes of Sanguina
nivaloides (H1-H18) and two haplotypes of Sanguina aurantia (HA1, HA2).

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18 HA1 HA2

H1 1 2 1 5 4 2 2 3 1 2 3 2 3 3 4 3 3 3/4 4/4
H2 0 1 2 4 5 3 1 2 2 1 2 3 2 2 3 2 2 2/4 3/4
H3 0 0 3 5 6 4 2 3 3 2 3 4 3 3 4 3 3 3/4 4/4
H4 0 0 0 6 5 3 3 4 2 3 4 3 4 3 4 4 4 4/4 5/4
H5 0 0 0 0 7 5 3 6 6 5 6 7 6 6 7 3 6 4/4 5/4
H6 0 0 0 0 0 2 4 5 5 5 6 6 6 6 7 5 6 6/4 5/4
H7 0 0 0 0 0 0 2 5 3 3 4 4 4 4 5 3 4 5/4 6/4
H8 0 0 0 0 0 0 0 3 3 2 3 4 3 3 4 1 3 3/4 4/4
H9 0 0 0 0 0 0 0 0 4 3 4 5 4 4 5 4 4 4/4 3/4
H10 0 0 0 0 0 0 0 0 0 3 4 3 4 4 5 4 4 4/4 5/4
H11 0 0 0 0 0 0 0 0 0 0 1 4 1 1 2 3 1 3/4 4/4
H12 0 0 0 0 0 0 0 0 0 0 0 5 2 2 3 4 2 4/4 5/4
H13 0 0 0 0 0 0 0 0 0 0 0 0 5 5 6 5 5 5/4 6/4
H14 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3 4 1 4/4 5/4
H15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 2 4/4 5/4
H16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 3 5/4 6/4
H17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4/4 5/4
H18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4/4 5/4
HA1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
HA2 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0
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Procházková et al. 9

Figure 6. Cell size ranges of cysts of the most common haplotypes of Sanguina

nivaloides (H1 and H2 = red cysts with smooth cell wall, H3 = red cysts with
nipples) and Sanguina aurantia (HA1 = small orange cysts) in the dataset studied
compared with cell sizes from the Crimson Cliffs in Baffin Bay on Greenland

(specimen MB ES 1781c) (Ehrenberg 1851; Leya 2008).

The geographic distribution of ITS2 haplotypes

For Sanguina nivaloides (red cysts), the most frequent haplo-
type of this study (H1) was found in the High Tatra Moun-
tains (Slovakia), the Swiss Alps (Switzerland), the High Tauern
(Austria), Tyrol (Austria), the Sarntal Alps (Italy), the Dolomites
(Italy), the Rocky Mountains (Colorado, USA) and on Spitsbergen
(Svalbard, Norway). The second most abundant haplotype (H2)
occurred on several sites in continental Norway and on Spits-
bergen as well as in the Rocky Mountains (Colorado, USA). A
smooth cell surface was typical for most of the haplotypes of
red cysts, whereas pronounced nipples were found only in a
single haplotype (H3) recorded from Italy and Svalbard. Small
papillae were rare and only found in scattered cells in three
specimens with smooth-walled cysts (Italy—‘1D’, Switzerland—
‘Furka’, Slovakia—‘Zamrznute’) belonging to the most common
haplotype (H1). Sanguina aurantia (small orange cysts) were rep-
resented here by two haplotypes (HA1 and HA2), reported from
Svalbard and phylogenetically already attributed to a clade
called ‘Roter Schnee’ (Leya 2004). The Austrian Alps were shown
to be rich in haplotype diversity of Sanguina nivaloides, with the
presence of at least five (H1, H4, H9, H10 and H13). The haplo-
type network of this species indicates the presence of shared
haplotypes among European mountain ranges, between alpine
and polar habitats (e.g. Austria versus Svalbard) and between
the continents investigated (Europe, North America and South
America). Interestingly, the small orange cysts of Sanguina auran-
tia were not restricted only to the island of Spitsbergen in Sval-
bard as was implied from preliminary conclusions, but its hap-
lotypes HA2, HA3 and HA4 were found at sampling sites in Col-
orado and Washington (USA), as shown inSupplementary Fig. 7.
The extended version of the haplotype network of S. nivaloides
detected four further haplotypes for this species (sequence JP1
was phased into sequences belonging to H1 and H22, the lat-
ter was connected to the ITS2 haplotype network when the TCS
connection limit was lowered to 91%), which confirmed its cos-
mopolitan distribution e.g. in Japan, Tajikistan, Greenland and
Alaska. However, for these sequences published prior to this
study, no scanning electron nor light microscopy pictures of cells
were available for comparison.

Spatial structuring of Sanguina nivaloides
metapopulations

The sPCA revealed positive and negative eigenvalues for both
two S. nivaloides datasets, indicating global (positive values) and
local (negative values) patterns. However, the tests on global and
local structures were not significant (P > 0.05, Supplementary
Table 10), so S. nivaloides showed an absence of a distinct global

spatial genetic structure and no genetic differentiation between
European regions (Supplementary Fig. 8). In other words, we
did not find any phylogeographic signal in the distribution of
S. nivaloides. Moreover, the Mantel test on pairwise geographic
and genetic matrices showed no significant correlation (Sup-
plementary Table 11). Genetic distances of Sanguina nivaloides
ITS2 sequences within and between mountain ranges (European
Alps, High Tatra Mountains, continental Norway, Rocky Moun-
tains, Patagonia) and polar regions (Svalbard, Antarctica) were
very similar (Table 2). These findings suggest a high dispersal
capacity of the cysts, which could promote a continuous gene
flow over long distances (on scales of different continents!). At
the same time, a successful independent evolution of haplo-
types in separate mountain ranges and polar regions might also
be taking place as inferred from the genetic distances observed
within these groups. That both scenarios are possible for San-
guina nivaloides is visualised by the geographical distribution of
ITS2 haplotypes in its network (Fig. 9): an identical haplotype
occurred in several regions, and a particular region was inhab-
ited by a few different haplotypes.

Taxonomic treatment

Sanguina Leya, Procházková et Nedbalová, gen. nov.
Type of the name of the genus: Sanguina nivaloides

Procházková, Leya et Nedbalová, sp. nov.
Registration: http://phycobank.org/100627
Initially, we attempted to reinstate one of the old genus

names typified by Uredo nivalis F.A.Bauer 1819—Protococcus
C.Agardh, 1824 or Sphaerella Sommerfelt, 1824—but both genera
names have to be rejected, in the former case versus Chlamy-
domonas Ehrenberg, 1833 (nom. et orth. cons.) (original publica-
tion: Ehrenberg 1834), in the latter versus Chlorococcum Menegh-
ini 1842 (original publication: Meneghini 1843) (nomen cons.) (Farr
and Zijlstra 1996+). The complicated historic synonymy and the
fact that it is not possible to prove that Uredo nivalis F.A.Bauer
1819 is conspecific with our recent findings are the reasons why
the newly established clade is described by us as a new genus
and species.

Etymology: The genus name Sanguina refers to the striking
blood-red colouration of snow caused by the bloom of its cysts.

Description: Cysts (it is unresolved whether these are of
asexual or sexual origin) are spherical, contain one nucleus,
a central chloroplast with one naked pyrenoid, and abundant
peripheral lipid globules containing red-coloured carotenoids.
According to the maturity of cysts and their astaxanthin
to chlorophyll-a ratios, cysts can appear in different colour
shades as orange-peel orange or blood red. As the secondary
carotenoids are stored in lipid globules of different sizes the
cytoplasm can appear speckled to homogeneous. The surface
of the cysts can appear smooth, with blunt (nipples, papillae)
or sharp (nibs) protrusions. In mature cysts, carotenoids mask
other cell organelles beyond recognition. In young cysts a sin-
gle parietal chloroplast is clearly visible. At the light microscopy
level one cell wall layer can be distinguished in mature cysts
and two layers in young cysts. The outermost layer in young
cysts is most probably the primary cell wall, which later is shed
during cyst maturation exposing the developing secondary cell
wall. Vegetative stages are unknown, and no culturable strains
exist.The genus is restricted in its habitat to snowfields and
glacier-based snowfields in polar and alpine regions.

Diagnosis: The genus Sanguina differs from other genera
within the Chlamydomonadaceae [i.e. the genus Chlamydomonas
sensu Pröschold et al. (2001)] in its phylogeny, as this species
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Figure 7. 18S ribosomal RNA gene-based Bayesian phylogenetic tree. The Sanguina-clade with Sanguina nivalis and Sanguina aurantia is highlighted in a grey box.
Posterior probabilities (≥0.95) and bootstrap values from maximum likelihood analyses (≥75%) are shown. Full statistical support (1.00/100) is marked with an asterisk.

Thick branches represent nodes receiving the highest posterior probability support (1.00). Newly obtained sequences are in bold. Accession numbers, strain or field
sample codes are indicated after each species name. Species names of the closest species that are available as laboratory cultures are underlined. Abbreviation: unc,
uncultured.
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Procházková et al. 11

Figure 8. rbcL gene-based Bayesian phylogenetic tree. The Sanguina (S.)-clade with Sanguina nivaloides and Sanguina aurantia is marked in a grey box. Posterior probabil-
ities (≥0.95) and bootstrap values from maximum likelihood analyses (≥75%) are shown. Full statistical support (1.00/100) is marked with an asterisk. Thick branches

represent nodes receiving the highest posterior probability support (1.00). Newly obtained sequences are in bold. Accession numbers, strain or field sample codes are
indicated after each species name. Species names of the closest species that are available as laboratory cultures are underlined.

forms an independent lineage in phylogenetic trees based on
18S rRNA gene (Fig. 7) or rbcL data (Fig. 8) [characteristic 18S
rRNA gene and rbcL sequences for holotype specimen CCCryo
RS 0015–2010: accession numbers JQ790560 (new resequencing
of this field material in the course of this study resulted in the
identical sequence) and MK733624, respectively]. Moreover, San-
guina is distinguishable from the genus Chlamydomonas in its
clear habitat preference. The former genus develops cysts rich in

astaxanthin, which causes the striking red or orange colouration
of snow in alpine and polar regions. The morphology of vegeta-
tive stages of Sanguina is unknown because no culturable, prolif-
erating strain exists, thus hampering a comparison of such life
cycle stages to those of the genus Chlamydomonas. Regarding its
fully spherical, red cysts, Sanguina differs from mature cysts of
Chlainomonas sp. in its cell wall arrangement and plastid organi-
sation: the latter has multilayered cell walls including an opaque
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Figure 9. Geographic distribution of ITS2 rDNA haplotypes detected in this study: (A) Sanguina nivaloides, (B) Sanguina aurantia. Each haplotype network was constructed

by a statistical parsimony method with a 95% connection limit. The Sanguina nivaloides network includes haplotypes from polar regions (Antarctica, Svalbard) and alpine
regions in Europe (Austria, Italy, Norway, Slovakia, Slovenia, Switzerland), North America (Colorado) and South America (Argentina). The Sanguina aurantia network
includes haplotypes from Svalbard. Each ball represents a haplotype (i.e. in this study’s field samples, which have identical ITS2 sequences). The size of the ball is

proportional to the number of specimens sampled, which belong to that specific haplotype. The colour represents a country of sampling. Lines connect each haplotype
with its most similar relative. Open dots represent mutation steps between haplotypes, one dot indicates a change of one base pair.

Table 2. Mean uncorrected (p-distance; %) and corrected pairwise genetic distance (Kimura-2-parameter K2P; %) between Sanguina nivaloides
field samples from different regions based on the ITS2 rDNA nucleotide sequence below and above the diagonal. Mean uncorrected and cor-
rected pairwise genetic distances are shown in the first column. The presence of n.c. (not calculated) in the results denotes cases in which it
was not possible to estimate evolutionary distances (single sequence from the region).

Mean
intraspecific

distance Svalbard European Alps Norway
Tatra

Mountains
Rocky

Mountains Patagonia Antarctica

Svalbard 1.30 1.20 1.20 0.80 0.90 1.00 1.60
European Alps 1.00 1.20 1.20 0.60 0.80 1.20 1.60
Norway 1.00 1.20 1.20 1.00 0.70 0.80 1.40
Tatra Mountains n.c. 0.80 0.60 1.00 0.50 1.00 1.50
Rocky Mountains 0.50 0.90 0.80 0.70 0.50 0.50 1.10
Patagonia n.c. 1.00 1.20 0.80 1.00 0.50 1.00
Antarctica 2.00 1.50 1.50 1.30 1.50 1.10 1.00

layer, plastids are located close to the cell wall (parietal) and
mean cyst sizes are larger in diameter (Procházková et al. 2018b).
Chlainomonas sp. also differs in the blood-red, but ovoid quadri-
flagellate cell stages that are quite distinct from the immobile
spherical cysts of Sanguina. Moreover, Chlainomonas sp. prefers
water-logged habitats, and thus usually causes the red coloura-
tion of snow-slush on frozen lakes. Sanguina, on the other hand,
is rather found in terrestrial habitats such as snow-covered rocks

or soil and permafrost. If Sanguina is found close to water-logged
localities, it tends to dwell on the dry parts of snow. Smithsoni-
monas abbotii (Kol 1942), a snow alga described from red snow
above the timber line in Alaska, might be closely related to the
genus Chlainomonas. It differs from Sanguina in its cells being sur-
rounded by a bell-shaped cell wall, which is smooth when young
and becomes progressively warty when older. Large quantities
of astaxanthin are also accumulated in the resistant red cysts
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Procházková et al. 13

Figure 10. Comparison of the secondary structure of the ITS2 rDNA transcripts of 18 haplotypes of Sanguina nivaloides (H1-H18) and two haplotypes of Sanguina aurantia

(HA1, HA2). Helices are labelled with Latin numbers (I-IV). Nucleotide differences of all haplotypes are shown outside the structure and are linked by dotted lines.
Numbers 2–18, A1 and A2 indicate in which haplotype the difference was detected when compared to haplotype number 1 of Sanguina nivaloides (represented by the
holotype specimen CCCryo RS 0015–2010, accession number MK728599). One compensatory base change between Sanguina nivaloides and Sanguina aurantia is indicated

by the bold rectangle. The dashed rectangle at the end of helix II is showing an expansion segment (length is not conserved). Note: the U–U mismatch in helix II (arrows).
The 5´ and 3´ ends of the ITS2 transcript are indicated.

(aplanospores) of the genus Haematococcus (Allewaert et al. 2015;
Mazumdar et al. 2018), which differs, however, in its 18S rRNA
gene and rbcL sequences.

Sanguina nivaloides Procházková, Leya et Nedbalová, sp. nov.

? = Uredo nivalis F.A.Bauer, Microscopical observation on the
red snow.— The Quarterly Journal of Literature, Science and The Arts,
London : 222–229 (incl. plate VI), Figs 1-7. 1819

? = Chlamydomonas nivalis (F.A.Bauer) Wille, Algologische
Notizen IX-XIV. Nyt Magazin for Naturvidenskaberne 41: 103,
126, plate III, Figs 44, 45. 1903.

Neither of the original field samples of Uredo nivalis from 1818
and of Chlamydomonas nivalis from Wille are traceable, there-
fore these names are included in the synonymy with a question
mark.

Nomenclatural remarks: Though we clearly do not attempt
to synonymise Cd. nivalis with S. nivaloides, simply because there
is no conclusive way to do so, for completeness we want to
give an overview of the nomenclatural complexity relating to Cd.
nivalis. With regard to the type of material sampled in Baffin Bay

in 1818, three homotypic synonyms are listed on the website of
AlgaeBase (Guiry and Guiry 2018): Uredo nivalis F.A.Bauer 1819,
Protococcus nivalis C.Agardh 1824 and Sphaerella nivalis (F.A.Bauer)
Sommerfelt 1824. In this context Uredo nivalis represents the lec-
totype and basionym, still reflecting that the (colourless) glob-
ules were regarded as a fungus. The genus Uredo was typified
by Persoon (1801) with its type species U. betae and thus is con-
served against Cd. nivalis. Wrangel (1823) described Lepraria ker-
mesina, the lectotype species of Protococcus, and he considered
this lichen to be the organism causing the red snow. L. kermesina
was then listed as a synonym of Protococcus nivalis. Haematococ-
cus Flotow, 1844 was also listed as a synonym, but it was finally
decided to exclude both, Lepraria kermesina and Haematococcus,
from the synonymy (Andersen 2018). With regard to Protococ-
cus C.Agardh, 1824 and Sphaerella Sommerfelt, 1824—both genus
names have to be rejected, in the former case versus Chlamy-
domonas Ehrenberg, 1833 (original publication: Ehrenberg 1834)
(nom. et orth. cons.), in the latter versus Chlorococcum Menegh-
ini, 1842 (original publication: Meneghini 1843) (nomen cons.)
(Farr and Zijlstra 1996+). In the Index Nominum Genericorum
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and the literature, further synonyms for Cd. nivalis are listed.
In her extensive and outstanding monography on the biology
and limnology of snow and ice, Kol (1968) cites these synonyms,
which are given here for completeness as well (some citations
have been corrected, as far as possible, as wrong volume num-
bers or pages were cited originally): Palmella nivalis Hooker 1825,
p. 184; Coccochloris nivalis Sprengel (ex parte) 1827, p. 373; Coc-
cophysium nivale Link 1833, p. 342; Gloiococcus grevillei Shuttle-
worth 1840a, p. 54 and Shuttleworth 1840b, p. 405 resp.; Discer-
aea nivalis Vogt 1844, p. 217 with plate 1: Figs 1-5 (as ‘Discerea
nivalis’); Hysginum nivale Perty 1852, p. 95; Chlamydococcus nivalis
(F.A.Bauer) A.Braun nach F.Cohn 1861, p. 54, Haematococcus nivalis
(F.A.Bauer) C.Agardh 1828-1835, Icon. Alg., Haematococcus nivalis
Flotow 1844. Further information on the synonymy and refer-
ences on world-wide findings of Cd. nivalis also can be found in
Kol (1968).

Holotype: Specimen CCCryo RS 0015–2010 of field sample
004/10 consisting of cysts in a desiccated (non-viable) state in
the herbarium of the Botanic Garden and Botanical Museum
Berlin-Dahlem (herbarium acronym: B), Freie Universität Berlin,
Königin-Luise-Straße 6–8, 14 195 Berlin, Germany, no. B 40
00 43192 [http://herbarium.bgbm.org/object/B400043192, repre-
sented by our Figs 2A and 3A.

Isotypes: (1) desiccated, under nitrogen, in the Micropalaeo
Collection, Museum für Naturkunde, Leibniz Institute for Evolu-
tion and Biodiversity, Science, Invalidenstraße 43, 10 115 Berlin,
Germany, no. ECO103, (2) frozen at -80◦C at DNA-bank in the
herbarium of the Botanic Garden and Botanical Museum Berlin-
Dahlem (herbarium acronym: B), no. B GT 00 24094 [http://herb
arium.bgbm.org/object/BGT0024094], (3) frozen at -150◦C (in trip-
licate) in the SAG biobank at the Department Experimental Phy-
cology and Culture Collection of Algae at the Goettingen Uni-
versity (EPSAG), Nikolausberger Weg 18, 37 073 Goettingen, Ger-
many, nos. Z000696411, Z000696414, Z000696417, (4) frozen at
-150◦C (in triplicate) in the CCCryo biobank at the Fraunhofer
Institute for Immunology & Cell Therapy, Branch Bioanalytics
and Bioprocesses IZI-BB, Am Muehlenberg 13, 144 760 Postdam,
Germany, nos. 2–07-02–14, 2–07-02–15, 2–07-02–16, and (5) des-
iccated (in triplicate) in the CCCryo biobank, nos. D2–07-02–17,
D2–07-02–18, D2–07-02–19.

Type locality: a steep snowfield surrounded by moss vege-
tation and rocks, stretching down northwest to sea level from
Mount Midterhuken (760 m a.s.l.), southwest of Mariasundet
between Bellsund and Van Mijenfjorden, Nathorst Land, Sval-
bard, Norway (77◦39’44.298”N 14◦48’58.903”E; altitude: 15 m a.s.l.,
specimen CCCryo RS 0015–2010, collected on 4 August 2010 by
Thomas Leya & Guntram Weithoff as collectors’ sample number
004/10).

Paratypes: (1) Specimen CCCryo RS 0003–2004 frozen at -
150◦C in the CCCryo biobank at Fraunhofer IZI-BB, no. 2–07-02–
21 (Figs 2E, 3B and 4F), (2) specimen WP123 frozen at -150◦C in
the CCCryo biobank at Fraunhofer IZI-BB, no. 2–07-02–22 (Figs 2B
and 4C-E).

Paratype localities: CCCryo RS 0003–2004: northeastern part
of Doktorbreen, Nathorst Land, Svalbard, Norway (77◦34’0.001”N
16◦53’59.999”E; altitude: 430 m a.s.l., collected on 6 August 2004
by Thomas Leya, sample number 013–01/04); WP123: Schwarz-
moos, Kühtai, Stockach, Tyrol, Austria (47◦13’35.0‘N 11◦01’03.1’E;
altitude: 2352 m a.s.l., collected on 25 May 2017 by Lenka
Procházková & Daniel Remias, sample number WP123).

Registration: http://phycobank.org/100628
Etymology: the species epithet refers to the habitat of this

species (snow).

Description: Usually smooth-walled cysts (Figs 2A and 3A),
which can also be ornamented more or less regularly with nip-
ples (Figs 2E and 3B), blunt nibs, or small or pronounced papillae.
Cysts of size 7.8–39 μm in diameter, causing red snow. The astax-
anthin to chlorophyll-a ratio of the red cysts ranges between 20:1
and 34:1 depending on the level of cyst maturity (Bidigare et al.
1993; Müller et al. 1998; Remias, Lütz-Meindl and Lütz 2005). At
the light microscopy level usually only one cell wall layer is dis-
tinguishable in mature cysts (Fig. 2A) (using TEM two layers are
distinguishable, Fig. 4B) and two cell wall layers for young cysts
in early stages of development (Fig. 2B) (using TEM three layers
are visible, Fig. 4E). The detailed structure of the cell wall is usu-
ally visible in TEM only; it contains a very thin trilaminar sheath
formed below the transient primary cell wall during morpho-
genesis of the secondary cell wall. In early cyst stages a parietal
chloroplast is clearly visible in LM, as are a large unpigmented
vacuole and a naked pyrenoid (Fig. 2B). The temporary third out-
ermost cell wall in TEM is fuzzy (Fig. 4E). Vegetative stages are
unknown, as no culturable strains exist. Sanguina nivaloides is
an extremophilic alga living in melting snowfields in polar and
alpine regions.

Diagnosis: In the stage of mature cysts S. nivaloides has
a single chloroplast located in the central position surround-
ing one single nucleus; (nearly) its entire cytoplasm appears
dark red due to the secondary carotenoid astaxanthin. It differs
from aplanospores of the genus Haematococcus, which have their
chloroplasts localised in the interspace between oil droplets,
resulting in chloroplasts with a net-like appearance (Wayama
et al. 2013). It differs from Bracteacoccus engadinensis, which also
accumulates astaxanthin in its multinuclear coenoblasts, but
only in the central area, and its chloroplast is also composed of
several (4–10) polygonal discs (Ettl and Gärtner 2014). It differs
from Chlainomonas rubra, Chlainomonas kolii and Chlainomonas
sp. quadriflagellates in its spherical cell shape (the latter have
an ovoid cell shape) and its cell wall organisation (in C. rubra
the protoplast is surrounded by a massive sheath of gelatinous
material, C. kolii has a net-like outer envelope, C. sp. has a par-
tially thickened cell wall) and in the absence of flagellar grooves
in their cysts; persistant flagellar grooves were observed in the
thick-walled cysts for C. kolii and C. rubra at least during cyst
formation (Hoham 1974; Novis et al. 2008). Most importantly,
S. nivaloides differs genetically in its 18S rRNA gene and rbcL
sequences from red aplanospores of the genus Haematococcus
such as Haematoccoccus lacustris (epitype, strain SAG 34–1b; 18S:
AF159369.1) (Hepperle et al. 1998; Nakada and Ota 2016) and
Haematococcus alpinus (strain: LCR-CC-261f, 18S: MF093734, rbcL:
MF093733) (Mazumdar et al. 2018). Sanguina nivaloides differs
from Sanguina aurantia in the macroscopic coloration of snow-
fields (the latter causes orange snow), cell size ranges (the latter
is usually smaller, up to 16 μm), pigmentation (the latter has
one magnitude lower level of astaxanthin to chlorophyll–a ratio
in mature cysts), distribution (the latter was found in the Arc-
tic and subarctic regions in North America to date) and physical
association between cells (Sanguina nivaloides has cells that are
almost always solitary, whereas Sanguina aurantia is often clus-
tered by means of mucilaginous sheaths surrounding the cells).
The genus Sanguina forms a monophyletic clade, and S. nivaloides
is unique in its ITS2 rDNA sequence. For the holotype specimen
CCCryo RS 0015–2010 the ITS2 rDNA sequence is characteristic
(accession number MK728599).

Distribution: melting snow in Europe, Asia, Africa, Antarc-
tica, the Arctic, North America, South America, New Zealand
and Australia.
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Sanguina aurantia Leya, Procházková et Nedbalová, sp. nov.

Holotype: specimen RS 0017–2010 of field sample 005/10–
1b consisting of cysts in desiccated (non-viable) state in
the herbarium of the Botanic Garden and Botanical Museum
Berlin-Dahlem (herbarium acronym: B), Freie Universität Berlin,
Königin-Luise-Straße 6–8, 14 195 Berlin, Germany, no. B 40 00
43197 [ http://herbarium.bgbm.org/object/B400043197 ], repre-
sented by our Fig. 5B and D.

Isotype: frozen at -80◦C at DNA-bank in the herbarium of the
Botanic Garden and Botanical Museum Berlin-Dahlem (herbar-
ium acronym: B), no. B GT 00 38001 [http://herbarium.bgbm.org
/object/BGT0038001].

Type locality: snowfield at the south foot of Fugleberget,
Isbjörnhamna, Hornsund, Wedel Jarlsberg Land, Svalbard, Nor-
way (77◦0’42.156”N 15◦32’13.2”E; altitude: 55 m a.s.l., collected
on 6 August 2010 by Thomas Leya & Guntram Weithoff, sample
number 005/10–1b).

Registration: http://phycobank.org/101398
Etymology: the species epithet refers to the intracellular

colouration of the mature cysts (orange).
Description: Usually smooth-walled cysts (Figs 5B), some-

times the outermost layer is wrinkled and when it is decom-
posed, the smooth cell wall below may appear. Cysts of size 6.2–
15.5 μm, causing orange snow. The astaxanthin to chlorophyll
ratio of the orange cysts ranges between 0.8:1 and 2.6:1 (Müller
et al. 1998). At the light microscopy level usually only one cell
wall layer is distinguishable in mature cysts (Fig. 5B) (using TEM
two layers are distinguishable), in some cases also a distant cell
wall layer is present (Fig. 5A; in TEM three layers are visible and
the outermost third layer might be multilayered, Fig. 5E). The
detailed structure of the cell wall is usually visible in TEM only;
it contains a very thin trilaminar sheath formed below the tran-
sient primary cell wall during morphogenesis of the secondary
cell wall. Vegetative stages are unknown, as no culturable strains
exist.

Diagnosis: Sanguina aurantia differs from Sanguina nivaloides
in the macroscopic orange colouration of snowfields (the latter
causes red snow), cell size ranges (the latter is usually larger, up
to 40 μm), pigmentation (the latter has a higher level of astax-
anthin to chlorophyll-a ratio in mature cysts), distribution (the
latter was shown to be cosmopolitan) and physical association
between cells (Sanguina aurantia is often clustered by means of
a mucilaginous sheath surrounding the cells, whereas Sanguina
nivaloides has cells that are almost always solitary). For the holo-
type specimen CCCryo RS 0017–2010 the ITS2 rDNA sequence is
characteristic (accession number MK728634).

Distribution: in melting snow in subpolar and polar regions,
so far the known locations are only in the northern hemisphere
(North America, the Arctic).

DISCUSSION

The first collections of red snow date back to British expedi-
tions to the far north looking for a navigable North-West pas-
sage (N.N. 1818; Bauer 1819; Ross 1819; Bauer 1820; Ross 1820).
In our study many samples of red snow cysts from around the
world have yielded sequences that fell in the new clade Sanguina,
so one is tempted to assume that the historical sample of 1818
also probably represents the red snow-causing species S. nival-
oides; however, this cannot be proven yet. A genetic compari-
son was not possible as the historic sample of 1818 could not
be located in museums or herbaria in either London or Berlin.
Intact DNA could also not be isolated from the similar sample

collected during the Grinnell Arctic Expedition at Beverly Green-
land [76◦3’ N in 1851 (Ehrenberg 1851; Leya 2008) a bit further
north of the original location of 1818–1819 at the Crimson Cliffs
(75◦54’ North, 67◦15’ West)]. Thus, we do not attempt to syn-
onymise S. nivaloides with Cd. nivalis. In this study we have sug-
gested that all our investigated red and orange spherical cysts
belong to Sanguina nivaloides and Sanguina aurantia, respectively.
We showed that the genus Sanguina forms one independent lin-
eage in the Chlamydomonadaceae. The conservative nuclear
marker 18S was 100% identical for these two species. Strains
CCCryo 086–99, CCCryo 101–99, 133–01 and 147–01 represent the
most closely related and culturable isolates/species and appear
to be distributed into several lineages that are sister genera to
the clade of Sanguina, some of them possibly representing the
genus Achoma (Novis and Visnovsky 2012). The revised genus
Chloromonas (Pröschold et al. 2001) so far contains the majority of
other culturable snow algal species involved in coloured snow,
but is robustly separated from the Sanguina-clade.

This study is the first record of ITS2 sequence data of spher-
ical cysts forming red snow from Argentina and many mid-
latitude alpine sites in Europe. Moreover, our data will increase
the knowledge about this taxon due to several new findings
on Svalbard. The ITS2 marker was previously used in this con-
text only in studies of snow samples from the USA (Brown,
Ungerer and Jumpponen 2016), Greenland, Alaska, Japan and
Tajikistan (referenced in accession numbers only, see Materi-
als and Methods) and also most recently from Antarctica and
Svalbard (Segawa et al. 2018). The set of different molecular data
used in this study has proved to provide valuable insights into
the relationship of this taxonomically complex algal group. Hap-
lotype networks have been used to demonstrate the intraspe-
cific diversity (i.e. within a species) (Škaloud et al. 2015). Based
on our results, S. nivaloides represents a diverse species con-
taining 18 different ITS2 genotypes and S. aurantia has two
ITS2 genotypes. According to the metagenomic study of Brown,
Ungerer and Jumpponen (2016) in Colorado and Washington
(USA), sequences of this locus of cysts in blooming snowfields
were distributed into 30 haplotypes classified as ‘Coenochloris’
and 27 haplotypes termed as ‘Chlamydomonas’. Further sam-
plings in other mountain regions might reveal additional unique
genotypes as shown by Segawa et al. (2018). Similarly, 15 haplo-
types of ITS2 rDNA were resolved for the common ‘blood rain
alga’ Haematococcus lacustris (referred to as H. pluvialis in the
paper cited) in temperate Europe (Allewaert et al. 2015). Intraspe-
cific diversity within the widespread lichen photobiont Aster-
ochloris lobophora in Europe, America and Asia accounted for 18
haplotypes of ITS2 rDNA, while half that amount of intraspecific
diversity was found for other Asterochloris species (Škaloud et al.
2015).

Although the overall mean distance among the ITS2 red
cysts haplotypes of S. nivaloides was rather low [p-distance
of 1.7%; this value was similarly low for Asterochloris lineages
described by Škaloud et al. (2015)], a divergence between hap-
lotypes can be observed with regard to the red cysts of San-
guina nivaloides and orange cysts of S. aurantia in their variable
ITS2 marker (sequence differences up to 5%), which might indi-
cate a currently ongoing genetic diversification. Such a process
was described for the soil alga Bracteacoccus bullatus by Fučı́ková
and Lewis (2012). Further detailed pigment studies, physiologi-
cal experiments with cysts, sequencing of further highly variable
molecular markers (Škaloud et al. 2015) and cultivation attempts,
possibly using strategies so far unconsidered, are clearly nec-
essary to bring a richer understanding of morphological and
molecular variability within the genus Sanguina.
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When comparing red snow samples of Baffin Bay (Green-
land) from 1851 with our recent samples, this showed that cell
sizes corresponded well to the cell size ranges determined in
this study (Fig. 6). Spherical red globules as well as green glob-
ules ’mostly with a small stalk and fluffy attachment, being the
thallus or the root and leaf layer’ were reported from this sample
[quotation translated into English from Ehrenberg (1851)]. While
we could identify the former in the desiccated sample, the latter
were not visible. However, we have also occasionally observed
such stalks in recent samples [Fig. 2b in Leya (2008)]. We assume
that they are fungal mycelia, which are not rare in field samples
of red snow (Brown, Olson and Jumpponen 2015).

Cysts of Sanguina nivaloides are usually smooth-walled, and
other specific variations in cell surface structure (e.g. cysts with
nipples) may either reflect a level in the process of cyst matu-
ration reached at the time of sampling or a causality between
intraspecific variability and morphology (as e.g. all samples of
H3 are expected to be represented by cysts with nipples, which
is the case for both specimens of H3 in this study). To test this
hypothesis, more specimens of the same morphologically dif-
ferent haplotype are needed (i.e. for H7, H14). Additionally, the
observation of populations of smooth-walled cysts with the rare
presence of cells with small papillae in two of our samples is in
good correspondence with the findings reported from red snow
in North America by Brown, Ungerer and Jumpponen (2016): they
point out that very low haplotype diversity exists within the
same algal bloom sampled: each algal patch was dominated by
only one haplotype, with a very minor proportion of subdom-
inant haplotypes. In the past, blooms of other snow algal taxa
producing red cysts were often wrongly assigned to ‘Chlamy-
domonas nivalis’, e.g. most often Chlainomonas was not recognised
[see Figs 23 and 24 in Stein and Amundsen (1967), in Kawecka
(1981), and in Fig. 4 in Kobayashi and Fukushima (1952)]. The
first comprehensive cell ultrastructure and secondary pigment
profile comparisons between cysts of Chlainomonas and ‘Chlamy-
domonas nivalis’ were performed by Remias et al. (2016).

In our study, cell sizes of S. nivaloides red cysts correspond
to the findings of Mosser et al. (1977) and Remias et al. (2005).
The sizes of S. aurantia orange-coloured cysts from our study
are in the range reported from Arctic pack ice floes (Gradinger
and Nürnberg 1996) and from Spitsbergen (Müller et al. 1998;
Leya 2004; Stibal et al. 2007). We assume that cell size can be
highly plastic during their seasonal development, which would
also explain the variable cell sizes among the haplotypes of red
cysts we found, since our locations were sampled at different
times during the snow melting season and were also varying
in aspects related to their topographical properties (snowfield’s
slope angle, cardinal orientation of the site to the sun, eleva-
tion) and snow texture. Interestingly, the largest mean cell sizes
were observed in samples collected either late in the season
(e.g. samples ‘2RON’, ‘NOR4–1’) or on glacier-based snowfields
(e.g. samples ’4HT’, ’Foxfona’, ’Retten’). Indeed, cell sizes may
also reflect culture conditions as in the lichen photobiont Aste-
riochloris (Škaloud et al. 2015). An alternative hypothesis could
be that cell sizes of S. nivaloides and S. aurantia haplotypes are
genetically determined with some variability. Interestingly, we
observed narrow cell size variations when comparing geneti-
cally very uniform small orange cysts of S. aurantia from the dif-
ferent locations on Svalbard (two haplotypes only). More obser-
vations of orange cysts of S. aurantia from other geographic
regions are needed to test this hypothesis, e.g. a bloom in North
America was genetically identical for ITS2 (accession number
KX063716; Brown, Ungerer and Jumpponen 2016) to S. aurantia
orange cysts sampled in Svalbard (this study), but for the former

no morphology data were collected. Interestingly, some haplo-
types of S. nivaloides red cysts [i.e. H9 (‘WP123’), H18 (‘Esperanza-
8’)] were as small as S. aurantia orange cysts. Considering this
fact, the sole parameter of cell size only should not be used
for distinguishing between S. nivaloides and S. aurantia by light
microscopy. Other aspects of mature cysts also should be con-
sidered such as cell wall morphology, intracellular pigmentation
reflecting the astaxanthin to chlorophyll-a ratio and the macro-
scopic colour of the blooming snowfield.

Due to their small size (Wilkinson et al. 2012) and ability
to resist drought and freezing stress, the cysts of S. nivaloides
and S. aurantia are suitable propagules for long distance dis-
persal by prevailing air streams (Brown, Larson and Bold 1964;
Schlichting Jr. 1969), birds (e.g. polar birds migrating between
the two polar regions, such as the Arctic tern Sterna paradisaea)
and ocean currents (Gillespie et al. 2012). Our data showed a cos-
mopolitan distribution of S. nivaloides in alpine and polar snow-
fields in both hemispheres, which supports the theory of a trans-
equatorial dispersal of microbes (Hodač et al. 2016). No popula-
tion structure was detected when analysing the ITS2 rDNA data,
as there was no phylogeographic signal. Metagenomic analy-
ses have shown red pigmented snow algae to be cosmopoli-
tans based on the analysis of partial sequences of the 18S rRNA
gene (Lutz et al. 2016) as well as of the ITS2 rDNA (Segawa et al.
2018). The latter study also detected endemic snow algal phylo-
types being distributed in one of the two polar regions. Antarc-
tica was regarded for a long time as a continent in biological
isolation until large amounts of vascular plant pollen were col-
lected on Signy Island (South Orkney Islands), and a parallel
observation of the daily synoptic weather patterns revealed that
roughly 1.5 times per year a corridor of strong winds develops
between Tierra del Fuego (Argentina) and Antarctica (Marshall
1996). This explains our finding that the South American sam-
ple of S. nivaloides (‘La Hoya’, H8) was nearly identical in its ITS2
rDNA sequence with the haplotype from maritime Antarctica
(H18) and with the most common haplotype in Europe (H1). The
distribution of these small microorganisms could be controlled
by selection due to local environmental factors as well as dis-
persal limitations. Moreover, a strong founder effect from only
few propagules and intense kin competition is assumed to take
place (Brown, Ungerer and Jumpponen 2016).

Concerning local environmental factors at the moment of
sampling of encysted cells, the usually slightly acidic pH and low
conductivity of snow patches with algal blooms resembled those
of pristine, white snow presumably free of any algae. However,
Brown and Jumpponen (2019) showed that snow algae are seem-
ingly omnipresent, though in low abundances, at the surface of
melting subpolar and alpine ‘white snow’ that are void of a vis-
ible algal bloom. Nitrate, ammonium and phosphate were not
limiting nutrients for Arctic algal communities in a study by Spi-
jkerman et al. (2012). On the other hand, atmospheric trace gases
were recently recognised to play a role in supporting primary
production in oligotrophic habitats in polar regions (Ji et al. 2017).
None of these findings conclusively explains the patchy occur-
rence of red snow, which often can be observed in the same pat-
tern year after year at the same location. Spijkerman et al. (2012)
suggested that the highly patchy distribution of algal blooms in
snow could be partly a result of small-scale topographical and
geological characteristics influencing snowfield persistence or
disappearance due to enhanced or reduced snow melt or snow
accumulation. Similarly, inputs of mineral impurities can result
in significantly earlier snow melt (Di Mauro et al. 2018). The
slower the melting, the more prolonged is the period that is
available for a snow algal population to develop. This is realised
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in alpine regions at higher elevations (above 1900 m a.s.l. in this
study). With regards to the availability of liquid water, the algal
cells seem to thrive during the growth season in the thin but per-
sistent aqueous reservoir that by the laws of physics remains
liquid around and between snow and ice crystals (Jones et al.
2001). To find a conclusive answer about which factors on a small
scale actually determine the development of snow blooms such
as those of S. nivaloides and S. aurantia or whether the cysts are
just randomly dispersed there, a time series sampling would be
necessary to observe the development of a blooming snow field
while concurrently measuring various parameters.

Red spherical cysts from the European Alps morphologically
identical to S. nivaloides cysts were shown to tolerate short peri-
ods of elevated UV-B radiation (Remias et al. 2010) due to the
massive production of secondary carotenoids, which act mainly
as shading pigments, but also as very powerful radical scav-
engers. This is especially true of ketocarotenoid astaxanthin,
which absorbs energy in the near UV-range. Sanguina nivaloides
shows high photophysiological plasticity with a highly efficient
photosystem under low irradiation and no photoinhibition up
to 2000 μmol m−2 s−1 (Procházková et al. 2018b). Additionally,
inorganic rock dust particles covering mature cysts seem to pro-
vide additional shading protection (Lutz-Meindl and Lutz 2006).
Sanguina nivaloides cysts are required to survive over summer
when snow has melted, and provided they still contain chloro-
phyll and are not photoinhibited, the photosynthetic appara-
tus should continue to function (Remias, Lütz-Meindl and Lütz
2005). After total snow melt, cysts most likely ‘oversummer’ the
rest of the year, generally in a dried state, on rocks, permafrost
or moss-covered soil, all being subject to drastic diurnal temper-
ature fluctuations; non-vegetated soils in particular can expe-
rience temperature changes of 30◦C within 24 h (Ley, Williams
and Schmidt 2004). Therefore, S. nivaloides cysts can be regarded
as being eurythermic and desiccation-resistant. The question
remains whether the vegetative stages (gametes or other green
stages if they exist) are dependent on cold temperatures, which
would characterise them as cryophiles.

Key triggers to a successful S. nivaloides cultivation have not
been elucidated yet. Indeed, many green proliferating strains
have been isolated from snowfields, but molecular methods and
phylogeny have always shown that these isolates are taxa other
than S. nivaloides. A well-known example of such a misinter-
pretation was strain UTEX 1969, which for years was listed as
Chlamydomonas nivalis and frequently used in studies address-
ing cold adaptation, just as other strains erroneously were
assigned to this taxon (Lu et al. 2012a,b, 2016). When, in 1990, H.
Ettl and U.G. Schlösser (pers. comm.) re-identified many UTEX,
CCAP and SAG strains of Chlamydomonas, they found that many
were incorrectly named—among them also Cd. nivalis strains,
which were first assigned to Chlamydomonas augustae, but later
partly renamed again on the basis of the phylogenetic analy-
ses as Chloromonas typhlos (Matsuzaki, Hara and Nozaki 2012)
or Cr. reticulata (CCALA 753; CCALA 754). At present, it must be
accepted that we do not have any living strain on hand to enable
the studies on the life cycle of S. nivaloides. All diagrams describ-
ing the life cycle of this species are thus just hypothetical with-
out any empirical proof (e.g. in terms of molecular data) (Müller,
Leya and Fuhr 2001; Sattler et al. 2010; Remias 2012). Any conclu-
sions can be made only very cautiously and indirectly based on
the knowledge of life cycles of more distantly related species.
The sexual life cycle of several Chlamydomonadacean species
usually include the formation of zygotes into zygospores with
a thick cell wall, which represents the dormant stage in the life
cycle (Žárský, Kalina and Sulek 1985). After the formation and

growth of the secondary cell wall, the primary cell wall of the
zygospore is shed from the surface (VanWinkle-Swift and Rick-
oll 2008) and the ornamented structure of the mature zygote
becomes apparent (Pröschold et al. 2001). We observed a similar
cell wall organisation in the ruby cysts type, which have been
found so far on the Northern hemisphere in continental Nor-
way (sample N4’ and NOR4–1’ in this study), in Svalbard [sam-
ple RS 0011 in this study and in Müller et al. (1998)], on Ice-
land (D. Remias, pers. comm.), on the western coast of Canada
(L. Quarmby, pers. comm.), in Washington State in the USA (K.
Thomas, pers. comm.), Oceania (P. Novis, pers. comm.), as well
as in the southern hemisphere on the Antarctic King George
Island (T. Leya, pers. comm.). Wille (1903) was referring to this
distinctive cellular morphology in his study of Cd. nivalis from
Djupvatshytten (Norway) (plate III, Figs 44 and 45). Their identity
needs to be revealed by single cell sequencing. The first insights
into their 18S rRNA gene phylogeny suggest that the ruby-type
cysts might in fact be members of the Chloromonas-clade (Segawa
et al. 2018).

The CBC species concept was successfully applied for several
algal groups, e.g. snow-dwelling Chloromonas species (Matsuzaki
et al. 2019). This concept can be used also in a metagenomic
study: Segawa et al. (2018) showed that their ‘Chlamydomonas’
snow group B (conspecific with S. nivaloides) differs by one CBC in
helix III only compared with the closely related ‘Chlamydomonas’
snow group A (see their Supplementary Figures S2 and S8). On
the other hand, it was shown that the CBCs are not diagnostic
in some cases at the species level and that even genera, fam-
ilies and orders of green algae can lack CBCs in such regions
(Caisova, Marin and Melkonian 2011; Škaloud and Rindi 2013).
Therefore, the presence and number of CBCs are probably direct
consequences of the accumulation of mutations during the evo-
lutionary process, simply reflecting the genetic distance among
organisms. In our study, two field samples of Sanguina nival-
oides (‘NOR4–1’ and ‘RS 0014–2013’) lack any CBC in their sec-
ondary structure when compared with Sanguina aurantia. Both
two newly described species are closely related: they have iden-
tical 18S rRNA gene and more than 95% identical ITS2 (one CBC
found). In the rbcL phylogeny, S. aurantia has been placed within
Sanguina nivaloides field samples; this might be linked to unusual
gene substitutions in rbcL, which was reported to result in arte-
facts in the phylogeny (Nozaki, Onishi and Morita 2002). Species
boundaries between S. nivaloides, S. aurantia and other related
species should be estimated by combination of substantial mor-
phological, ecological and genetic difference (investigation of
several molecular markers, the level of ITS2 rDNA sequence
similarity should be also taken into account). S. aurantia has
uniquely different ITS2 haplotypes to S. nivaloides, orange spher-
ical cysts and red spherical cysts are clearly distinguishable,
both microscopically and macroscopically, and the area of their
geographic distribution is only partly overlapping. No strain for
these species is available yet. According to our 18S rRNA gene
and rbcL phylogenies, the closest known and culturable rel-
atives of Sanguina nivaloides are strains CCCryo 133–01/101–99
(currently assigned to cf. Sphaerocystis sp.), strain CCCryo 147–01
(cf. Coenochloris sp.) and CCCryo 086a-99 (cf. Ploeotila sp.). Some
of these relatives are known for their production of astaxanthin
(Leya et al. 2009), though in less dominating amounts than in
S. nivaloides, but none of them has ever been reported to cause
striking snow colouring. They have been isolated from differ-
ent habitats on Svalbard such as a moss and a snowfield as well
as from a glacier. These strains may rather be regarded as per-
mafrost algae than snow algae. Demchenko (2013) investigated
the above strains and described them all as having coccoid cells.
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When studying their life cycles he observed zooid formation in
strains CCCryo 101–99 and CCCryo 086b-99. Motile stages so far
have not been described for the only known species of Ploeotila
(P. ramosa T.Mrozinska-Webb) and since he also found slightly
different characteristics in the other two strains in comparison
to Sphaerocystis or Coenochloris, their attribution to these gen-
era remains unclear (hence the ‘cf.’). Our rbcL phylogeny (Fig. 7)
confirmed that these tentative genera form closely related lin-
eages to Achoma brachiatum isolated from an alpine herbfield
soil in New Zealand (Novis and Visnovsky 2012). However, as
outlined above, CCCryo 101–99 and 133–01 clearly differ from
strain CCCryo 147–01, the former two producing zoids and con-
siderable amounts of secondary carotenoids and the latter lack-
ing such cell stages and ability. Which of them actually might
have to be assigned to the genus Achoma remains to be investi-
gated. The three strains CCCryo 086a-99, 101–99 and 147–01 fur-
ther markedly differ in the following aspects: cells are single or
organised in clusters of tetrads in CCCryo 133–01, in microscopic
colonies in an extracellular polymeric substance (EPS) in CCCryo
147–01, and in cells or a group of cells sitting on a mucilaginous
stalk in CCCryo 086a-99. Chloroplasts are parietal (CCCryo 133–
01, CCCryo 086a-99) and pot-like (CCCryo 147–01), and a pyrenoid
is present. Yet S. nivaloides shares several features with the above
mentioned three CCCryo strains: its origin from cold habitats, its
parietal chloroplast with a pyrenoid (at least observable in young
cysts) and its prevailing morphologic organisation as a coccoid
life form.

Our study has shown that sequencing of the field-collected
cysts was a suitable strategy and also the only option to decipher
their phylogenetic position, as establishing actively growing iso-
lates from them has yet to be successful. This newly described
genus Sanguina with two closely related species S. nivaloides and
S. aurantia represents a single monophyletic lineage, indepen-
dent from other Chlamydomonadacean algae. Using molecular
methods we showed that S. nivaloides has a cosmopolitan dis-
tribution in polar and alpine regions, having detected the same
ITS2 haplotypes on several continents. It is possible to distin-
guish the cysts of S. nivaloides from red-coloured cysts of other
algae based on the cell size, number of cell walls, plastid organ-
isation and habitat preference. Further studies could involve
single-cell sequencing methods, e.g. with a further focus on
the ruby-type cysts. The genetic variability below species level
might be detected using a microsatellite-based approach (Nagai
et al. 2007) developed from single cell genomics (Muramoto et al.
2010). Additionally, sampling at known locations early in the
season might help to discover vegetative stages of this species,
enabling us to study this interesting alga in much more detail
using viable cultures/isolates. The molecular identity of other
red coccoid species from snow reported by Kol (1968) such
as Chlamydomonas antarcticus (red cysts with a broad mucilage
layer) or Trochiscia spp. (red cysts with spikes) might also yet be
revealed.
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Sanguina nivaloides and Sanguina aurantia gen. et spp. nov. (Chlorophyta):  

the taxonomy, phylogeny, biogeography and ecology of two newly recognized algae causing red and orange snow 

Supplementary Data 

Supplementary Table 1. Samples of Sanguina nivaloides from continental Europe, the Svalbard archipelago, North and South America with sample codes, 
collection date, conductivity (EC; μS cm-1), pH, altitude (m a.s.l.), geographic position (GPS), habitat description and location of sampling site. The 
numbering in the first column corresponds to the data given in Fig. 1. 

No.  sample code Date EC pH altitude GPS habitat 
description 

Location country 

1 NK01 18 June 2009 n.a. n.a. 2300 47°18'N 
11°23'E 

snow field on 
limestone 

Haferlekarspitze, 
Nordkette Mountains, 
Tyrol 

Austria 

2 4HT 7 July 2014 n.a. n.a. 2270 47°06'55.0''N 
12°17'39.4''E 

glacier based 
snow field, 
slight slope 

Obersulzbachkees, High 
Tauern 

Austria 

3 DL07 28 May 2016 8.4 6.2 2380 47°13'42.5"N 
11°00'56.9"E 

snow on 
slope 

Kühtai, near Lake 
Gossenkӧlle, Tyrol 

Austria 

4 WP122 29 May 2017 n.a. n.a. 1969 47°13'12.6"N 
11°02'25.7"E 

snow close to 
the mountain 
road 

Kühtai, Stockach, Tyrol Austria 

5 WP123 29 May 2017 14 5.81 2352 47°13'35.0"N 
11°01'03.1"E 

snow close to 
the road to 
Schwarzmoos 

Kühtai, Stockach, Tyrol Austria 

6 2OT 1 August 2014 n.a. n.a. 3223 46°46'16.9''N 
10°52'23.9''E  

glacier based 
snow field, 
slight slope 

Similaun, Tyrol  Austria 

7 CCCryo RS_0022-2003 12 July 2003 n.a. n.a. 2900 46°58'31.235''N 
11°6'29.343''E 

dry to slightly 
wet snow 
surrounded 
by glacier  

Rotadlkopf, Stubaier 
Glacier, Sölden, Tyrol 

Austria 
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8 P3 29 August 2001 n.a. n.a. 2800 46°56'N 
10°55'E 

glacier based 
snow field 
next to a road 

Sölden, near Rettenbach 
Glacier, Tyrol 

Austria 

9 Retten 18 July 2015 n.a. n.a. 2790 46°56'34.5''N 
10°55'29.1''E 

snow field 
with slight 
slope 

Rettenbach Glacier, 
Tyrol  

Austria 

10 Tiefen 18 July 2015 n.a. n.a. 2786 46°55'19.66''N  
10°56'53.699''E 

snow field 
with slight 
slope 

Tiefenbach Glacier, 
Tyrol  

Austria 

11 1D 11 July 2013 n.a. n.a. 2298 46°25'23.9''N 
11°47'48.5''E 

snow field at 
the end of 
valley 

Pas de San Nicolo, 
Dolomites 

Italy 

12 4D 12 July 2013 n.a. n.a. 2063 46°24'43.4''N 
11°45'58.3''E 

meadow 
based 
snowfield 
close to a 
pasture 

Forcella dal Pief, 
Dolomites 

Italy 

13 9D 12 July 2013 n.a. n.a. 2668 46°24'11.2"N 
11°47'09.0"E 

snow field at 
mountain 
ridge 

Cima de Costabela, 
Dolomites 

Italy 

14 5SAR 17 July 2013 n.a. n.a. 2353 46°48'21.7"N 
11°24'09.5"E 

rock based 
snow field 
close to a 
lake 

Steinwandseen, Sarntal 
Alps 

Italy 

15 2RON 17 August 2013 n.a. n.a. 1939 61°54'25.3''N 
09°50'58.9''E 

debries based 
snow field in 
a saddle  

Rondslotett, Rondane Norway 

16 N2 27 June 2015 n.a. n.a. 1138 61°43'45.7"N 
10°12'06.8"E 

meadow 
based snow 
field close to 
a lake  

NP Rondane, Rondane Norway 

17 N4 9 July 2015 n.a. n.a. 784 62°03'29.3"N 
7°15'47.6"E 

meadow 
based 
snowfield 
next to a 
brook  

Geirangen fjord Norway 
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18 N5 9 July 2015 n.a. n.a. 1077 61°36'04.6"N 
8°02'27.6"E 

meadow 
based snow 
field on a 
slight slope 

NP Jotunheimen Norway 

19 NOR4-1 8 September 2015 11 7.1 1145 61°00'42.9"N 
7°19'48.8"E 

snow field 
close to the 
Bjørgavegen 
road 

northeast of Flåm Norway 

20 Zamrznute 4 July 2002 n.a. n.a. 2013 49°10'32.06"N 
20°8'16.79"E 

snow field 
close to lake 
shore 

High Tatra Mountains Slovakia 

21 2SLOV 13 June 2013 n.a. n.a. 2536 46°26'23.2"N 
13°49'49.5"E  

steep slope Veliki Oltar, Julian Alps Slovenia 

22 Furka 26 June 2003 n.a. n.a. 2431 46°34´22”N 
8°25´00”E  

snow field in 
a flat saddle 

Furka Pass, Urner Alps Switzerland 

23 CCCryo RS_0011 8 September 1999 n.a. n.a. 25 79°44'33''N 
10°49'59.998''E 

snow fields 
on rocky 
south coast 

Amsterdamøya, 
Danskegattet 

Svalbard, 
Norway 

26 Sva4 2 July 2016 6.14 6.0 224 78°11'30.4"N 
15°32'50.8"E 

snow field 
close to the 
melting 
glacier 

southwest from 
Longyearbyen 

Svalbard, 
Norway 

27 Sva 10-7 18 July 2010 3.6 5.5 310 78°11.757'N 
15°31.319'E 

flat snowfield Tverdalen, south of 
Longyearbyen 

Svalbard, 
Norway 

29 Foxfona 5 August 2017 5.2 6.3 585 78°08.462'N 
16°08.992'E 

glacier based 
snow field on 
a slight slope 

Foxfona, southeast from 
Longyearbyen 

Svalbard, 
Norway 

31 CCCryo RS_0015-2010 4 August 2010 84.0 4.7 15 77°39'44.298''N 
14°48'58.903''E 

steep snow 
field 
stretching 
down to sea, 
surrounded 
by moss 
vegetation on 
rock 

Midterhuken, southwest 
of Mariasundet between 
Bellsund and Van 
Mijenfjorden, Nathorst 
Land 

Svalbard, 
Norway 
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32 CCCryo RS_0003-2004 6 August 2004 n.a. n.a. 430 77°34'0.001''N 
16°53'59.999''E 

almost 
levelled 
persistent 
snow field  

northeastern (upper) 
part of Doktorbreen, 
Nathorst Land 

Svalbard, 
Norway 

33 CCCryo RS_0014-2013 16 August 2013 25.6 6.1 13 77°1'54.516''N 
15°52'20.279''E 

icy snow 
field on shale 
and carbonate 
rocks 

Gnålodden, Vestre 
Burgerbukta, Hornsund, 
Wedel, Jarlsberg Land 

Svalbard, 
Norway 

37 redCol 15 July 2017 10 5.5 3731 40°03'26.2"N 
105°38'39.6"W 

snow field at 
a bottom of 
the kettle 
below 
Apache peak 

Niwot Ridge, Front 
Range Rocky 
Mountains  

Colorado, 
USA 

38 Saddle 8 July 2017 3 5.44 3540 40°03'21.2"N 
105°35'28.9"W 

snow field 
exposed 
north east to 
south east 

Niwot Ridge, Front 
Range Rocky 
Mountains 

Colorado, 
USA 

39 Subalpine 8 July 2017 9 5.54 3414 40°02'56.9"N 
105°34'57.8"W 

south faced 
snowfield 

Niwot Ridge, Front 
Range Rocky Mts. 

Colorado, 
USA 

40 La Hoya 8 December 2016 n.a. n.a. 1914 42°48'45.7"S 
71°15'24.3"W 

south-
oriented 
rocky slopes  

ski resort La Hoya, 
close to city Esquel, 
Patagonia 

Argentina 

41 Esperanza 3 23 January 2018 n.a. n.a. 27 63°24'03.5"S 
56°59'30.7"W 

snow field 
with slight 
slope 

Hope Bay, Antarctic 
Peninsula 

Antarctica 

42 Esperanza 8 10 January 2018 n.a. n.a. 13 63°23'56.7"S 
56°58'48.1"W 

flat snow 
patch above a 
stream 

Hope Bay, Antarctic 
Peninsula 

Antarctica 
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Supplementary Table 2. Samples of Sanguina aurantia from the Svalbard archipelago with sample codes, collection date, conductivity (EC; μS cm-1), pH, 
altitude (m a.s.l.), geographic position (GPS), habitat description and location of sampling site. The numbering in the first column corresponds to the data 
given in Fig. 1. 

No.  sample code Date EC pH altitude GPS habitat 
description 

Location country 

24 RS Camp 20 July 2004 n.a. 5.0 10 78°55.1'N  
11°57'E 

snow in 
small creek 
valley 

Ny Alesund, Smithelva, 
close to camping site 

Svalbard, 
Norway 

25 CCCryo RS_0005-2004 30 July 2004 n.a. n.a. 500 78°10'51.42''N 
15°28'44.878''E 

snow fields 
just above 
side 
moraine 

western side of 
Longyearbyen 

Svalbard, 
Norway 

28 Sva 10-8 18 July 2010 4.7 6.1 319 78°11.780'N 
15°31.344'E 

flat 
snowfield 

Tverdalen, south of 
Longyearbyen 

Svalbard, 
Norway 

30 CCCryo RS_0006-2004 1 August 2004 1.27 5.0 500 78°9'41.4''N 
17°53'31.199''E 

almost 
levelled 
persistent 
snow field 

Raggfjellet, east of 
Hellefonna, Sabine Land 

Svalbard, 
Norway 

34 CCCryo RS_0017-2010 6 August 2010 n.a. n.a. 55 77°0'42.156''N 
15°32'13.2''E 

snow field 
below bird 
colony on 
Fugleberget  

Isbjörnhamna, Hornsund, 
Wedel Jarlsberg Land 

Svalbard, 
Norway 

35 CCCryo RS_0018-2010 7 August 2010 6.4 5.3 60 77°0'23.904''N 
16°13'17.508''E 

top of steep 
snow field 

western side of Treskelen, 
Wedel Jarlsberg Land 

Svalbard, 
Norway 

36 CCCryo RS_0020-2010 9 August 2010 n.a. 4.8 75 76°58'27.48''N 
16°22'29.387''E 

on rocky 
gravel, bird 
colonies 
above 

Chomjakovbreen bay, 
north of Bautaen, 
Hornsund, Sørkapp Land 

Svalbard, 
Norway 
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Supplementary Table 3. List of primers used for amplification and Sanger sequencing reactions of 18S rRNA gene, ITS2 rDNA and rbcL markers; (F) 
forward; (R) reverse. 

Primer Marker 
Directio

n Sequence Reference 
P2 18S F CTGGTTGATTCTGCCAGT (De Wever et al. 2009) 

P4 18S R TGATCCTTCYGCAGGTTCAC (De Wever et al. 2009) 

18F 18S F AACCTGGTTGATCCTGCCAGT (Katana et al. 2001) 

18R 18S R TGATCCTTCTGCAGGTTCACCTACG (Katana et al. 2001) 

FC 18S F GGGAGGTAGTGACAATAAATA (Matsuzaki et al. 2015) 

RF 18S R CCCGTGTTGAGTCAAATTAAG (Matsuzaki et al. 2015) 

FA 18S F AACCTGGTTGATCCTGCCAGT (Matsuzaki et al. 2015) 

RD 18S R GCTGGCAACCAGACTTGCCCTC (Matsuzaki et al. 2015) 

ITS1 ITS2 F TCCGTAGGTGAACCTGCGG (White et al. 1990) 

ITS5 ITS2 F GGAAGTAAAAGTCGTAACAAGG (White et al. 1990) 

ITS4 ITS2 R TCCTCCGCTTATTGATATGC (White et al. 1990) 

SSU ITS2 F CTGCGGAAGGATCATTGATTC (Piercey-Normore and Depriest 2001) 

LSU ITS2 R AGTTCAGCGGGTGGTCTTG (Piercey-Normore and Depriest 2001) 
AL1500af ITS1, 5.8S, ITS2 F GCGCGCTACACTGATGC (Helms et al. 2001) 

LR3 ITS1, 5.8S, ITS2 R GGTCCGTGTTTCAAGACGG (Vilgalys and Hester 1990) 

TW81 ITS2 F GGGATCCGTTTCCGTAGGTGAACCTGC (Goff, Moon and Coleman 1994)  

AB28 ITS2 R GGGATCCATATGCTTAAGTTCAGCGGGT (Goff, Moon and Coleman 1994) 

rbcL1F rbcL F GCTGGTGTTAAAGATTATCG (Hoham et al. 2002) 

rbcL7R rbcL R AAATAAATACCACGGCTACG (Hoham et al. 2002) 

rbcL4R rbcL R GAAAATGAAACGGTCTCTCC (Hoham et al. 2002) 

rbcL10F rbcL F GGTAA CGTWT TTGGT TTCAA AGC (Hoham et al. 2002) 

rbcL8F rbcL F GGTCT TTCAG CTAAA AACTA CGG (Hoham et al. 2002) 

Snow-F3 rbcL F CAAGTWGAACGTGACAAATTAAAC (Matsuzaki et al. 2015) 

Snow-R12 rbcL R CTAAAGTAACTTCACGTTCTCCTTC (Matsuzaki et al. 2015) 

Snow-F0 rbcL F TTAAAGCTGGTGTWAAAGAYTAYCGTTT (Matsuzaki et al. 2015) 
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Supplementary Table 4. List of Sanguina nivaloides samples showing the haplotype codes for ITS2 sequences, sample code, cyst surface morphology, 
Genbank accession numbers of ITS2/18S/rbcL sequences (1sequenced in this study), cysts diameters based on scanning electron microscope measurements. 
Cyst diameters in µm ± SD (standard deviation) with n = number of observations. The numbering in the last column corresponds to the data given in Fig. 1. 
An asterisk (*) indicates a sample, in which ruby cysts were also observed, but rarely. The individual alleles of five specimens with 1-2 heterozygotic 
positions (redCol, 4HT, 2SLOV, 4D, 9D) were resolved using the PHASE algorithm implemented in DnaSP v.6.0. (Librado and Rozas 2009) and each of 
these sequences were assigned to two different haplotypes (e.g. redCol_01 is H2, whereas redCol_02 is H8). Note: five field samples (redCol, 4HT, 2SLOV, 
4D, 9D) contained two haplotypes per sample which were usually not possible to distinguish in LM. Unless single cell PCR was done, some uncertainity 
remains, which cell morphotype (and its cell size) is linked to each of these additionally resolved haplotypes (marked with question mark ʿ?ʾ ; e.g. 4D_01 as 
H1 is believed to have smooth cell wall, typical for specimens of haplotype H1, whereas 4D_02 as H14 is supposed to have pronounced papillae). In a few 
cases cell surface morphology was not recognizable since all cells in that samples were covered by debris).  

haplotype 
code 

sample code Cyst surface 
morphology 

NCBI accession numbers cysts size 
(n) 

No. 
according to 

Fig. 1 
ITS2 rDNA 18S rRNA gene rbcL 

H1 NK01 Smooth MK7285891   15.7 ± 3.3 (42) 1  
4HT_01 Covered by debris MK7285901   28.6 ± 4.5 (40) 2  
DL07 Smooth MF803749 MF803748   MK7336251 16.6 ± 4.3 (71) 3  
WP122 Smooth MK7285911   22.5 ± 4.5 (30) 4  
CCCryo RS_0022-2003 Smooth MK7285921   17.2 ± 2.6 (32) 7  
P3 Smooth MK7285931   19.4 ± 4.1 (33) 8  
Tiefen Smooth MK7285941 MK7286351 MK7336231 15.7 ± 2.2 (58) 10  
1D Smooth, a few cells 

with small papillae 
MK7285951   17.0 ± 2.2 (40) 11 

 
5SAR Smooth MK7285961   16.7 ± 2.1 (40) 14  
Zamrznute Smooth, a few cells 

with small papillae 
MK7285971 MK7286361 MK7336271 14.1 ± 3.1 (30) 20 

 
Furka Smooth, a few cells 

with small papillae 
MK7285981 MK7286461 MK7336261 14.5 ± 4.0 (65) 22 

 
CCCryo RS_0015-2010 Smooth MK7285991 JQ790560 MK7336241 19.7 ± 3.7 (38) 31 

 Saddle Smooth MK7286001  MK7336281 22.3 ± 3.8 (30) 38 
H2 N2 Smooth MK7286011   24.3 ± 3.5 (53) 16  

N4 Smooth MK7286021   22.8 ± 3.2 (34) 17  
N5 Smooth MK7286031 MK7286371 MK7336291 22.4 ± 5.8 (33) 18 
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Sva4 Smooth MK7286041   15.8 ± 2.7 (44) 26  
Sva 10-7 Smooth MK7286051   18.9 ± 4.1 (47) 27  
Foxfona Smooth MK7286061   31.9 ± 2.8 (30) 29 

 redCol_01 Smooth MK7286071   22.0 ± 3.9 (30) 37  
Subalpine Smooth MK7286081 MK7286381 MK7336301 25.8 ± 3.2 (47) 39 

H3 2RON Nipples MK7286091   26.2 ± 6.1 (40) 15  
CCCryo RS_0003-2004 Nipples MK7286101 MK7286391  14.6 ± 2.6 (39) 32 

H4 Retten Smooth MK7286111 MK7286471 MK7336311 21.5 ± 4.6 (44) 9 
H5 NOR4-1 Smooth (*) MK7286121 MK7286401  27.0 ± 4.3 (56) 19 
H6 CCCryo RS_0014-2013 Smooth MK7286131 MK7286411 MK7336321 18.9 ± 3.4 (33) 33 
H7 CCCryo RS_0011 Smooth, a few cells 

with short blunt 
nibs (*) 

MK7286141 MK7286421 MK7336331 18.3 ± 3.0 (32) 23 

H8 redCol_02 ? rarely cells with 
small papillae 

MK7286151   
 

37 
 

La Hoya Covered by debris MK7286161 MK7286431 MK7336341 17.0 ± 4.6 (43) 40 
H9 WP123 Smooth MK7286171  MK7336351 11.9 ± 2.3 (69) 5 
H10 2OT Smooth MK7286181   14.4 ± 3.2 (40) 6 
H11 4D_01 Smooth MK7286191   17.0 ± 2.3 (40) 12  

2SLOV_01 Smooth MK7286201   16.9 ± 2.6 (40) 21 
H12 2SLOV_02 Smooth MK7286211   

 
21 

H13 4HT_02 Covered by debris MK7286221   
 

2 
H14 4D_02 ? cells with 

pronounced 
papillae 

MK7286231   
 

12 

H15 9D_01 Smooth MK7286241   17.0 ± 2.5 (40) 13 
H16 9D_02 Smooth MK7286251   

 
13 

H17 Esperanza_3 Smooth MK7286261   19.4 ± 3.0 (30) 41 
H18 Esperanza_8 Smooth MK7286271   9.9 ± 1.6 (44) 42 
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Supplementary Table 5. List of Sanguina aurantia samples showing the haplotype codes for ITS2 sequences, sample code, cyst surface morphology, 
Genbank accession numbers of ITS2/18S/rbcL sequences (1sequenced in this study), cysts diameters based on scanning electron microscope measurements. 
Cyst diameters in µm ± SD (standard deviation) with n = number of observations. The numbering in the last column corresponds to the data given in Fig. 1. 

 

 

 

haplotype 
code 

sample code Cyst surface 
morphology 

NCBI accession numbers cysts size 
(n) 

No. according to Fig. 1 

ITS2 rDNA 18S rRNA 
gene 

rbcL 

HA1 RS Camp The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286281  MK7336371 12.6 ± 1.6 (32) 24 

 CCCryo RS_0005-2004 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286291   10.8 ± 1.5 (114) 25 

 Sva 10-8 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286301   9.3 ± 1.9 (43) 28 

 CCCryo RS_0006-2004 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286311   10.2 ± 1.7 (34) 30 

 CCCryo RS_0018-2010 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286321 MK7286441  11.2 ± 1.7 (46) 35 

 CCCryo RS_0020-2010 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286331  MK7336361 10.4 ± 1.5 (45) 36 

HA2 CCCryo RS_0017-2010 The outermost cell 
wall layer wrinkled, 
the lower layer smooth 

MK7286341 MK7286451 MK7336381 11.0 ± 1.3 (40) 34 
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Supplementary Table 6. List of the closest known culturable relatives to Sanguina nivaloides 
showing their Genbank accession numbers of 18S rRNA gene and rbcL sequences (1sequenced in this 
study).  

Taxon 
strain 
designation 

Accession number 

    18S rRNA gene rbcL 

cf. Coenochloris sp. CCCryo 147-01 GU117588 MK7286511 

cf. Ploeotila sp. CCCryo 086-99 GU117586 MK7286521 

cf. Sphaerocystis sp. CCCryo 101-99 AF514407 MK7286491 

cf. Sphaerocystis sp. CCCryo 133-01 MK7286481 MK7286501 
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Supplementary Table 7. Uncorrected (p-distance; %) and corrected pairwise genetic distance 
(Kimura-2-parameter K2P; %) between analyzed haplotypes of Sanguina nivaloides (H1-H18) and 
Sanguina aurantia (HA1 and HA2) field samples based on ITS2 rDNA nucleotide sequence.  

  H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18 HA1  HA2 

H1  0.5 1 0.5 2.5 2 1 1 1.5 0.5 1 1.5 1 1.5 1.5 2 1.5 1.5 3.3 3.8 
H2 0.5  0.5 1 2 2.5 1.5 0.5 1 1 0.5 1 1.5 1 1 1.5 1 1 2.8 3.3 
H3 1 0.5  1.5 2.5 3 2 1 1.5 1.5 1 1.5 2 1.5 1.5 2 1.5 1.5 3.3 3.8 
H4 0.5 1 1.5  3 2.5 1.5 1.5 2 1 1.5 2 1.5 2 1.5 2 2 2 3.8 4.4 
H5 2.4 2 2.4 2.9  3.5 2.5 1.5 3 3 2.5 3 3.5 3 3 3.5 3 1.5 3.8 4.4 
H6 2 2.4 2.9 2.4 3.4  1 2 2.5 2.5 2.5 3 3 3 3 3.5 3 2.5 4.9 4.4 
H7 1 1.5 2 1.5 2.4 1  1 2.5 1.5 1.5 2 2 2 2 2.5 2 1.5 4.4 4.9 
H8 1 0.5 1 1.5 1.5 2 1  1.5 1.5 1 1.5 2 1.5 1.5 2 1.5 0.5 3.3 3.8 
H9 1.5 1 1.5 2 2.9 2.4 2.4 1.5  2 1.5 2 2.5 2 2 2.5 2 2 3.8 3.3 
H10 0.5 1 1.5 1 2.9 2.4 1.5 1.5 2  1.5 2 1.5 2 2 2.5 2 2 3.8 4.4 
H11 1 0.5 1 1.5 2.4 2.4 1.5 1 1.5 1.5  0.5 2 0.5 0.5 1 0.5 1.5 3.3 3.8 
H12 1.5 1 1.5 2 2.9 2.9 2 1.5 2 2 0.5  2.5 1 1 1.5 1 2 3.8 4.4 
H13 1 1.5 2 1.5 3.4 2.9 2 2 2.4 1.5 2 2.4  2.5 2.5 3 2.5 2.5 4.4 4.9 
H14 1.5 1 1.5 2 2.9 2.9 2 1.5 2 2 0.5 1 2.4  1 1.5 0.5 2 3.8 4.4 
H15 1.5 1 1.5 1.5 2.9 2.9 2 1.5 2 2 0.5 1 2.4 1  0.5 1 2 3.8 4.4 
H16 2 1.5 2 2 3.4 3.4 2.4 2 2.4 2.4 1 1.5 2.9 1.5 0.5  1.5 2.5 4.4 4.9 
H17 1.5 1 1.5 2 2.9 2.9 2 1.5 2 2 0.5 1 2.4 0.5 1 1.5  2 3.8 4.4 
H18 1.5 1 1.5 2 1.5 2.4 1.5 0.5 2 2 1.5 2 2.4 2 2 2.4 2  3.8 4.4 
HA1 3.3 2.8 3.3 3.8 3.8 4.7 4.2 3.3 3.8 3.8 3.3 3.8 4.2 3.8 3.8 4.2 3.8 3.8  0.5 
HA2 3.8 3.3 3.8 4.2 4.2 4.2 4.7 3.8 3.3 4.2 3.8 4.2 4.7 4.2 4.2 4.7 4.2 4.2 0.5  
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Supplementary Table 8. Uncorrected (p-distance; %) and corrected pairwise genetic distance 
(Kimura-2-parameter K2P; %) between analyzed haplotypes of Sanguina nivaloides (H1-H18) and 
Sanguina aurantia (HA1 and HA2) field samples based on 18S rRNA gene nucleotide sequence.  

  H1 H2 H3 H4 H5 H6 H7 H8 HA1 HA2 

H1  0 0 0 0 0.1 0.2 0.2 0 0 
H2 0  0 0 0 0.1 0.1 0.1 0 0 
H3 0 0  0 0 0.1 0.1 0.2 0 0 
H4 0 0 0  0 0.1 0.1 0.1 0 0 
H5 0 0 0 0  0.1 0.1 0.2 0 0 
H6 0.1 0.1 0.1 0.1 0.1  0.1 0.2 0.1 0.1 
H7 0.2 0.1 0.1 0.1 0.1 0.1  0.2 0.1 0.1 
H8 0.2 0.1 0.1 0.1 0.2 0.2 0.2  0.1 0.1 

HA1 0 0 0 0 0 0.1 0.1 0.1  0 
HA2 0 0 0 0 0 0.1 0.1 0.1 0   
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Supplementary Table 9. Uncorrected (p-distance; %) and corrected pairwise genetic distance 
(Kimura-2-parameter K2P; %) between analyzed haplotypes of Sanguina nivaloides (H1-H18) and 
Sanguina aurantia (HA1 and HA2) field samples based on rbcL nucleotide sequence. 

  H1 H2 H4 H6 H7 H8 H9 HA1 HA2 

H1  0.1 0 2.2 2.2 3.4 0 2.6 3.3 
H2 0.1  0.1 2.2 2.2 3.4 0.1 2.6 3.3 
H4 0 0.1  2.2 2.2 3.4 0 2.7 3.3 
H6 2.1 2.1 2.1  0 3.7 2.2 1.9 2.5 
H7 2.1 2.1 2.1 0  3.7 2.2 1.9 2.5 
H8 3.2 3.2 3.2 3.5 3.5  3.4 3.6 4.4 
H9 0 0.1 0 2.1 2.1 3.2  2.7 3.3 
HA1 2.5 2.5 2.6 1.8 1.8 3.4 2.6  0.5 
HA2 3.2 3.1 3.2 2.4 2.4 4.1 3.2 0.5   
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Supplementary Table 10. Spatial principal component analyses (sPCA) with significance values of 
the correlation (based on 999 permutation using the Monte Carlo test) for two types of Sanguina 
nivaloides datasets. 

  p-value 
Spatial principal component analyses global structure local structure 

(a) Europe, America, Antarctica, Svalbard 0.39 0.31 
(b) Europe  0.17 0.8 
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Supplementary Table 11. Mantel test of the genetic similarity and spatial distance of Sanguina 
nivaloides cysts with significance test of distant class in correlogram (based on 1000 repetitions and 
1000 permutations, respectively) for two types of datasets.  

  p-value 

(a) Europe, America, Antarctica, Svalbard 0.27 
(b) Europe 0.58 
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Supplementary Figure 1. Overview of the type locality of Sanguina nivaloides, sp. et gen. nov. 
(Midterhuken, Nathorst Land, Svalbard): (upper) sampling location (red arrowhead) and (lower) a 
detailed view of the red snowfield during harvest (lower photo with with kind permission of Stephan 
Hering-Hagenbeck). 
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Supplementary Figure 2. Snowfield in a polar habitat on Svalbard (Bautauen Mountain, Hornsund) 
showing distinct colored patches caused by the co-occurrence of Sanguina nivaloides (on the left) and 
Sanguina aurantia (on the right) (sampling location no. 36 in Fig. 1, Supplementary Table 2).  
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Supplementary Figure 3. Light and scanning electron micrographs of ʿrubyʾ  cysts with rosette-like 

secondary cell wall appearing like mother-of-pearl in the light microscope (scattered in samples 

RS_0011 and NOR4-1), (A, C) with focus at median cross section, (B, D) with focus on cell surface,  

note: the mother-of-pearl appearance is not apparent in SEM picture, but show the physical reason 

behind. Scale bars 20 µm (A-D) and 5 µm (E-F). 
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Supplementary Figure 4. Cell size ranges of of Sanguina nivaloides haplotypes (H1-H18) and 

Sanguinea aurantia haplotypes (HA1 and HA2) in the dataset studied. Boxplots filled in grey indicate 

five field samples (redCol, 4HT, 2SLOV, 4D, 9D) containing two haplotypes. Boxplots filled in grey 

indicate five field samples (redCol, 4HT, 2SLOV, 4D, 9D) containing two haplotypes. which were 

usually indistinguishable in light microscope. Unless single cell PCR was done, some uncertainity 

remains in this case, which cell size is linked to each of these haplotypes additionally resolved by 

programme DnaSP v. 6.0. (Librado and Rozas 2009). 
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Supplementary Figure 5. 18S rRNA gene based Bayesian phylogenetic tree – full display of the 
clades except for the Sanguina -clade, which is boxed in grey (top). Posterior probabilities (0.95 or 
more) and bootstrap values from maximum likelihood analyses (75% or more) are shown. Full 
statistical support (1.00/100) is marked with an asterisk. Thick branches represent nodes receiving the 
highest posterior probability support (1.00). One newly obtained sequence outside the Sanguina -clade 
is in bold. Accession numbers, strain or field sample codes are indicated after each species name. 
Sanger sequencing of the field material as a successful strategy if strains are missing (or a 
complementary approach to link genetical information between field cysts and laboratory flagellate 
strains) is demonstrated at specimens highlighted in boxes (ʿRʾ- red bloom, ʿGʾ- green snow). Position 
of the strain SAG 26.86 [=IU 1969 original deposition] is marked by full circle, this strain was isolated 
from snow and formerly believed to cause red snow and thus, labelled as Chlamydomonas nivalis. 
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Supplementary Figure 6. rbcL gene based Bayesian phylogenetic tree – full display of the clades 
except for the Sanguina -clade, which is boxed in grey (top). Posterior probabilities (0.95 or more) and 
bootstrap values from maximum likelihood analyses (75% or more) are shown. Full statistical support 
(1.00/100) is marked with an asterisk. Thick branches represent nodes receiving the highest posterior 
probability support (1.00). Four newly obtained sequences outside the Sanguina -clade are in bold. 
Accession numbers, strain or field sample codes are indicated after each species name. Sanger 
sequencing of the field material as a successful strategy if strains are missing (or a complementary 
approach to link genetical information between field cysts and lab flagellate strains) is demonstrated at 
specimens highlighted in boxes (full line - red bloom, dotted line - green snow). Position of the strain 
SAG 26.86 [=IU 1969 original deposition] is marked by full circle, this strain was isolated from snow 
and formerly believed to cause red snow and thus, was labelled as Chlamydomonas nivalis for a long 
time.  
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Supplementary Figure 7. Geographic distribution of ITS2 haplotypes of Sanguina nivaloides and 
Sanguina aurantia based on sequences gained in this study and selected published sequences from 
Colorado and Washington States, U.S.A. (Brown, Ungerer and Jumpponen 2016), Alaska 
(AB902998.1), Greenland (AB902971.1), Austrian Alps (GU117577.1, Remias et al. 2010), Japan 
(AB903028.1) and Pamir, Tajikistan (AB902973.1, AB903025.1). Each haplotype network was 
constructed using a statistical parsimony method under a 95% connection limit. The grey line shows 
the connections when reducing the TCS connection limit to 90%. Each ball represents a haplotype. 
The size of the ball is proportional to the number of specimens sampled belonging to that haplotype. 
The colour represents a country of sampling. Lines connect each haplotype to its most similar relative. 
Open dots represent mutational steps between haplotypes, one dot indicates a change of 1 base pair. 
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Supplementary Figure 8. Spatial principal component analyses (sPCA) with histograms of permuted 
test statistics for Sanguina nivaloides field samples, the statistics observed are indicated by a black dot 
and a segment. Diagram rows: (a) Europe, America, Antarctica, Svalbard (b) Europe only. The output 
for the global test and local tests are shown in each row on the right and left side respectively. In all 
cases, plots show that the observed test statistics (black points) are in the range of the most simulated 
values (histograms), leading to no rejection of the null hypothesis of the absence of a spatial structure, 
i.e. no spatial structure was detected for Sanguina nivaloides indicating that field samples of this 
species are genetically similar over space. 
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Ecophysiological and morphological comparison of two populations of
Chlainomonas sp. (Chlorophyta) causing red snow on ice-covered lakes in the
High Tatras and Austrian Alps
Lenka Procházková a, Daniel Remiasb, Andreas Holzinger c, Tomáš Řezanka d and Linda Nedbalováa

aCharles University, Faculty of Science, Department of Ecology, Viničná 7, CZ-128 44 Prague, Czech Republic; bUniversity of
Applied Sciences Upper Austria, Stelzhamerstr. 23, A-4600 Wels, Austria; cDepartment of Botany, University of Innsbruck,
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ABSTRACT
Based on analyses of multiple molecular markers (18S rDNA, ITS1, ITS2 rDNA, rbcL), an alga that causes red snow on the
melting ice cover of a high-alpine lake in the High Tatras (Slovakia) was shown to be identical with Chlainomonas sp. growing in
a similar habitat in the Tyrolean Alps (Austria). Both populations consisted mostly of smooth-walled quadriflagellates. They
occurred in slush, and shared similar photosynthetic performances (photoinhibition above 1300 µmol photons m–2 s–1), very
high levels of polyunsaturated fatty acids (PUFA, 64% and 74% respectively) and abundant astaxanthin accumulation, compar-
able to the red spores of Chlamydomonas nivalis (Bauer) Wille. Physiological differences between the Slovak and Austrian
populations included higher levels of α-tocopherol and a 13Z-isomer of astaxanthin in the former. High accumulation of
secondary pigments in the Slovak population probably reflected harsher environmental conditions, since the collection wasmade
later in the growing season when cells were exposed to higher irradiance at the surface. Using a polyphasic approach, we
compared Chlainomonas sp. with Chlamydomonas nivalis. The latter causes ʻconventionalʼ red snow, and shows high photo-
physiological plasticity, with high efficiency under low irradiance and no photoinhibition up to 2000 µmol photons m–2 s–1. Its
PUFA content was significantly lower (50%). An annual cycle of lake-to-snow colonization by Chlainomonas sp. from slush
layers deeper in the ice cover is proposed. Our results point to an ecologically highly specialized cryoflora species, whose global
distribution is likely to be more widespread than previously assumed.

ARTICLE HISTORY Received 30 June 2017; Revised 13 November 2017; Accepted 16 November 2017

KEYWORDS Astaxanthin; Chlainomonas; fatty acids; field sample; High Tatras; morphology; photosynthesis; snow algae; ultrastructure; alpine
lake

Introduction

Red snow discolouration in alpine and polar regions is
caused bymany algal species (Kol, 1968; Lutz et al., 2015;
Matsuzaki et al., 2015), which in most cases belong to the
genera Chlamydomonas, Chloromonas and
Chlainomonas (Chlorophyta) (Novis et al., 2008; Brown
et al., 2016; Procházková et al., 2018). The genus
Chlainomonas was established by Christen (1959), with
the freshwater species Chlainomonas ovalis as the type.
Two other species of this genus were described from
snow, C. kolii (Hardy & Curl) Hoham and C. rubra
(Stein & Brook) Hoham (Hoham, 1974a,b). Recently,
populations of Chlainomonas sp. thriving periodically
in slush at a high-alpine lake and at a glacier in the
Austrian Alps were described (Remias et al., 2016).
Despite morphological similarities to spherical immotile
red cells of the common snow alga Chlamydomonas
nivalis, these two Chlamydo-monadacean genera are
not closely phylogenetically related. Blooms of
Chlainomonas sp. were restricted to summer snow
banks with higher water content, whereas
Chlamydomonas nivalis was not found in these specific
habitats (Remias et al., 2016). However, several questions

concerning the ecology and physiology of Chlainomonas
sp. remain unanswered. For example, the photosynthetic
activity in a broad range of light conditions has not yet
been elucidated. Furthermore, change in fatty acid com-
position is one of the crucial adaptations to cold habitats
(De Maayer et al., 2014). The fatty acid profile has not
been investigated for this genus so far.

The aim of this study was to compare the eco-
physiology and morphology of two populations of
Chlainomonas sp. causing red snow on melting ice
sheets in two high-alpine lakes in different
European mountain ranges. We hypothesized that
the population in the High Tatras (Slovakia) is the
same species as the one in the Tyrolean Alps
(Austria). Our intention was (1) to confirm their
close phylogenetic relationship; (2) to reveal
details of their cytological adaptations to the
snow habitat; (3) to evaluate if the spatial distribu-
tion of the population in the ice-cover correlates
with the availability of liquid water in the snow;
(4) to compare the rates of photosynthesis; (5) to
analyse the composition of secondary pigments;
and (6) to test whether there are any differences
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in adaptation strategies between the populations,
in terms of fatty acids. Finally, in order to evaluate
differences from the snow alga C. nivalis, we
investigated the same parameters and metabolites
of field samples of C. nivalis from the Tyrolean
Alps. These analyses allowed a comprehensive
description of this red-snow species of the genus
Chlainomonas, which seems to be restricted to
extremophilic habitats, including slush layers in
lake-ice and glacier surfaces.

Materials and methods

Sampling and snow characterization

The cryoflora causing red snow on the ice cover on
Ľadové Lake (the High Tatras, Slovakia, LP03) and
Gossenkӧlle Lake (Tyrolean Alps, Austria, DL06) and
near Gossenkӧlle Lake (DL07) was investigated in
May and June 2016 (Table 1, Fig. 1). Surface snow
was harvested with a sterile shovel, placed in 10 l
buckets, and transported the same day to the labora-

tory. Prior to photosynthesis measurements, samples
were slowly melted overnight and kept in the dark at
4–5°C. Electrical conductivity (EC) and pH of the
meltwater were obtained with WTW Instruments
(Cond 340i and Inolab, Germany) or with HANNA
(Combo EC, Romania). Snow water content (SWC)
was measured by coring snow with a cylindrical poly-
vinylchloride corer, according to Procházková et al.
(2018). The spatial distribution of SWC and cell
densities in snow on the ice cover at Lake
Gossenkӧlle were evaluated on 27 May 2016 along a
transect from the southern to northern shores
(Supplementary fig. S3), at the following distances
from the southern shore: 1, 2, 17, 32, 47, 62, 77, 92,
107 and 108 m.

Light and electron microscopy

Light microscopy (LM, magnification 1000×) was
performed and preparation of samples for scanning
and transmission electron microscopy (SEM and
TEM) were carried out in the same manner as
described by Procházková et al. (2018), with the
exception that from the moment of harvest, cells of
the thermosensitive Chlainomonas sp. were immedi-
ately placed in thermos bottles to keep them cool.

Cell counting

In order to quantify the red-snow colouration in the
field, we counted the highest cell concentration. An
estimation of the mean cell concentration was not
intended since there were enormous differences in
cell densities at the spatial scale of a dozen cm
along the transect in snow at ice cover of
Gossenkӧlle Lake. We took a 10 ml snow subsample
from each sampling site (DL06, DL07, LP03) and
from these, a further subsample of 0.5 ml snow melt-
water was taken and placed in a Kolkwitz plankton-
counting chamber (Hydro-Bios, Germany) and pro-
cessed according to Remias et al. (2016).

Isolation of DNA and sequencing

DNA was isolated as described by Procházková et al.
(2018). The 18S small subunit ribosomal RNA gene
(18S rDNA), internal transcribed spacer regions 1
and 2 (ITS1, ITS2 rDNA), and ribulose-1,5-bispho-
sphate carboxylase/oxygenase large subunit (rbcL)
gene regions were amplified from DNA isolates by
polymerase chain reaction (PCR), using existing pri-
mers (Supplementary table S1). Amplification and
sequencing reactions for these markers were
described by Procházková et al. (2018). New
sequences were submitted to the NCBI nucleotide
sequence database (accession numbers in
Supplementary table S2).

Table 1. Samples of Chlainomonas sp. from the High
Tatras (Slovakia, LP03), Tyrolean Alps (Austria, DL06),
and Chlamydomonas nivalis from the latter region (DL07)
with sample codes, collection date, sampling site, altitude
(m) and geographic position (GPS).
Sample Date Location Altitude GPS

LP03 19 June 2016 snow on ice cover
of Ľadové Lake

2058 N49° 11.018
E20° 09.649

DL06 27 May 2016 snow on ice cover
of Gossenkӧlle
Lake

2411 N47° 13.762
E11° 00.885

DL07 28 May 2016 snow on slope close
to Gossenkӧlle
Lake

2380 N47° 13.709
E11° 00.949

Fig. 1. Sample locations at the High Tatras, Slovakia (circle),
and the Tyrolean Alps, Austria (square).
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Photosynthesis

The light-dependent photosynthesis rates were
obtained as the relative electron-transport rate of
photosystem II with a fluorometer (PAM 2500, Heinz
Walz GmbH, Germany). Cells were exposed to photon
flux densities (PFDs) of 5, 34, 67, 104, 201, 366, 622, 984,
1389, 1666 and 2018 μmol photons m–2 s–1 for 30 s each
at 2°C in a pre-cooled sample chamber (volume of 1
ml). Five independent biological replicates were mea-
sured for LP03, DL06 and DL07. After each light expo-
sure, a saturating pulse was applied to detect the
effective photochemical quantum yield of photosystem
II. A curve of the relative electron-transport rate (rETR)
upon PFD was calculated and fitted by the model
according to Walsby (1997), assuming photoinhibition.
Relative andmaximum electro-transport rate (ETRmax),
initial slope (α) and light saturation point (Ik) were
determined (Procházková et al., 2018).

Pigment analysis

Chlorophylls, carotenoids and tocopherols were
extracted and quantified according to Remias &
Lütz (2007). Briefly, cells were freeze-dried on glass-
fibre filters, disrupted with a grinding mill and
extracted with dimethylformamide. The analysis was
performed with an Agilent 1100 HPLC system with a
LiChroSpher C18 column and diode array and fluor-
escence detectors. Carotenoid standards were
obtained from CarotNature (Switzerland).

Lipid extraction and analysis of fatty acid methyl
esters (FAMEs)

The extraction procedure was based on the method of
Bligh & Dyer (1959), and elution was done from a
Sep-Pak Vac Silica cartridge 35cc (Waters; 10 g nor-
mal-phase silica) by chloroform (neutral lipids), acet-
one (glycolipids) and methanol (phospholipids)
(Saunders & Horrocks, 1984). All classes of lipids
were saponified overnight in 10% KOH in methanol
at room temperature. The structures of FAMEs were
confirmed by comparison with GC/MS retention
times, and fragmentation patterns with those of stan-
dard FAMEs (Supelco, Prague) (Řezanka, 1990;
Dembitsky et al., 1991). Procedures were described
in detail by Procházková et al. (2018).

Climatic conditions

For a comparison of the prevailing climate above the
snow surface at the sampling localities in the two
mountain ranges in the course of a year, radiation,
monthly and daily mean air temperature (°C), and
monthly cumulative precipitation (mm) were used.
For complete description see the Supplementary text.

Results

Collection sites and habitat conditions

Red snow caused by Chlainomonas sp. was found in late
spring 2016 on two still partly ice-covered high-alpine
lakes, Ľadové Lake in the High Tatras and Gossenkӧlle
Lake in the Tyrolean Alps (Table 1). In the High Tatras,
the lake was partly ice-free and red snow was visible on
all remaining ice-covered parts (Figs 2–5). The texture of
this snow was partly slushy and partly frozen (sample
LP03). A prominent soft slush layer, which was appar-
ently soaked by lake water, began approximately 10 cm
below the surface. At the Tyrolean location, the snow
colourationwas visible only close to the lake shore, where
melting of the underlying ice was advanced (sample
DL06; Supplementary figs S1–S4). The majority of the
lake surface was still covered with white snow, and red
horizontal patches of snow populated by Chlainomonas
sp. were hidden several centimetres below the snow sur-
face, close to the interface with the ice cover. One week
later, red spots appeared across the entire lake on the
surface of the snow. For a comparison ‘terrestrial’ red
snow caused by C. nivaliswas collected near Gossenkӧlle
Lake (sample DL07). This sample was dominated by
blood-red mature spores, with a smaller contribution
(15%) of young cells in an early stage of development,
with green parts of the chloroplasts visible. The habitat
conditions of all localities are summarized in Table 2.

Morphology and ultrastructure

The morphology of Chlainomonas sp. was character-
ized by LM (Figs 6–14 for the High Tatras and
Supplementary figs S5–S12 for the Tyrolean Alps).
The populations at the two locations had very similar
morphology. Swarmers of Chlainomonas sp. had four
flagella. Each flagellum was about as long as the cell
(Table 2). The ellipsoidal to nearly spherical flagel-
lates were morphologically variable: many of them
possessed a papilla (thickened cell walls with flagellar
openings at the anterior pole) and a pseudo-papilla
(thickened posterior cell wall) (Fig. 6, Supplementary
fig. S5); rarely, the cell wall was entirely detached
from the protoplast (Fig. 7). Additionally, swarmers
with an equally thin cell wall and papilla (Figs 8, 9,
Supplementary figs S6, S7) and swarmers with a
collar-like papilla (Fig. 10, Supplementary figs S8–
S11) occurred. The protoplast was almost entirely
occupied with red pigment. In a few cases, greenish
spots of a parietal chloroplast were visible (Fig. 9).

The mean cell sizes of the most common, non-
collared flagellates of Chlainomonas sp. from both
locations are summarized in Table 2. Other life-
cycle stages occurred rarely (<5%), and their cell
sizes are shown in Supplementary table S3.
Flagellates with collared papillae were smaller than
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the dominant non-collared flagellates. Immotile
stages were ovoid to spherical (Fig. 11). Maintaining
field-collected material in melt-water at 4°C in the
laboratory for several months helped to reveal other
life-cycle stages, which were rarely found in the field.
First, mature spores developed from quadriflagellate
swarmers, their primary cell wall became hyaline, and
a new secondary cell wall was formed below.
Sometimes, a third cell wall or multiple layers were
also present (Figs 12, 13, Supplementary fig. S12).

Second, smaller oblong red biflagellates enclosed by
two layers of a mother cell wall (likely derived from
mature spores) appeared in a subsample kept in the
same conditions but in the dark (Fig. 14). Further
cellular details such as the stigma, cell-wall surface
structures such as spines, cell divisions, or other
putative stages in the life cycle were not observed.
The cell-wall surface of Chlainomonas sp. was
depicted by SEM (Figs 15–18). A smooth surface
was characteristic for swarmers (Figs 15, 16). Four

Table 2. Abiotic habitat parameters and cell sizes of snow algae in field samples from the High Tatras (LP03) and Tyrolean
Alps (DL06, DL07).
Species (sample) EC pH SWC Population density ml–1 Cell length Cell width

Chlainomonas sp. (LP03) n.a. 5.8 56.4±3.8 44150±3091 37.7±7.5 35.9±7.3
Chlainomonas sp. (DL06) 2.5 5.8 57.9±1.6 6728±619 30.7±6.2 29±5.9
Chlamydomonas nivalis (DL07) 8.4 6.2 53.9±2.4 56036±3867 16.3±4.2 15.7±4.3

Electrical conductivity (EC; μS cm–1), pH of meltwater and snow water content (SWC; %), population density (cells ml–1 meltwater) ± SD
(standard deviation), mean sizes of cells in μm ± SD, n.a. – not available.

Figs 2–5. Overview of the sampling site of Chlainomonas sp. at Ľadové Lake (the High Tatras, Slovakia). Fig. 2. Red
colouration was visible at nearly all ice-covered parts of the lake (mid-June 2016). The harvest spot was close to the southern
shore (sample LP03, red arrowhead). Fig. 3. Detailed view of red snow after harvest, Chlainomonas sp. was present at the
surface and down to a depth of 2 cm. Fig. 4. Approximately 10 cm below the surface a prominent soft slush layer was
noticed, which was apparently soaked by lake water. Fig. 5. Detail view of the interface between the lake margin with red
snow close to the shore and lake water with edges of a slush layer.
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spherical flagellar grooves in a subrectangular
arrangement were found (Figs 17, 18). Mature spores
of Chlainomonas sp. possessed fine structures
arranged in such a way as to lend an undulating
appearance (Supplementary fig. S15, corresponding
to Supplementary fig. S12).

The ultrastructure of Chlainomonas sp. was ana-
lysed by TEM (Figs 19–24 for LP03; Supplementary
figs S14, S16, S17 for DL06). The cell walls of most
swarmers were thickened at the anterior and poster-
ior ends (Figs 19, 20). A section showing two flagella
is depicted in Fig. 19. Small plastids containing starch
grains were located parietally (Figs 20, 22). No pyr-
enoid was observed. The nucleus was positioned cen-
trally and surrounded by many lipid bodies (Fig. 20).
Swarmers with a single, uniformly thin cell wall were
also found (Figs 8, 9, 21, 22; Supplementary figs S6,
S7, S14). Mature spores possessed a trilaminar sheath
(secondary wall) surrounded by outer layer(s) of
extracellular matrix (Figs 23, 24, Supplementary figs
S16, S17). All observed cell stages contained cytoplas-
mic electron-dense vacuoles, commonly filled with
crystalline structures (Fig. 22).

Population density

The population densities of Chlainomonas sp. were
6728±619 and 44150±3091 cells ml–1 melt-water in
the samples from the Tyrolean Alps and the High
Tatras, respectively (Table 2). Population densities
and SWC were investigated in a 109 m-long south-
north transect on the ice cover of Lake Gossenkӧlle
(Supplementary figs S18, S19). The highest values of
SWC were reached at sampling points closest to both

Figs 6–14. LM micrographs of Chlainomonas sp. showing cells from snow at the ice cover of the Ľadové Lake directly after
harvest (Figs 6–11) and after several months at lab conditions (Figs 12–14). Figs 6–10. Morphological variability of
swarmers. Fig. 6. Typical swarmer possessed papilla and pseudo-papilla (suggested zygote). Fig. 7. Rarely, the cell wall
was more distant from the protoplast all around. Figs 8, 9. Motile cells with a single thin cell wall and a papilla. Note
greenish spots of the parietal chloroplasts. Fig. 10. A flagellate with a collared papilla. Fig. 11. Non-motile stage without
partially thickened cell wall, note central brighter region most likely representing the position of the nucleus. Figs 12, 13.
Mature spores. Fig. 12. Smaller spore with hyaline primary cell wall and multiple layers of secondary cell walls. Fig. 13.
During ageing of spores, the secondary cell wall becomes thicker. Fig. 14. Oblong flagellate containing red pigments and a
few greenish spots of parietal chloroplasts. It is probably a daughter cell still remaining in the spore. Scale = 10 µm.

Figs 15–18. SEM micrographs of Chlainomonas sp. swar-
mers from the snow of the Ľadové Lake. Figs 15, 16. Side
and apical view showing the smooth surface of quadrifla-
gellate cells. Fig. 17. Detail view of four spherical flagellar
grooves in slightly rectangular position. Fig. 18. Detail view
of two pairs of flagella. Scale = 10 µm (Figs 15, 16) and 1
µm (Figs 17, 18).
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lake shores (89.3±1.5% and 80.8±2.9%). At points
more distant from the lake shores, SWC was signifi-
cantly lower and ranged from 50.5±2.6 to 57.9±1.6%
(Supplementary fig. S19). The cells were least abun-
dant in the central part of the transect (<400 cells ml–1

meltwater), and most abundant in the slushy part, in
close proximity to the northern lake shore (>10 000
cells ml–1 meltwater) (Supplementary fig. S18). In con-
trast, the slushy area next to the southern lake shore
harboured only one-third as many cells per volume.
The spatial variation at the other sampling points of
the transect was considerable, ranging from >1500 to
<7500 cells ml–1 meltwater.

Snow-algal identity inferred from molecular markers

Analyses of the molecular markers 18S rDNA, ITS1
rDNA, ITS2 rDNA and rbcL showed that the red
snow of the ice covers of both lakes (samples LP03
and DL06) was caused by the same species (100%
identity between markers of the two populations).

Furthermore, 18S rDNA and rbcL sequences were
identical to those of Chlainomonas sp. in previous
reports (GU117574.1, LN897303; Remias et al.,
2010, 2016). The 18S rDNA and ITS2 rDNA for C.
nivalis (DL07) causing red snow on slopes neighbour-
ing Lake Gossenkӧlle was, with the exception of one
nucleotide change at ITS2 rDNA, identical to a field
sample found at a location 40 km south-west
(GU117577.1, Remias et al., 2010).

Photosynthesis

Chlainomonas sp. from the High Tatras showed an α
value of 0.19±0.02, a relative ETRmax of 25.8±2.3 and an
Ik value of 144±26 μmol photons m–2 s–1 (Fig. 25).
Chlainomonas sp. from the Tyrolean Alps showed a
similar photosynthetic performance (Fig. 25). In both
locations, photoinhibition occurred above 1300 μmol
photons m–2 s–1. The only significant differences were a
one-third lower α value (0.12±0.01), a slightly higher
ETRmax (29.2±0.9), and a two-fold higher Ik value

Figs 19–24. TEM micrographs of Chlainomonas sp. swarmers (Figs 19–22) and spores (Figs 23, 24) from the snow of the
Ľadové Lake. Figs 19, 20. A section showing flagellate (F) and two flagella grooves (FG) of a swarmer. Cell wall thickened at
the anterior and the posterior of the cell (black arrows). Note small chloroplasts (C) located parietally and a putative process
of plastid division (white arrow). Centrally located nucleus (N), likely surrounded by many lipid bodies (L). Figs 21, 22. A
swarmer with a single, equally thin cell wall (black arrow) with papilla. Section showing one flagella (F) and the flagella
groove (FG). Note lipid bodies (L), starch grains (S) in chloroplasts (C), electron dense vacuoles (V) containing a crystalline
content and a ribosome rich region (R) close to the cell wall. Figs 23, 24. Spherical spore with the trilaminar sheath
(secondary cell wall, white arrow). Later outer layers of extracellular matrix are developed. Scale = 2 µm.
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(291±65 μmol photons m–2 s–1) for the latter popula-
tion. In contrast, C. nivalis showed signs of photoinhi-
bition beginning only at much higher irradiances
(2000 μmol photons m–2 s–1); it also showed a lower
ETRmax (18.6±1.8) and Ik (76.2±6), but a higher
α (0.24).

Pigment composition

The reddish colouration of Chlainomonas sp. in the
High Tatras and the Austrian Alps was caused by
secondary (non-plastidal) carotenoids, which com-
prised 93% and 88.5% of all pigments, respectively.
These pigments were identified as derivatives (likely
esters) of the keto-carotenoid astaxanthin
(Supplementary figs S20, S21). Chlorophyll-a and -b
comprised 5% and 8% of all pigments, primary (plas-
tidal) carotenoids represented 2% and 3.5% in the
pigment pool. For astaxanthin, 44.5% (High Tatras)
and 31.9% (Alps) occurred as the native 13Z isomer.
The overall ratio of astaxanthin to chl-a was 26 and
17 to one, respectively. Other pigment contents are
given in Supplementary table S4.

Fatty acid composition

The relative contents of FAs (as % of total lipids and
as % of the three major lipid groups) in three snow-
algal field samples are shown in Table 3. The Slovak
and Austrian populations of Chlainomonas sp. had
very high levels of polyunsaturated fatty acids
(PUFAs; 64.4% and 74.2% of total lipids), whereas
the content of saturated acids (SAFAs) did not exceed
27% or 21% (mainly palmitic acid, 16:0 and stearic
acid, 18:0), respectively. The contribution of mono-
unsaturated fatty acids (MUFAs) was low (<10% of
total lipids), with oleic acid (18:1 (9Z)) the most
abundant. The major PUFAs were α-linolenic acid
(18:3 (9Z,12Z,15Z)), followed by stearidonic acid
(18:4 (6Z, 9Z,12Z,15Z)) and linoleic acid (18:2
(9Z,12Z)). For comparison, C. nivalis had signifi-
cantly lower levels of PUFAs (50% of total lipids)
(Table 3). The content of SAFAs did not exceed
30%, resulting in a two-fold higher contribution of
MUFAs (20% of total lipids) in comparison with
Chlainomonas sp. Apart from oleic acid, vaccenic
acid (18:1 (11Z)) was the second most abundant
MUFA. The major PUFAs for C. nivalis were the
same as for Chlainomonas sp. Composition of three
major lipid groups differed in saturation of their fatty
acids: neutral lipids were composed predominantly of
saturated lipids, whereas phospholipids and glycoli-
pids were composed predominantly of PUFAs
(Table 3). The total lipid contents of the dry biomass
were about 10% for both Chlainomonas sp. popula-
tions and for C. nivalis (Table 3). Chlamydomonas
nivalis differed in the PUFA profile of its

biomembranes (phospholipids and glycolipids) from
those of Chlainomonas sp. in the nearly 10-fold
higher and 3-fold lower contents of vaccenic acid
and linoleic acid in Chlamydomonas nivalis.

Climatic conditions

The air temperature in close proximity to Ľadové
Lake and Gossenkӧlle Lake followed the same pattern
over the course of a year (Supplementary fig. S23).
The precipitation regime in late spring and early
summer differed (Supplementary fig. S24).

Discussion

Taxonomy and related species

Melting ice layers of both high-alpine lakes were
populated by the same species. Chlainomonas sp.
groups among the two other cryoflora species of
this genus (see the phylogenetic tree by Remias
et al., 2016 in fig. 3). According to their rbcL phylo-
geny, the populations in this study belong to a lineage
independent from any other known Chlainomonas
species (Remias et al., 2016), although their cell size
ranges overlap (Supplementary table S3). In order to
determine their affiliation, a multigene analysis will
be necessary, which is not yet possible because no
molecular markers (except rbcL) are available for
other Chlainomonas species. In addition, the sole

Fig. 25. Comparison of the light-dependent relative elec-
tron transport rate (rETR) between two genera causing red
snow: Chlainomonas sp. swarmers inhabiting ice-covered
high alpine lakes (two samples: LP03 (High Tatras) –
circles, DL06 (Tyrol Alps) – squares) and
Chlamydomonas nivalis spores thriving in terrestrial snow
habitats (DL07 – triangles). Values of maximum relative
electron transfer rate (rETRmax), initial slope (α) and
saturation irradiance (Ik) for both genera are shown. The
data points were fitted with the model of photoinhibition
according to Walsby model (1997) assuming photoinhibi-
tion. Each symbol represents the mean value of five repli-
cate measurements (± SD).
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use of the rbcL gene in the phylogeny of
Chloromonadinia is problematic because unusual
gene substitutions, which occur frequently in this
group, may result in misleading taxonomic artefacts
(Nozaki et al., 2002, 2010). Chlainomonas sp. seems
to be in close affinity (99% identity at 18S rDNA) to
two algae tentatively assigned as ʻChloromonas sp.
TA1ʼ (AB903004.1) and ʻChloromonas sp. TA3ʼ
(AB902981.1), which were isolated from red snow at
alpine sites in Japan, at an elevation of 2270 m.
However, Chlainomonas sp. from Slovakia and
Austria represents an independent species from
these Japanese snow-algal samples (only 69% similar-
ity at ITS2 rDNA, AB903004.1 and AB902981.1). We
refrain from generating a new phylogenetic tree,
because for all molecular markers investigated, no
new molecular information has become available
since the study by Remias et al. (2016).

Cytological adaptations to the snow habitat

At both locations, the dominant stages were non-
collared ovoid swarmers with four flagella and
abundant red pigmentation. Occurrence of swar-
mers with collar-like papillae (corresponding to
the life-cycle stage shown by Novis, 2001, 2002b)
would morphologically point to a traditional desig-
nation as Chlainomonas kolii. However, the propor-
tion of collar-like flagellates in populations is
probably a dynamic process (Novis, 2002a). Thus,
the taxonomic value of this feature is subject to
discussion. Additionally, cell sizes of dark-red
oblong biflagellate swarmers corresponded to the
morphotype found in populations of both C. kolii
in New Zealand (Novis, 2002b) and C. rubra in
North America (Hoham, 1974a). Very probably,

these small oblong biflagellates are daughter cells
released from spores after germination, as shown
by Hoham (1974a) for C. kolii. We hypothesize that
the smaller elongate biflagellates represent the vege-
tative stage, whereas the quadriflagellate swarmers
are prolonged planozygotes (as considered by Stein
& Brooke, 1964; Hoham, 1974a), which later
become spherical and immotile zygotes. The quad-
riflagellate swarmers of Chlainomonas sp. observed
here share the arrangement of unequal flagella
insertion as described for C. kolii (Novis et al.,
2008), where the flagellar basal apparatus was orga-
nized as two distinct pairs of basal bodies that lack
any significant connections. This observation sup-
ports the speculation that these stages represent
planozygotes originated from a fusion of two bifla-
gellate swarmers. Consequently, the genus
Chlainomonas might be invalid, in view of the
finding that molecular markers place it within the
genus Chloromonas (Novis et al., 2008), where
vegetative swarmers are generally biflagellate.
These presumed planozygotes described in this
study probably do not have well-developed
mechanisms of mechanical resistance or thermo-
stability similar to the mature immotile stages.
Thus, their protoplast is quickly damaged after
being frozen below 0°C (Hoham, 1975; this study)
or when suffering heat stress (Remias et al., 2016;
this study). The process of plastid reorganization of
Chloromonas spp. in the course of their life cycle
(Remias et al., 2010; Procházková et al., 2018)
seems to be valid also for Chlainomonas, as occa-
sionally we found thin-walled swarmers with one
or a few larger plastids close to the central part of a
cell. The ‘final seasonal stage’ morphotype for
Chlainomonas sp. had a reticulate surface, which
is common for some other members of

Table 3. Snow algal fatty acid composition in % of total lipids (TL) and in % of the three major lipid groups: neutral lipids
(NL), phospholipids (PL) and glycolipids (GL).

Chlainomonas sp. LP03 Chlainomonas sp. DL06 Chlamydomonas nivalis DL07

TL NL PL GL TL NL PL GL TL NL PL GL

14:0 3.0 5.0 0.9 3.0 1.5 3.9 0.8 0.8 0.7 0.9 0.6 0.5
16:0 19.1 37.8 13.2 7.9 13.3 37.4 4.7 3.5 19.6 53.0 7.8 6.3
16:1 (9Z) 0.7 0.4 0.9 0.9 0.9 0.8 0.9 0.9 1.2 1.5 1.0 0.9
16:1 (11Z) 0.1 0.0 0.4 0.2 0.2 0.2 0.3 0.3 1.3 1.6 1.1 1.0
16:2 (7Z,10Z) 2.0 1.0 2.3 2.3 1.8 0.9 2.1 1.7 1.6 2.0 1.4 1.3
16:3 (4Z, 7Z,10Z) 3.0 2.0 3.4 3.7 3.4 2.0 3.8 4.0 2.1 2.7 1.8 1.6
16:3 (7Z, 10Z, 13Z) 1.4 1.0 2.5 2.2 1.8 1.0 2.7 2.0 0.9 0.4 0.9 1.1
16:4 (4Z, 7Z, 11Z, 13Z) 3.5 2.0 4.2 5.4 4.2 3.0 4.7 4.1 5.6 3.8 6.0 4.7
18:0 4.2 1.0 5.5 6.6 5.7 2.0 10.4 8.5 9.7 2.5 12.1 7.9
18:1 (9Z) 8.1 13.9 3.8 4.9 3.4 6.9 3.8 4.2 9.1 10.1 9.5 9.4
18:1 (11Z) 0.4 1.0 0.7 0.7 0.8 0.6 1.4 1.2 8.3 7.6 11.2 11.8
18:2 (9Z, 12Z) 14.1 12.0 15.1 14.8 11.6 8.9 12.3 14.4 4.3 2.5 4.8 4.7
18:3 (9Z, 12Z, 15Z) 22.2 14.9 26.4 26.7 32.9 18.7 32.2 35.6 26.4 10.1 27.6 32.2
18:4 (6Z, 9Z, 12Z 15Z) 18.2 8.0 20.7 20.7 18.5 13.7 19.9 18.8 9.2 1.3 14.2 16.6
SUFA 26.3 43.8 19.6 17.5 20.5 43.3 15.9 12.8 30.0 56.4 20.5 14.7
MUFA 9.3 15.3 5.8 6.7 5.3 8.5 6.4 6.6 19.9 20.8 22.8 23.1
PUFA 64.4 40.9 74.6 75.8 74.2 48.2 77.7 80.6 50.1 22.8 56.7 62.2

The table shows only fatty acids that have abundances greater than 0.1%. The relative proportion of saturated (SAFA), monounsaturated (MUFA)
and polyunsaturated (PUFA) fatty acids is also given.
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Chlamydomonadaceae (VanWinkle-Swift & Rickoll,
1997; Malmberg & VanWinkle-Swift, 2001). The
thick-walled mature spores of Chlainomonas sp.
seem to be adapted to survive harsh conditions,
including starvation, mechanical abrasion, freezing
and desiccation (Holzinger et al., 2016).
Cytokinesis, as reported by Hoham (1974b) and
Novis et al. (2008), was not noted in this study.
As sexual reproduction was not directly observed
and attempts to generate a strain were unsuccessful,
further details of the life cycle of Chlainomonas sp.
remain unknown.

Spatial distribution and habitat conditions

The blooms of Chlainomonas sp. seem to be an
annual phenomenon at Ľadové Lake (tentatively
identified as ʻChlamydomonas cf. nivalisʼ by
Nedbalová et al., 2006) and at Gossenkӧlle Lake
(Remias et al., 2016) – lakes which share several
characteristics of morphometry and limnochemistry
(Kamenik et al., 2000; Kopáček et al., 2006).
Moreover, both lakes are covered with ice and snow
for more than seven months per year (Felip et al.,
2002; Šporka et al., 2006), and the ice cover reaches a
maximum thickness of 2.5 m (former) or up to one-
third of the lake volume (latter). Red snow has never
been reported from neighbouring lakes in the same
valleys, probably as a result of their geomorphological
settings: shallow lakes with rather flat beds usually
have less-developed ice cover and associated snow-
packs (Šporka et al., 2006). In the two lakes inhabited
by Chlainomonas, high snow accumulations turn ice
covers into complex structures consisting of several
ice layers (Sattler et al., 2012). Highly active microbial
communities in slush layers of the winter cover (Felip
et al., 1999) can be colonizers of the lake water
column (Alfreider et al., 1996) and vice versa (Felip
et al., 1995). Thus, one may suggest that the
Chlainomonas population causing red snow on melt-
ing lake ice covers is derived from lake slush layers –
the algae are released into the water column after
complete snowmelt and enter the phytoplankton
(Nedbalová et al., 2006). In fact, several large-sized
red-pigmented volvocalean cells (tentatively identi-
fied as ʻChlamydomonas sp.ʼ, ʻPteromonasʼ and
ʻChlamydomonas nivalisʼ) have been found in the
slush layers and small pools on the top of the ice
cover of Gossenkölle Lake (Felip et al., 2002). In this
lake, some of these cell morphotypes most likely
represent stages in the life cycle of Chlainomonas, as
proposed by Novis (2001). Comparison of mean
population abundances in lake snow and at the lake
shore, the latter being significantly lower (>1000 cells
ml–1 vs. <50 cells ml–1, Novis, 2002a), support a
concept of annual colonization of the lake ice-cover
by Chlainomonas sp. mainly from the water column

rather than from contributing surface streams. A
patchy distribution of Chlainomonas sp. along the
south-north transect observed in this study
(Supplementary fig. S18) corresponds to a consider-
able spatial variation in population densities within
the algal bloom, as also shown for C. kolii in New
Zealand (Novis, 2002a). A population from the
Austrian Alps reached, in the course of our study,
comparable densities to previous years (Remias et al.,
2016). However, this population was sparse in com-
parison with the four-fold higher abundances at
Ľadové Lake, which can be attributed partly to the
collection later in the season. Generally
Chlainomonas sp. was found in slush or nearly com-
pletely melted snow on the lake ice cover, but it has
also been reported from a glacier in Austria (Remias
et al., 2016). In a similar way, C. kolii caused snow
discolouration in a slush layer (SWC 69%) over snow
with a lower density (SWC 46%) (Hardy & Curl,
1968). In our field samples, no cells in the process
of division were found. Despite very rare observations
of sporangia reported for C. kolii (Novis, 2002a),
population densities can show significant passive
increases, associated partly or even solely with abla-
tion of snow (Novis, 2002a), which can explain the
absence of any correlation between the SWC and
population densities in this study. Taking these pos-
sibilities into account, we assume that cell division
and gamete mating are most likely already taking
place in the slush layers prior to their exposure to
the surface. This generally corresponds to the finding
that sexual stages of Chloromonas snow algae occur if
the SWC is lower (39–50%, L Procházková, unpub-
lished observation; 47–54% observed by Hoham &
Duval, 2001).

Morphologically similar algae and their habitat
preferences

Three species or subspecies of red snow-causing algae
are known from the High Tatras, namely
Chlamydomonas nivalis (Kol, 1975a, 1975b),
Chloromonas nivalis subsp. tatrae (Kol) Procházková,
Remias, Nedbalová & Řezanka (Procházková et al.,
2018), and Chlamydomonas sanguinea Lagerheim
(Kol, 1969). According to Remias et al. (2016) this
last, poorly morphologically described, species looks
very similar to Chlainomonas sp. Chlamydomonas san-
guinea occurred on the Slovak side (Kol, 1975a, 1975b)
and probably also on the Polish side of the High Tatras
(misidentified as Chlamydomonas nivalis; Kawecka,
1981). In the Tyrolean Alps, the first report of
Chlainomonas was from the small glacier
Gamezkogelferner, not far from Gossenkӧlle Lake
(Ettl, 1968), and corresponded to scattered cells
found in the course of this study in snow
(Supplementary fig. S13). The original description of
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Chlainomonas rubra included cells with striking spikes
on the wall surface (Stein & Brooke, 1964). The second
Chlainomonas species living in snow, C. kolii, differs
from C. rubra in the presence of swarmers with a
collar-like papilla with an outer, ephemeral cell wall
consisting of mosaic plates. Similar to our observation
of the habitat preference for Chlainomonas sp. in
Europe, remarkable blooms of the related C. kolii
were recorded in the snow of the ice covers of an
alpine lake on Mt Philistine and on Canyon Lake,
New Zealand (Novis, 2002a, 2002b; Novis et al.,
2008), and C. rubra in the similar habitats of Squaw
Lake and Upper Lena Lake, United States of America
(Novis et al., 2008). Therefore, a worldwide distribu-
tion of the genus Chlainomonas in snowpacks asso-
ciated with high-alpine lacustrine ecosystems seems to
be more common than previously thought. In addi-
tion, C. rubra is known from snowpacks above the
timberline on the volcanic Mt Ruapehu in New
Zealand (Hardy, 1966), and from the Vitosha
Mountains in Bulgaria (fig. 39 in Lukavský et al.,
2009). According to other North American reports,
C. rubra and C. kolii were found beneath or adjacent
to coniferous canopies (Stein & Brooke, 1964; Hardy &
Curl, 1968; Hoham, 1974a, 1974b).

Photosynthesis

The photosynthetic rates of Chlainomonas sp. from
both sites were consistent in their relationship to irra-
diance and in suffering photoinhibition at very high
light intensities, from 1300 µmol photons m–2 s–1

upwards, which are common at open, high-alpine
sites. Chlainomonas sp. (DL06) appears to tolerate
higher light intensities, where it shows very high
photosynthetic performance. Under low light, photo-
synthesis is less efficient; however, both show similar
kinetics. In contrast, the ‘terrestrial’ snow alga C. niva-
lis behaves differently, showing high photophysiologi-
cal plasticity: high photosynthetic efficiency under low
light, but less photoinhibition under high light. As
indicated by the Ik, Chlainomonas sp. from the High
Tatras needs only half the level of irradiance compared
with the Tyrolean population to become saturated.
This can be explained by the pronounced temperature
stress and associated irradiance stress experienced
later in the season for the population sampled at
Ľadové Lake (Supplementary figs S25, S26), in com-
parison to the population sampled earlier at
Gossenkölle Lake. An increased accumulation of
Chlainomonas sp. at the snow surface is expected as a
consequence of rain events (Novis, 2002a), which are
more frequent in the High Tatras (Niedzwiedz, 1992).
The pronounced topographic shading of Ľadové Lake
may also contribute to the observed photophysiologi-
cal differences (Supplementary figs S27, S28;
Novikmec et al., 2013), although maximum irradiance

levels during the day can reach comparable levels of
2500 µmol photons m–2 s–1 (Sommaruga & Psenner,
1997; Procházková et al., 2018).

Pigments

The high levels of astaxanthin causing the red col-
ouration of Chlainomonas sp. are comparable to
mature C. nivalis obtained from alpine (Bidigare
et al., 1993; Remias et al., 2005) and polar regions
(Müller et al., 1998). The higher astaxanthin: chlor-
ophyll ratios for the High Tatras population than
for the earlier-sampled Austrian Alps population
may be a result of the ongoing season, presuming
that astaxanthin accumulation is continuous until
complete snowmelt due to an active metabolism;
alternatively, the amount of chlorophyll could
have decreased. This corresponds to a three-fold
increase in α-tocopherol (this study), a major anti-
oxidant of the chloroplasts. Similar α-tocopherol to
chl-a ratios were observed in the ʻred phaseʼ of two
algal strains isolated from Arctic snow and kept in
conditions of low nitrogen and high irradiation
(CCCryo 006-99 and 101-99/R2; Leya et al., 2009).
Increased accumulation of α-tocopherol during
spore maturation was reported for field samples
of C. nivalis from the Alps (Remias et al., 2010)
and in the stationary-growth phase of strains in a
screening study by Mudimu et al. (2017). The
harsher environmental conditions later in the sea-
son are in good agreement with the doubled
amount of 13Z astaxanthin, which provides
advanced protection from UV in relation to all-
trans-astaxanthin (Supplementary fig. S22).
Notably, astaxanthin as a bio-indicator was found
in the entire profile of a sediment core (32 cm)
taken from the deepest point of Gossenkӧlle Lake,
representing the last 800 years (Kamenik et al.,
2000). This may be associated not only with zoo-
plankton grazing on algae containing astaxanthin
(Tartarotti et al., 2017), but also with the presence
of Chlainomonas sp. over time in the lake.

Fatty acid composition

Snow-algal strains are reported as suitable candidates
for biotechnological applications (Hulatt et al., 2017).
In this study, Chlainomonas sp. had a high propor-
tion of PUFAs in the total FA pool. High levels of
PUFAs is quite common for aplanozygotes of snow-
inhabiting members of the Chloromonas clade
(Řezanka et al., 2008, 2014). α-Linolenic acid has
been found as the dominant unsaturated FA of
Chlainomonas sp. in other snow algae in this clade
(Procházková et al., 2018). On the other hand, stear-
idonic and linoleic acids were twice as abundant as is
typical for all 22 Chloromonas species (mean 7.6%
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and 6.4%, respectively) screened by Lang et al. (2011).
Surprisingly, the FA profile of Chlamydomonas niva-
lis from the Austrian Alps was more similar to
Chlainomonas sp. (e.g. in the dominance of α-linole-
nic acid) than to arctic field samples associated with
the Chlamydomonas nivalis clade (oleic acid domi-
nated >45% in sample 9/10 1b of Spijkerman et al.,
2012). This suggests that the stage of spore matura-
tion and differences in abiotic habitat parameters
connected with latitude (e.g. irradiance, nutrients,
water availability) may play a role in FA profiles in
species belonging to the same phylogenetic clade (see
fig. 4 in Leya et al., 2004). The culture maturation
stage was also critical for the FA composition in
Zygnematophycean green algae, where upon pre-aki-
nete formation two unsaturated FAs in particular
(oleic acid and linoleic acid) increased drastically
(Pichrtová et al., 2016).

In summary, Chlainomonas sp. regularly causes
red snow on lake-ice cover in the High Tatras and
the Austrian Alps, as reported earlier by Remias
et al. (2016). The differences in ecophysiology and
morphology between these two populations illus-
trate well the influence of harsher conditions, pro-
longed time for spore maturation and population
development during the later part of the growing
season. The environmental conditions of the two
high-alpine habitats seem to be similar. Several cell
morphotypes corresponding to life-cycle stages
(biflagellates, flagellates with collar-like papillae,
quadriflagellates, mature spores) were found and
quadriflagellate swarmers were suggested to be
prolonged planozygotes. We hypothesize a route
of lake-surface colonization by an inoculum origi-
nating from sediments, which first incubates in
several slush layers prior to the appearance of the
visible red colouration at the lake surface.
Population patchiness along the spatial transect
on the lake-ice cover was shown, no cell division
was found, and the SWC varied from slush to
nearly completely melted snow. Mating and cell
divisions are thus presumed to take place in dee-
per slush layers and earlier in the season, where
the SWC is most likely lower. Both Chlainomonas
sp. and C. nivalis exhibited similar photosynthetic
rates during high irradiance, suggesting that these
snow algae are well adapted to live in open sites,
although they have shown differences in their sen-
sitivity to temperature and in the ultrastructural
organization of plastids in mature spores (Remias
et al., 2016). Both genera share low levels of pri-
mary pigments and a high contribution of non-
polar astaxanthin esters. Chlamydomonas nivalis
had a much lower PUFA content, partly due to
the younger spore stages found during the
sampling.

Remaining uncertainties about the life cycle of
Chlainomonas sp. could be resolved by establishing
a strain, which likely requires culturable, vegetative
states occurring in deep slush layers early in the
season. Polyphasic research at other, similar localities
(alpine lakes, flat glaciers) with red-snow blooms is
needed to assess the cosmopolitan distribution of this
species, the morphology of dispersal cells, and the
route(s) of colonization of distant locations.
Analysis of multiple molecular markers of the other
Chlainomonas cryoflora taxa would help to determine
the exact taxonomic position of each species within
the clade.
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Supplemental information 

 

Climatic conditions 

The values for the High Tatras originated from an automatic weather station located on the 

shore of the Ľadové Lake: global radiation (GR, in 2001, unpublished data), precipitation (in 

2001, Křeček et al., 2006), air temperature data (in 2016, provided by Stredisko lavínovej 

prevencie Horskej záchrannej služby, Slovakia). Air temperature, irradiance, and precipitation 

data for the Tyrolean Alps during 2016 were kindly provided by the company Tiwag, 

Innsbruck (weather station close to Längentaler Stausee, N 47.207149 E 11.005895, 1914 m 

above sea level). Since this station is located in the same valley as Gossenkӧlle Lake but at an 

altitude 500 m lower, monthly mean air temperatures measured at the meteorological station 

were extrapolated taking the dry adiabatic vertical temperature gradient into account (–0.65°C 

per increase of 100 m) to estimate air temperature at the elevation of the lake. 

Photosynthetically active radiation (PAR, in units of µmol photons m–2 s–1) was calculated 

from GR (in units of W m–2): multiplied by 50% for the fraction of light in global radiation 

(output in J m–2 s–1) and then multiplied by 4.6 (conversion factor for joule to micromole). In 

situ PAR for Gossenkӧlle Lake (May 28–30, 2017) was monitored using a data logger with 

built-in sensors and equipped with radiation shields (Minikin QT, EMS Brno, Czech 

Republic), which was installed on the rock surface close to the lake ice cover. 
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Supplemental tables 

 

Supplementary Table S1. List of primers used for amplification of 18S rDNA, ITS1 rDNA, 

ITS2 rDNA (ITS) and rbcL markers; F − forward; R − reverse. 

Primer Marker Direction Sequence Reference 
 

P2 18S F CTGGTTGATTCTGCCAGT Gargas & DePriest (1996) 

P4 18S R TGATCCTTCYGCAGGTTCAC Moon-van der Staay et al. (2000) 

TW81 ITS F GGGATCCGTTTCCGTAGGTGAACCTGC Goff et al. (1994) 

AB28 ITS R GGGATCCATATGCTTAAGTTCAGCGGGT Goff et al. (1994) 

AL1500af ITS F GCGCGCTACACTGATGC  Helms et al. (2001) 

LR3 ITS R GGTCCGTGTTTCAAGACGG Vilgalys & Hester (1990) 

ITS5 ITS F GGAAGTAAAAGTCGTAACAAGG White et al. (1990) 

ITS4 ITS R TCCTCCGCTTATTGATATGC White et al. (1990) 

rbcL1F rbcL F GCTGGTGTTAAAGATTATCG Hoham et al. (2002) 

rbcL7R rbcL R AAATAAATACCACGGCTACG Hoham et al. (2002) 
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Supplementary Table S2. List of taxa and GenBank accession numbers of nuclear-encoded 

18S ribosomal DNA (rDNA) genes, nuclear rDNA internal transcribed spacer 1 (ITS1) and 

spacer 2 (ITS2) regions, and the large subunit of RuBisCO (rbcL) genes. 

 

 

 

 

  

Taxon Specimen 

Accession number 

18S rDNA ITS1 rDNA ITS2 rDNA rbcL 

Chlainomonas sp. LP03 MF803745 MF803746 MF803746 MF803747 

Chlainomonas sp. DL06  MF803743  MF803743 MF803743 MF803744 

Chlamydomonas nivalis DL07  MF803748   MF803749   
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Supplementary Table S3. List of Chlainomonas species causing red snow: cell sizes of 

different life cycle stages in µm; flagel. = flagellates.  

Taxon Location 

life cycle stages 

Reference 
uncollar 
quadriflagel. 

collar 
quadriflagel. biflagel. 

immotile 
stages 

mature 
spores 

Chlainomonas sp.  Ľadové Lake 24–65 ×  
24–59 

19.1 × 19  19.4 × 
8.8  

65 (85) ×  
59 (83)  

this study 

Chlainomonas sp.  Gossenkӧlle 
Lake 

20.4–46 × 
19–45.7 

23–28 ×  
19.5–25.4  

 
46 × 45.7 20–40  this study 

Chlainomonas rubra  Austria 42–55 ×  
34–50(70)  

    
Ettl (1968) 

Chlainomonas rubra  North America 23–42(60) × 
30–55(90)  

 
17–25 × 
6–10  

 
30–63 × 
25–48  

Hoham (1974a,  
1974b) 

Chlainomonas kolii New Zealand 
 

(15)20–30 × 
(10)15–22  

18 × 10  
  

Novis (2002a) 

Chlainomonas kolii North America 
 

28–38 ×  
14–22  

  
13–16 × 
14–19  

Hardy & Curl (1968),  
Hoham (1974a) 
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Supplementary Table S4. Relative content of pigments and α-tocopherol in ratios to 

chlorophyll a (=1) in field samples of Chlainomonas sp. from the High Tatras (sample LP03) 

and the Austrian Alps (sample DL06), determined by HPLC. Note that in LP03 the de-

epoxydised xanthophyll-cycle pigment zea is present, and it has also a higher content of α-

tocopherol. The total amount of astaxanthin (ast-tot and asI-tot thereof) is 26.178 to 17.594 in 

favour to LP03. Abbreviations: neo, neoxanthin; vio, violaxanthin; ant, antheraxanthin; lut, 

lutein; zea, zeaxanthin; ech, echinenone; chl b, chlorophyll b; ast-tot = astaxanthin all-trans 

plus astaxanthin esters; asi-tot, total amount of astaxanthin cis-isomers (mainly 13Z); α-toc, α-

tocopherol; n.d., not detected. 

 Neo Vio Ant Lut Zea Ech Chl b Ast-tot AsI-tot α-toc 

LP03 0.05 0.177 0.00 0.252 0.026 0.00 0.444 14.531 11.648 0.397 

DL06 0.053 0.018 0.00 0.359 n. d. 0.00 0.583 11.981 5.613 0.122 
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Supplemental figures 

 

Supplementary Figs S1–S4. Overview of the sampling site of the snow alga Chlainomonas 

sp. at Gossenkӧlle Lake (Tyrolean Alps, Austria). Fig. S1. During harvest, the snow 

colouration was visible only close to the lake margin, where melting of the underlying ice was 

advanced (late May 2016), detail view of red snow after harvest (sample DL06). Fig. S2. The 

majority of the lake surface was still covered by white snow and red horizontal patches of 

snow were hidden several cm below the snow surface, close to the interface with the ice 

cover. Fig. S3. Population densities and snow water contents were investigated in a 109 m 

long southern-northern transect on the ice cover of the lake. The main sampling location 

(DL06) was close to the southern shore (red arrowhead). Fig. S4. Red spots appeared one 

week later across the entire lake snow surface, most likely due to ongoing melting processes 

(early June 2016). 
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Supplementary Figs S5–S12. LM micrographs of Chlainomonas sp. showing cells from the 

snow on the ice cover of Gossenkӧlle Lake after harvest (Figs S5–S9, living cells; Figs S10–

S11, fixed material with acid Lugol´s solution) and after several months at lab conditions 

(Fig. S12). Figs S5–S11. Morphological variability of swarmers. Fig. S5. Most abundant 

swarmers possessed papilla and pseudo-papilla (presumably a zygote), two pairs of flagella 

groves of a swarmer marked with asterisk. Figs S6, S7. Swarmers with equally thin cell wall 

and more or less apparent papilla. Figs S8–S11. Flagellates with collar papilla. Fig. S9. A cell 

in a process of losing the collar. Fig. S12. Mature spores with thick secondary cell wall. Fig. 

S13. A swarmer related to Chlainomonas rubra found in red snowfields nearby to 

Gossenkӧlle Lake. Note the secondary cell wall equally distant from protoplast and small 

projections of the inner cell wall. Scale bar = 10 µm. 

 



8 

 

 

Supplementary Figs S14–S17. TEM and SEM micrographs of Chlainomonas sp. from the 

snow on the ice cover of Gossenkӧlle Lake. Fig. S14. Swarmer with equally thin cell wall, 

parietal plastids (black arrow) and flagellar groove (FG). Figs S15–S17. Mature spore after 

several months at lab conditions, note undulating fine surface structures (corresponding to 

Fig. S12). Section of a trilaminar sheath (white arrow) and fully developed secondary cell 

wall (SCW), surrounded by extracellular matrix. Scale bar = 5 µm. 
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Supplementary Figs S18, S19. Spatial distribution of Chlainomonas sp. population (red 

circles) and snow water content (SWC, blue boxes) on the southern-northern transect on the 

ice cover of Gossenkӧlle Lake. Each point of population density and SWC represents the 

mean of two and three measurements, respectively. Standard deviation is indicated. 

 



10 

 

 

Supplementary Figs S20, S21. HPL-chromatogram of Chlainomonas sp. at 480 nm. Fig. 

S20. Sample harvested in the High Tatras. Fig. S21. Sample harvested in the Tyrol Alps. Two 

groups of peaks are indicated: Astaxanthin-monoesters (red dotted line), astaxanthin-diesters 

(red dashed line). Abbreviations: N, neoxanthin; V, violaxanthin; A, antheraxanthin; L, lutein; 

Z, zeaxanthin; 13Z isomers astaxanthin indicated by asterisk.  
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Supplementary Fig. S22. Spectral absorbance of all-trans-astaxanthin (blue line, maximum 

around 478 nm) and of the isomer 13Z astaxanthin with a similar maximum absorbance but 

providing additional UV protection (red line, shoulder at 371 nm). Peaks with these spectra 

were found in both Chlainomonas sp. samples. 
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Supplementary Figs S23, S24. Prevailing climatic conditions close to habitats of 

Chlainomonas sp. (Ľadové Lake – circles, Gossenkӧlle Lake – boxes). Fig. S23. Monthly 

sum of precipitation (mm). Fig. S24. Monthly mean air temperature (°C). 
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Supplementary Figs S25, S26. Daily mean air temperature in period when the bloom of 

Chlainomonas sp. is expected (May and June 2016) at ice covers of Ľadové Lake (red circles) 

and Gossenkӧlle Lake (blue squares). Black arrows indicate the date of red snow harvest in 

course of this study. Despite comparable prevailing air temperatures at both dates of 

sampling, there was a much longer period of time since the last freezing events at Ľadové 

Lake (one month) in comparison to Gossenkӧlle Lake (two days), thus indicating an advanced 

snowmelt and associated higher exposure of cells to the irradiance on the snow surface in the 

former.  

 

  



14 

 

 

 

Supplementary Figs S27, S28. Daily course of photosynthetically active radiation (PAR) in a 

few contrasting days during May-June. Fig. S27. At Ľadové Lake: sunny (red line, 23. 5. 

2001), cloudy (black line, 1. 6. 2001) and rainy day (blue line, 19. 6. 2001). Fig. S28. 

Changeable weather conditions during one day in situ at Gossenkӧlle Lake (30. 5. 2017) from 

sunny to cloudy, rainy and then foggy. Note the difference in timing of sunset at both lakes in 

studied period caused partly by actual weather conditions and partly by different topographic 

shading: Ľadové Lake is surrounded by mountain peaks except on the south and south-

southwest and thus it receives less direct solar input. In contrast, Gossenkӧlle Lake is 

surrounded by mountain peaks only to the north, and is less affected by more-distant peaks to 

the northwest, which means that sunshine at this location continues until the late evening.  
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Supplementary Fig. S29. Daily course of PAR (photosynthetic active radiation; µmol 

photons m–2 s–1) during May-June 2016 in the proximity to Gossenkӧlle Lake. 
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2 School of Engineering, University of Applied Sciences Upper Austria, Stelzhamerstr. 23, 4600 Wels, Austria
3 The Czech Academy of Sciences, Institute of Microbiology, Vídeňská 1083, 142 20 Prague, Czech Republic
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Abstract: Slowly melting snowfields in mountain and polar regions are habitats of snow
algae. Orange blooms were sampled in three European mountain ranges. The cysts within the
blooms morphologically resembled those of Chloromonas nivalis (Chlorophyceae). Molecular and
morphological traits of field and cultured material showed that they represent a new species,
Chloromonas hindakii sp. nov. The performance of photosystem II was evaluated by fluorometry.
For the first time for a snow alga, cyst stages collected in a wide altitudinal gradient and the laboratory
strain were compared. The results showed that cysts were well adapted to medium and high
irradiance. Cysts from high light conditions became photoinhibited at three times higher irradiances
(600 µmol photons m−2 s−1) than those from low light conditions, or likewise compared to cultured
flagellates. Therefore, the physiologic light preferences 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 was observed. They are regarded as adaptations to cope with extreme
environmental conditions of snow that include low temperatures, freeze-thaw cycles, and variable
light intensity. The intraspecific ability of adaptation of the photosynthetic apparatus to different
irradiance regimes seems to be advantageous for thriving in different snow habitats.

Keywords: cryoflora; photosynthesis; cysts; environmental sample; astaxanthin; fatty acids

1. Introduction

For microalgae, snow and ice surfaces are habitats characterized by a multitude of abiotic
stresses, including low nutrients, diurnal freeze-thaw cycles, high UV and photosynthetically active
radiation (PAR) at the surface, and an overall short growing season. In these ecosystems, diverse algal
communities develop distinct snow discolorations and exhibit individual cellular metabolic profiles [1].
The organisms responsible for such a phenomenon mainly belong to green algae [2,3]. Prominent genera
thriving in snow are Chloromonas [4] and Sanguina (formerly assigned to Chlamydomonas) [5].

These microalgae are essential primary producers in such an extreme ecosystem (e.g., [6]), where
phototrophic life is restricted to a few specialized organisms. For instance, they provide a basic
ecosystem, e.g., for snow bacteria [7], fungi [8], and ciliated protozoa [9]. Snow algae microbial
communities play an important role in snow food webs and supply nutrients that are delivered
throughout the ecosystem (e.g., supraglacial and periglacial environments) [10].

Insight in complex feedbacks between snow and climate were recently done by [11]. Snow in
the mid-latitudes appears to be most sensitive to climate change [12], and mid-latitude areas below
1200 m a.s.l. are assumed to suffer complete snow loss by the end of 21st century [13]. Therefore,
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snow microbial communities of mid-latitude mountains urgently deserve focused research before their
habitats are gone forever.

Organisms living in melting snow have to be well adapted. A key factor for photoautotrophic
life is the plasticity of the photosynthetic apparatus, necessary for balancing energy consumption and
conversion [14], because light conditions in snow are very variable from surface to deeper layers [15].
At the beginning of the season, cells are deep in the snowpack, thus subject to absence of light. Due to
the combination of ongoing melting and upwards migration of flagellates, they become exposed
in surface layers to higher light conditions [16]. Thus, constant adjustment of the photosynthetic
apparatus is required spatially and temporally in the course of a few weeks. Additionally, snowfields
can be quite different in regard of light conditions depending on being shaded, partly shaded under
canopy, or permanently exposed at sites without trees. This led to the earlier conclusion that red snow,
which is usually fully exposed, comprises species with high light tolerance, whereas green snow,
which is usually found at shaded places, is taxonomically different and does not tolerate excessive
irradiation [17].

Rapid light curves, acquired either via oxygen turnover or by fluorometry of the plastidal electron
transport rates, demonstrate the adaptation of snow algal photosystems (i.e., to low temperatures).
This was performed with monospecific blooms like Chloromonas (C.) nivalis [18], C. polyptera [19],
C. nivalis subsp. tatrae [20], Chloromonas brevispina [21], Scotiella cryophila [22], and Sanguina nivaloides
(formerly classified as “Chlamydomonas nivalis”) [23]. However, these studies used only field samples
collected at a certain locality, and to our knowledge, there were no efforts yet to compare either
the autecological photophysiology of a single species collected from different mountain ranges, or
differently exposed sites in terms of PAR. The first ecophysiological comparison of cryoflora populations
from two mountain ranges was done in the case of Chlainomonas sp. [16]. However, data on flagellated
stages based on laboratory strains or field samples were not available. Thus, the range of light adaptation
remained unknown; also the differences between two life cycle stages of typical snow algae in the
order Chlamydomonadales (flagellates vs. immotile cysts) were never determined before.

C. nivalis (Chodat) Hoham et Mullet was regarded as a cosmopolitan species living in polar and
mid-latitude mountainous regions. The taxon was usually identified solely based on the morphology
of fusiform cysts bearing elongated cell wall flanges, which usually dominate field blooms. However,
molecular studies showed that it comprises multiple taxa, which were recently independently described,
e.g., C. muramotoi [4].

The cysts used in this study that cause orange snow in mid-latitude mountains in central Europe
resembled those of C. nivalis as well, but were revealed to be a new taxon of its own by analyses of
multiple DNA marker regions. It is described here as C. hindakii Procházková & Remias sp. nov., based
on molecular and morphologic characteristics of vegetative flagellates and immotile cysts. The aim
was not only to describe morphology and ecology, but also to compare the two main life cycle stages
in terms of photobiology and fatty acids profiles. Since we were able to find blooms of this species
at habitats with quite different conditions of irradiance, we were able to test the hypothesis that
populations from high light conditions get photoinhibited at higher irradiances than those from low
light conditions. Finally, the carotenoid composition of the reddish cysts was investigated. To sum up,
the results of this study are a showcase, helping to understand the geographical distribution, taxonomy,
habitat preferences, and intraspecific physiological variability of a new species of snow alga in the
snow melting period.

2. Materials and Methods

2.1. Sampling and Snow Characteristics

Orange colored spots of snow were investigated in May and June in the years 2017–2019 in the
High Tatra (Slovakia, Poland), Krkonoše, and Jeseníky Mountains (the Czech Republic) (Figure 1,
Table 1, Figure S1).
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For sampling, the selection of virtually monospecific spots was done with a field microscope
according to [5]. Orange snow was harvested with a sterile shovel, placed in 5 l buckets, 1 l
thermos bottles, or 50 mL centrifugation tubes, and transported the same day to the laboratory.
Prior to photosynthesis measurements, samples were melted gently at darkness overnight at
4–5 ◦C. Electrical conductivity (EC) and pH of the meltwater were obtained with WTW Instruments
(Cond 340i and Inolab, Germany) or with HANNA (Combo EC, ftb Romania). Snow water equivalent
(SWE; referred to as ‘snow water content’ in the following reference) was carried out as described
previously [20].

Microorganisms 2019, 7, x 3 of 22 

 

For sampling, the selection of virtually monospecific spots was done with a field microscope 

according to [5]. Orange snow was harvested with a sterile shovel, placed in 5 l buckets, 1 l thermos 

bottles, or 50 mL centrifugation tubes, and transported the same day to the laboratory. Prior to 

photosynthesis measurements, samples were melted gently at darkness overnight at 4–5 °C. Electrical 

conductivity (EC) and pH of the meltwater were obtained with WTW Instruments (Cond 340i and 

Inolab, Germany) or with HANNA (Combo EC, ftb Romania). Snow water equivalent (SWE; referred 

to as ‘snow water content’ in the following reference) was carried out as described previously [20]. 
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Table 1. Sampling locations of Chloromonas hindakii sp. nov. from Krkonoše, Jeseníky, and High (H.) 

Tatra Mountains with sample codes, collection date, sampling site, altitude (m a.s.l.) and geographic 

position (GPS) (CZ, Czech Republic; PL, Poland; SK, Slovakia). The numbers in parentheses indicate 

position in the map of Figure 1 (L., Lake). 

Sample Date Location Altitude GPS 

DD2 11.5.2017 CZ (1), Krkonoše, Dlouhý důl 984 N50°43.231 E15°39.433 

Rozcestí 12.5.2017 CZ (2), Krkonoše, close to Na Rozcestí 1349 N50°42.327 E15°40.368 

Jes19-1 8.5.2019 CZ (3), Jeseníky, close to U Výrovky 1137 N50°06.673 E17°10.967 

Jes19-6 9.5.2019 CZ (4), Jeseníky, next to Sněžná kotlina 1157 N50°08.121 E17°08.817 

LP06 14.6.2017 PL (5), H. Tatras, Dolina za Mnichem 1858 N49°11.656 E20°03.146 

WP129 15.6.2017 PL (6), H. Tatras, Dolina za Mnichem 2082 N49°11.424 E20°03.153 

WP130 15.6.2017 PL (7), H.Tatras, ice-covered Zadni Mnichowy L. 2038 N49°11.403 E20°03.101 
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Figure 1. Sampling locations of Chloromonas hindakii sp. nov. in (a) Krkonoše, Czech Republic (square),
Jeseníky, Czech Republic (triangle), and at the High Tatras, Slovakia and Poland (circle), with codes of
the European countries (AU, Austria; CZ, Czech Republic; DE, Germany; HU, Hungary; PL, Poland;
SK, Slovakia); (b) Detailed map of the High Tatras, showing principal peaks with their elevation in
meters (triangles).

Table 1. Sampling locations of Chloromonas hindakii sp. nov. from Krkonoše, Jeseníky, and High (H.)
Tatra Mountains with sample codes, collection date, sampling site, altitude (m a.s.l.) and geographic
position (GPS) (CZ, Czech Republic; PL, Poland; SK, Slovakia). The numbers in parentheses indicate
position in the map of Figure 1 (L., Lake).

Sample Date Location Altitude GPS

DD2 11.5.2017 CZ (1), Krkonoše, Dlouhý důl 984 N50◦43.231 E15◦39.433
Rozcestí 12.5.2017 CZ (2), Krkonoše, close to Na Rozcestí 1349 N50◦42.327 E15◦40.368
Jes19-1 8.5.2019 CZ (3), Jeseníky, close to U Výrovky 1137 N50◦06.673 E17◦10.967
Jes19-6 9.5.2019 CZ (4), Jeseníky, next to Sněžná kotlina 1157 N50◦08.121 E17◦08.817
LP06 14.6.2017 PL (5), H. Tatras, Dolina za Mnichem 1858 N49◦11.656 E20◦03.146
WP129 15.6.2017 PL (6), H. Tatras, Dolina za Mnichem 2082 N49◦11.424 E20◦03.153
WP130 15.6.2017 PL (7), H.Tatras, ice-covered Zadni Mnichowy L. 2038 N49◦11.403 E20◦03.101
WP136 15.6.2017 SK (8), H. Tatras, Mengusovská dolina 1976 N49◦10.475 E20◦04.910
NW 18.6.2017 SK (9), H. Tatras, shore of Nižné Wahlenberg.L. 2061 N49◦9.543 E20◦1.612
WP194 17.6.2018 SK (10), H. Tatras, Velká Studená dolina 2022 N49◦10.540 E20◦09.414

2.2. Strain Isolation

For obtaining a unialgal strain of C. hindakii sp. nov., a subsample of WP129 (containing only
sedimented cysts, no flagellates observed) with visible orange coloration was put into sterile 2 mL
cryotubes and the meltwater replaced with deionized water. For induction of germination of the cysts,
the cells were kept at 1 ◦C during the day (14 h) resp. −1 ◦C during the night (10 h) in a Percival
LT-36VL (CLF Plant Climatics, Wertingen, Germany). The light intensity generated by fluorescent tubes
was approximately 40–70 µmol PAR m−2 s−1. After several weeks, many cysts developed daughter
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cells (Figure S2), and subsequently, green flagellates were present in the supernatant; 10 µL aliquots
of the latter were transferred into liquid 0.6 N Bold’s Basal Medium (BBM) [24] and irradiation was
dimmed to 20–30 µmol PAR m−2 s−1. In the next step, the culture was used for genetics, microscopy,
fluorometry, and lipid analysis. This strain was deposited as CCCryo 531-19 at the Culture Collection
of Cryophilic Algae in Germany.

2.3. Light and Electron Microscopy

Light microscopy (LM) was performed with an Olympus BX43 at 1000×magnification using oil
immersion, equipped with Nomarski Contrast and an Olympus DP27 camera or digital camera DXM
1200F (Nikon, Melville, NY, USA), using cellSens Entry Imaging Software. Scanning and transmission
electron microscopy (SEM and TEM) were carried out as described previously [20].

2.4. Isolation of DNA, PCR, Sequencing

DNA isolation was carried out with a DNeasy Plant Mini Kit (Qiagen, Germany), as in [20].
If less than 20 mg wet biomass was available, DNA was extracted using the Instagene Matrix Kit
(Bio-Rad Laboratories, Hercules, CA, USA) according to [25]. The 18S small subunit ribosomal RNA
gene (18S rDNA), internal transcribed spacer region 2 (ITS2 rDNA), and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) marker regions were amplified from DNA isolates by
polymerase chain reaction (PCR) using existing primers (Table 2). Amplification reactions were
described in [20]. PCR products were purified and sequenced using an Applied Biosystems automated
sequencer (ABI 3730xl) at Macrogen Europe (Amsterdam, Netherlands). The obtained sequences
of C. hindakii sp. nov. were submitted to NCBI Nucleotide sequence database (accession numbers
at Table 3).

Table 2. List of primers used for amplification of 18S rDNA, ITS1 rDNA, ITS2 rDNA (ITS), and rbcL
markers (F, forward; R, reverse).

Primer Marker Direction Sequence Reference

SSU ITS2 F CTGCGGAAGGATCATTGATTC [26]
LSU ITS2 R AGTTCAGCGGGTGGTCTTG [26]
ITS5 ITS2 F GGAAGTAAAAGTCGTAACAAGG [27]
ITS1 ITS2 F TCCGTAGGTGAACCTGCGG [27]
ITS4 ITS2 R TCCTCCGCTTATTGATATGC [27]
Al1500af ITS2 F GCGCGCTACACTGATGC [28]
LR3 ITS2 R GGTCCGTGTTTCAAGACGG [29]
18F2 18S F AACCTGGTTGATCCTGCCAGT [30]
18R2 18S R TGATCCTTCTGCAGGTTCACCTACG [30]
rbcL1F rbcL F CTGCTTTATACTGCGAAACTGC [31]
rbcL7R rbcL R AAATAAATACCACGGCTACG [31]

Table 3. List of marker sequences for the authentic strain of Chloromonas hindakii and field samples,
indicating the Genbank accession numbers for ITS2 rDNA/18S rDNA/rbcL sequences.

Sample/Strain Code
NCBI Accession Numbers

ITS2 rDNA 18S rDNA rbcL

WP129 (= CCCryo 531-19) MN251865 MN251865 MN251877
DD2 MN251866 MN251874 MN251878
Rozcestí MN251867 MN251875 MN251879
Jes19-1 MN251868
Jes19-6 MN251869 MN251876
LP06 MN251870
WP136 MN251871
NW MN251872 MN251880
WP194 MN251873 MN251881
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2.5. ITS2 rRNA Secondary Structure Prediction and Phylogenetic Analysis

The methods of annotation and prediction of the secondary structure of the nuclear rDNA ITS2
region were the same as in [20]. The secondary structure of nuclear rDNA ITS2 of C. hindakii sp. nov.
was drawn using VARNA version 3.9 [32]. The 18S rDNA alignment contained 40 sequences (1567 bp)
examined in previous studies [4,22], as well as three specimens of field-collected cysts and C. hindakii
strain WP129 (= CCCryo 531-19); the rbcL matrix consisted of 37 sequences (924 bp), as well as four
specimens of field-collected cysts and C. hindakii strain WP129 (= CCCryo 531-19); the mesophilic
species of the genus Chloromonas sensu [33] or the Chloromonadinia clade [34] were selected as the
outgroup. The best-fit nucleotide substitution model was estimated by jModeltest 2.0.1 [35]. Based on
the Akaike Information Criterion, the GTR+I+G model was selected for 18rDNA. Three partitions
were set for rbcL gene sequences and the following substitution models were applied: TIM1+I+G
(first codon position), K80+I (second codon position), and GTR+I+G (third codon position). The 18S
rDNA and rbcL phylogenetic trees were inferred by Bayesian inference (BI) and maximum likelihood
(ML) according to [36], with the minor modification that Markov Chain Monte Carlo runs were
carried out for three million generations in BI. Convergence of the two cold chains was checked by the
average standard deviation of split frequencies (0.000533 and 0.00105 for 18S rDNA and rbcL dataset,
respectively). Bootstrap analyses and Bayesian posterior probabilities were performed as described
by [36].

2.6. Photosynthesis

In vivo chlorophyll fluorescence parameters were obtained with a pulse–amplitude modulated
fluorometer (PAM 2000, Heinz Walz GmbH, Germany) in a 0.6 mL chamber and cooled with an ice bath
to approximately 2 ◦C. To obtain the relative electron transport rates (rETR) and the light saturation
point Ik, cells were exposed to photon flux densities (PFD) of 5, 9, 34, 67, 104, 201, 366, 622, 984, 1389,
1666, and 2018 µmol photons m−2 s−1 for 30 s each. Four independent replicates were measured.
For further details, see [20].

2.7. Pigment Analysis

Carotenoids and chlorophylls were analyzed by HPLC (Agilent 1200 ChemStation) equipped with
a quaternary pump and a diode array detector at 450 nm, using a reversed phase YMC C30 Carotenoids
column (YMC Europe, Dinslaken, Germany), ID 300 mm × 4.6 mm at 25 ◦C. α-tocopherol was
simultaneously measured with a fluorescence detector (Em/Ex = 295/325 nm). The flow rate was
1 mL min−1, analysis time was 20 min following an 8 min post-run prior next injection. The mobiles
phases were (A) methanol (gradient grade), (B) methyl tert-butyl ether (MTBE; HPLC grade) with
1.3% deionized water (w/w), and (C) MTBE (HPLC grade). The linear solvent gradient was: From 0 to
4 min at 82% A, 18% B, from 4 to 12 min to 50% A, 0% B, 50% C, from 12 to 20 min to 20% A, 80% C.
Post-run was 20% A, 0% B, 80% C from 20 to 23 min, from 23 to 24 min to 82% A, 18% B, and then kept
for 4 min. Cells were lyophilized for 48 h and frozen at −25 ◦C prior use. Extraction was performed
with a porcelain mortar and pestle (Z247464 and Z247502, Sigma-Aldrich), using liquid nitrogen for
2 min of precooling and during grinding of cells for 1 min. The cell powder (approximately 10–50
mg) was suspended in approximately 5 mL of chloroform/dichloromethane (2/1) with 1 mM BHT
(butylated hydroxytoluene) as antioxidants, the suspension grinded for another minute, and then
transferred with a glass pipette into 50 mL plastic tubes for a subsequent post-extraction for at least 12
h at −25 ◦C. Afterwards, the supernatant was gently evaporated at 30 ◦C and resuspended in a defined
volume of organic solvents (usually 5 mL) composed of 82% mobile phase A and 18% mobile phase B.
Prior to injection, the extracts were centrifuged for 10 min at 10,000× g and 1 ◦C. Peak identification was
done by peak retention time and peak spectrum in relation to calibration standards (Sigma-Aldrich,
Darmstadt, Germany).
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2.8. Lipid Extraction and Fatty Acid Methyl Esters Analysis (FAMEs)

The extraction procedure was based on the method of [37], and elution was done from a Sep-Pak
Vac Silica cartridge 35cc (Waters; 10 g normal-phase silica) by chloroform (neutral lipids), acetone
(glycolipids), and methanol (phospholipids) [38]. All classes of lipids were saponified overnight in
10% KOH in methanol at room temperature. The structures of FAMEs were confirmed by comparison
with Gas Chromatography/Mass Spectrometry retention times and fragmentation patterns with those
of standard FAMEs (Supelco, Prague) method of [39,40]. Procedures were described in detail by [20].

3. Results

3.1. Habitat Conditions

In the High Tatra (Slovakia, Poland), and Krkonoše and Jeseníky Mountains (Czech Republic),
orange snow fields were found in May and June 2017 and 2019 at altitudes from 984 to 2082 m
a.s.l. (Figure 2, Table 1). The habitat conditions of these localities are shown in Table 4. The orange
blooms occurred at open sites above timberline (snow surface: Samples “WP194”, “WP129”, “WP130”,
“WP136”; for “LP06”, spots were visible at the surface but the main bloom was harvested at 3–5 cm
depth), a semi-shaded site above timberline (close to a boulder, sample “NW”), below dwarf pines
(“Rozcestí”). Below timberline, the species was found at open sites (at avalanche slopes, data not
shown), semi-shaded (samples “DD2”, “Jes19-1”), and full-shaded sites (“Jes19-6”). For the purpose of
rapid light curves measurements, a sample from high light conditions (WP194) and samples from low
light conditions (LP06 and DD2) were investigated.
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Figure 2. Two representative sampling sites of Chloromonas hindakii indicated by red arrowheads and
detailed views of the orange snow blooms. (a,c) Open site above timberline (i.e., high light conditions)
in the High Tatra Mountains (sample WP194) and (b,d) semi-shaded site close to spruce trees (i.e., low
light conditions) in the Krkonoše Mountains (sample DD2).

3.2. Maximal Population Density and Morphology of Field-Collected Cysts

The population densities reached from 19,950 to 79,100 orange cysts mL−1 meltwater (Table 4).
Neither green nor orange flagellates were observed in the field material. Cell wall surfaces and
intracellular organization were observed by light and electron microscopy (Figure 3). The fusiform
cysts with wall surface structures corresponded to those of the aplanozygote of C. nivalis, as proposed
by [41]. Cells were 18.5–34.3 µm long and 11.9–23.1 µm wide, with a length to width ratio of 1.2:1.9
(Figure S3). Typically, there were 7–10 flanges at the equatorial plane. Wall flanges were either straight
or slightly undulating. SEM showed that four prominent flanges always joined at the apex and antapex
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of the cell, and these flanges ran from one pole to the other. Other wall flanges were shorter and
terminated either isolated in the subapex zone, or less often, fused with another flanges. The cytoplasm
was dominated by orange–reddish pigmented compartments. Mature cysts had small chloroplast discs
(data not shown). The daughter cells within the cysts were smooth-walled (Figure 3e).
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Figure 3. Light and electron microscopy of field-collected cysts of Chloromonas hindakii sp. nov.—samples
Jes 19-1 (a,b), WP129 (c,d), WP194 (e,f,h–k), and DD2 (g). (a–d) Light micrographs. (a) Surface view
showing cell wall flanges. (b,c) Optical sections, showing cytoplasm containing reddish astaxanthin
depots and greenish chloroplast (b) and prominent wall flanges reaching the cell apexes (c). (d) A
cell in upright position, showing eight cell wall flanges. (e–g) Transmission electron micrographs.
(e) Cell cross-section showing cleavages within the mother cell wall. (f) A detailed view of the newly
formed cell wall of two daughter cells (empty arrowheads). (g) The cytoplasm of mature cysts occupied
by large peripheral lipid bodies (l) with centrally located chloroplasts (c). (h–k) Scanning electron
micrographs, showing characteristic organization of the cell ornamentation. An empty arrowhead
indicates a flange reaching from pole to antapex. (h) Two flanges joining or a bifurcation of one
flange into two independents (white arrowheads). (i) An isolated furcated flange (white arrowhead),
(j) Slightly undulating flanges. (k) Apical view of a cell presenting eight flanges in total. Four of them
are usually running from apex to antapex.
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Table 4. Abiotic habitat parameters and cell sizes of Chloromonas hindakii field samples from the
Krkonoše, Jeseníky, and High Tatra Mountains. Electrical conductivity (EC; µS.cm−1), pH of meltwater
and snow water content (SWE; %), maximal population density ± standard deviation (SD), average
sizes of cells in µm ± SD, length to width ratio (L:W ratio) ± SD are shown.

Sample EC pH SWE Cells Per mL Meltwater Cell Length Cell Width L:W Ratio

DD2 14 5.7 48.7 ± 0.3 19,950 ± 2000 25.5 ± 2 16.3 ± 1.4 1.57 ± 0.1
Rozcestí 9 5.9 - - 25.0 ± 2.1 16.6 ± 1.5 1.51 ± 0.1
Jes19-1 28 7.0 - 60,800 ± 6080 27.3 ± 2.1 17.9 ± 2.2 1.53 ± 0.1
Jes19-6 33 6.9 - 43,050 ± 4300 30.3 ± 2.1 19.7 ± 1.7 1.54 ± 0.1
LP06 5.2 5.5 55.9 ± 2.1 54,150 ± 5400 25.2 ± 2 16.4 ± 1.5 1.54 ± 0.1
WP129 - - - - 23.7 ± 1.2 15.0 ± 0.8 1.52 ± 0.1
WP130 - - - 47,100 ± 4700 - - -
WP136 - - - 79,100 ± 7900 23.5 ± 2.3 15.6 ± 2.1 1.52 ± 0.1
NW - - - - 23.0 ± 2.1 15.0 ±1.4 1.54 ± 0.1
WP194 5.1 6.8 60.8 ± 5.97 21,900 ± 2100 26.8 ± 1.4 17.6 ± 1.4 1.53 ± 0.1

3.3. Phylogeny and Comparative Analysis of Internal Transcribed Spacer 2

The sequences of 18S rDNA and rbcL among the strain WP129 (= CCCryo 531-19) and field-collected
cysts were identical. According to phylogenies of 18S rDNA (Figure 4) and rbcL (Figure 5), this species
is a member of “Chloromonas clade B” sensu [4]. Chloromonas hindakii is related to Chloromonas nivalis
Gassan-B (11 bp different out of 1650 bp in 18S rDNA), Chloromonas polyptera DRAnt023 (15 bp
different out of 1653 bp in 18S rDNA), Scotiella cryophila K-1 (21 bp out of 1680 bp in 18S rDNA), and
Chloromonas nivalis subsp. tatrae LP01 (34 bp out of 1683 bp in 18S rDNA). The new species formed a
well supported subclade with other specimens of field cysts identified as Chloromonas nivalis P24/DR4
from the Austrian Alps and Chloromonas nivalis subsp. tatrae from the High Tatra Mountains (Slovakia)
in 18S rDNA phylogeny. In contrast, the new species formed a well supported subclade together with
Scotiella cryophila K-1 from the Austrian Alps in the rbcL phylogeny. Within all investigated samples
(Table 3), the number of nucleotide differences in the entire ITS2 region ranged from 0 to 4 bp, and no
compensatory base changes (CBCs) were detected (Figure 6). Conversely, one CBC was found between
strain WP129 (= CCCryo 531-19) and an uncultured environmental clone ALBC6 from Switzerland
(Figure S4), and between strain WP129 (= CCCryo 531-19) and Chloromonas nivalis Gassan-B from Japan
(Figure S5), even near to the 5’ apex of III helix, the most conserved part of ITS2 [42].
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Figure 4. 18S ribosomal RNA gene-based Bayesian phylogenetic tree of Chloromonas focusing on
snow-inhabiting species. C. = Chloromonas. The labeled clades ‘A’, ‘B’, and ‘C’ correspond to [4].
Posterior probabilities (0.95 or more) and bootstrap values from maximum likelihood analyses (50%
or more) are shown. Full statistical support (1.00/100) is marked with an asterisk. Thick branches
represent nodes receiving the highest posterior probability support (1.00). Newly obtained sequences
are in bold. Accession numbers, strain, or field sample codes are indicated after each species name.
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Figure 5. rbcL gene-based Bayesian phylogenetic tree of Chloromonas focusing on snow-inhabiting
species. C. = Chloromonas. The labeled clades ‘A’, ‘B’, and ‘C’ correspond to [4]. Posterior probabilities
(0.95 or more) and bootstrap values from maximum likelihood analyses (50% or more) are shown.
Full statistical support (1.00/100) is marked with an asterisk. Thick branches represent nodes receiving the
highest posterior probability support (1.00). Newly obtained sequences are in bold. Accession numbers,
strain, or field sample codes are indicated after each species name.
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Figure 6. Intraspecific variability in the secondary structure of ITS2 rDNA transcripts of Chloromonas
hindakii sp. nov.—comparison between the type strain WP129 (= CCCryo 531-19) (accession number
MN251865) and field-collected cysts from different localities. The marker was identical for the strain
and the following field samples: Rozcestí (MN251867), Jes19-6 (MN251869), LP06 (MN251870), NW
(MN251872), WP194 (MN251873). It differed by 1–4 bp in comparison with the field samples (1-DD2,
MN251866; 2-Jes19-1, MN251868; 3-WP136, MN251871). Helices are labeled with Latin numbers: I–IV.
Nucleotide differences of the field samples are described in red outside the structure and linked by
dotted lines. Note the U–U mismatch in helix II (arrows).

3.4. Morphology of Vegetative Cells of Chloromonas hindakii sp. nov.

The strain consisted of green and solitary cells, bean-shaped with a rounded posterior end,
7–12.5 µm wide and 17–24.5 µm long (Figure 7). Cells had two equal flagella (if present) at the anterior
end, a single chloroplast not fully occupying the posterior end of the protoplast (Figure 7a), two
contractile vacuoles near the base of the flagella (Figure 7a), and the wall had no prominent anterior
papilla (Figure 7b). The compact, elongated to slightly bean-shaped chloroplast had an emargination in
the median region where the nucleus is usually located. The plastid was further lacking an eyespot and
pyrenoids. The nucleus was almost spherical, located in the ventral half in the middle of the protoplast
(Figure 7b). Asexual reproduction occurred via zoospore (autospore) formation. Generally, two, four, or
rarely, eight daughter cells were produced within the parental wall (Figure 7c–e). Sexual reproduction
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was not observed in the culture, even under nitrogen starvation; nor was the formation of cysts or
accumulation of secondary reddish pigments. For testing temperature preferences, cells of C. hindakii
were exposed to 15 ◦C but started to decay after 2 weeks, whereas at 5 ◦C they grew well long-term,
and likewise at 1 ◦C (data not shown).

Figure 7f shows an overview of a flagellate by TEM. The papilla was small and flattened (Figure 7g).
Cytokinesis took place in equatorial position of the cell (Figure 7h), resulting either in two spherical
cells surrounded by undulating cytoplasmatic membrane only (Figure 7i), or resulting in two elongated
cells per sporangium with a prominent rough endoplasmic reticulum (indicating active metabolism).
The daughter cells already possessed flagella (see an ultrastructure trait marked with “f”) (Transversal
section, Figure 7j). Prior the release from the mother cell, the flagellates developed their own cell wall.
The majority released flagellates were bean-shaped, but unusual spherical cells were also observed.
Older, mature flagellates contained numerous small discoid chloroplasts with starch grains (Figure 7k).
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Figure 7. LM and TEM of vegetative cells of Chloromonas hindakii sp. nov. strain WP129 (= CCCryo
531-19): (a–e) LM. (a) Optical section of the cell, showing two contractile vacuoles (white arrowheads)
and a chloroplast not totally occupying the posterior end of the protoplast (black arrowhead) within
the cell. (b) Position of the nucleus (white arrowhead) within the cell. (c) Sporangium and plate-like
sections of the plastid. (d,e) Development of two spherical daughter cells. (f–k) TEM. The following
structures are labeled: Undulating plasmatic membrane (arrowhead), chloroplast (c), endoplasmic
reticulum (e), flagellum (f ), Golgi body (g), mitochondrion (m), nucleus (n), starch (s), vacuole with
crystalline content (v). (f) Longitudinal cell section, showing position of nucleus. (g) Papilla shape.
(h) Cell cleavage. (i) Two spherical daughter cells in mother cell wall, still lacking own cell wall.
(j) Detail of one out of four spherical daughter cells with newly developed cell wall, still inside the
sporangium wall. Note prominent rough endoplasmic reticulum. (k) Transversal cell section of an
older cell with many discoid chloroplasts including starch grains.
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3.5. Taxonomic Treatment

Chloromonas hindakii Procházková & Remias sp. nov. (Figures 3 and 7)
DESCRIPTION: Vegetative cells solitary, having two equal flagella, two contractile vacuoles near

the base of the flagella, a single chloroplast, single spherical nucleus positioned in the ventral half at the
middle of the cell, without prominent anterior papilla. Cells elongate, kidney-shaped or bean-shaped
with rounded posterior end; 7–11.5 µm wide and 17–24.5 µm long. A single chloroplast not occupying
the posterior end of the protoplast and lacking eyespot and pyrenoid. Asexual reproduction by
formation of two, four, or eight zoospores within the parental cell. Cell aggregates not observed in old
cultures. Sexual reproduction unknown. Zygotes or cysts elongate to fusiform, 18.5–34.3 µm long and
11.9–23.1 µm wide, with length to width ratio within a range of 1.2–1.9. Cell walls with rib-like surface
structures, such flanges are either straight or slightly undulating. Four prominent flanges always join
at the apex and antapex of the cell, and they run entirely from one pole to the other. Further wall
flanges are shorter, i.e., terminating either isolated at the subapical zone or less often fusing with
another flange, or representing solitary flanges. The cytoplasm of cysts or zygotes usually contains
reddish carotenoid droplets. The species differs from any other described representatives of the genus
Chloromonas in the nuclear 18S rDNA, ITS rDNA, and plastid rbcL gene sequences (accession numbers:
MN251865, MN251865, and MN251877, respectively).

HOLOTYPE: Specimen WP129 deposited at the Culture Collection of Algae of Charles University
in Prague (CAUP), Czech Republic; material consists of resin-embedded vegetative cells from culture
strain WP129.

AUTHENTIC STRAIN: WP129. The strain was deposited at the Culture Collection of Cryophilic
Algae (CCCryo, Available online: http://cccryo.fraunhofer.de/web/strains) in Potsdam, Germany, as a
living culture, strain number CCCryo 531-19.

TYPE LOCALITY: N49◦11.424 E20◦03.153, snowfield at Dolina za Mnichem, High Tatra Mountains,
Powiat tatrzański, Bukowina Tatrzańska, Lesser Poland, Poland.

OTHER DISTRIBUTIONS: High Tatra Mountains (Slovakia), and Krkonoše and Jeseníky
Mountains (Czech Republic).

ETYMOLOGY: The species epithet ‘hindakii’ is in memoriam to Prof. František Hindák (1937–2019),
a Slovak phycologist with influential contributions on microscopic algae. He described many new
genera and species, including snow algae (e.g., [43,44]), and was one of the pioneers in successfully
cultivating snow algae at laboratory conditions [45].

3.6. Photosynthesis

The photosynthetic activity of C. hindakii sampled at locations with different light conditions was
tested and rapid light curves generated (Figure 8). Additionally, the performance of field cysts was
compared with the laboratorial strain. Generally, the cysts were not dormant in terms of photosynthesis,
as indicated by rETR. For the strain, and field cysts from low light conditions (below dwarf pine or
5 cm below the snow surface at a site above timberline), photoinhibition occurred above 200 µmol
PAR m−2 s−1. The strain showed an α value of 0.23, a relative ETRmax of 6.6 ± 2.3, and an Ik value of
33 ± 8 µmol PAR m−2 s−1. Field cysts from low light conditions had one-quarter lower alpha values
(0.17 and 0.16) and two-fold higher Ik (73 and 78). In contrast, cysts from the snow surface above
timberline (i.e., high light conditions) showed later signs of photoinhibition, starting from three times
higher irradiances (600 µmol photons m−2 s−1); they also showed a two-fold higher ETRmax (14.5 ± 1)
and four times higher Ik (129 ± 27), but a nearly twice lower α (0.13), when compared to the strain.

http://cccryo.fraunhofer.de/web/strains
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Figure 8. Rapid light curves showing the intraspecific photosynthetic flexibility of Chloromonas hindakii
sp. nov. The effect of increasing photon fluence rates (x-axis) on the relative electron transport rate
(rETR; y-axis) of chloroplasts was measured for vegetative flagellates (green diamonds, strain WP129
(= CCCryo 531-19) grown in the lab) and non-motile field-collected cysts (blue triangles—semi-shaded
site close to a spruce canopy, sample DD2; orange circles—site above timberline, population located
mainly 3–5 cm below snow surface, sample LP06; red boxes—site above timberline, population at snow
surface, sample WP194). Values are means of four replicate measurements (n = 4, ± SD). The data
points were fitted to the photoinhibition model of [46].

3.7. Pigment Composition

The orange pigmentation of cysts of C. hindakii was caused by the secondary (non-plastid)
carotenoid astaxanthin. Its abundance and those of other pigments and α-tocopherol was calculated
in reference to chlorophyll-a (Table 5). Astaxanthin comprised 19.8% and 22.1% of all pigments,
respectively (WP194, LP06). At HPLC, it occurred in a range of several peaks with identical absorption
spectra, all of them likely esters with different fatty acids (Figure S6). Chlorophylls (a and b)
comprised 57.7% and 57.6% of all pigments, primary (plastid) carotenoids represented 22.5% and
20.3% of the pigment pool. The overall ratio of cysts for astaxanthin to chl-a was 0.4 and 0.5,
respectively. Further details are given in Table 5. In contrast, the laboratorial strain always stayed
green (data not shown).

Table 5. Relative cellular content of carotenoids, chlorophyll b, and α-tocopherol in relation to
chlorophyll a (= 1) in field samples of Chloromonas hindakii sp. nov. from the High Tatras at the
Slovak side (sample WP194; high light conditions) and at the Polish side (LP06; low light conditions),
determined by HPLC. Abbreviations: n & v, neoxanthin and violaxanthin; lut, lutein; zea, zeaxanthin;
chl b, chlorophyll b; β-car, β-carotene; ast, astaxanthin (free/unesterified); ast-E, astaxanthin derivatives
(esters); ast-tot, astaxanthin in total (free and derivatives); α-toc; α-tocopherol; n.d., not detected.

Sample N&V Lut Zea Chl b β-car Ast Ast-E Ast-tot α-toc

WP194 0.120 0.315 n.d. 0.227 0.014 0.037 0.385 0.422 0.085
LP06 0.135 0.277 n.d. 0.273 0.020 0.012 0.476 0.488 0.080

3.8. Fatty Acid (FA) Composition

The relative content of FAs (percentage of total lipids and percentage of the three major lipid
groups) in C. hindakii is given in Table 6. FAs with 14 to 18 C prevailed in field cysts and the strain
(WP129). Cells showed high levels of PUFAs (65.8% and 58.1%, respectively, of total lipids), whereas
the content of saturated acids (SAFA) did not exceed 23% (mainly palmitic acid, 16:0). The main
monounsaturated fatty acid (MUFA) was oleic acid (18:1 (9Z), 9.8 ± 3.6% and 9.4%). The major PUFAs
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were identical for field cysts and the strain flagellates but differed in relative proportions. The dominant
PUFA was α-linolenic acid (18:3 (9Z,12Z,15Z), 25.9 ± 3.7% and 31.6%, respectively). Flagellates had
three times higher content of hexadecatetraenoic acid (16:4 (4Z,7Z,11Z,13Z), 28.5 ± 4.6%) than cysts
(10.3%) and similar levels of steariadonic acid (18:4 (6Z,9Z,12Z,15Z), 5.9 ± 0.2 and 4.7%). Only minor
differences in the FA composition between the three lipid classes of vegetative flagellates were observed
(Table 6). PUFAs dominated the neutral lipids, phospholipids, and glycolipids (63.8%, 65.1%, and 75%,
respectively). α-linolenic acid was up to twice higher in phospholipids than in neutral and glycolipids.

Table 6. Cellular fatty acid composition of Chloromonas hindakii sp. nov. vegetative strain WP129 (=
CCCryo 531-19) cultivated at 1 ◦C (n = 3) compared to field-collected cysts (from sample Rozcestí) in %
of total lipids (TL) and in % of the three major lipid groups: Neutral lipids (NL), phospholipids (PL),
and glycolipids (GL). The table shows only fatty acids that have abundances greater than 0.1%. The
relative proportion of saturated (SAFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty
acids is also given.

Fatty Acid WP129 (= CCCryo 531-19) Rozcestí

TL NL PL GL TL

14:0 0.7 ± 0.5 0.8 ± 0.6 1.1 ± 0.3 0 0.5
16:0 14.7 ± 6.1 15.6 ± 8.3 15.7 ± 1.4 10.4 ± 0.9 19.2
16:1 (9Z) 0.3 ± 0.1 0 2.5 ± 1.3 0 1.9
16:1 (7Z) 0.4 ± 0.3 0.5 ± 0.5 0 0 2.1
3t-16:1 0 0 4.6 ± 0.1 0 0
16:2 (7Z,10Z) 0 0 0 0 3.2
16:3 (4Z,7Z,10Z) 0 0 0 0 0.3
16:3 (7Z,10Z,13Z) 2.1 ± 1.1 1.9 ± 1.4 1.5 ± 0.2 3.6 ± 0.3 2.7
16:4 (4Z,7Z,11Z,13Z) 28.5 ± 4.6 30.6 ± 6.1 12.1 ± 0.6 29.5 ± 1.6 10.3
18:0 7.3 ± 6.8 6.7 ± 8.9 1.5 ± 0.6 14.5 ± 3.6 1.3
18:1 (11Z) 0.5 ± 0.3 0.5 ± 0.4 1.1 ± 0.3 0 7.5
18:1 (9Z) 9.8 ± 3.6 12.1 ± 5.2 8.4 ± 1.1 0 9.4
18:2 (9Z,12Z) 3.4 ± 0.8 3.9 ± 1.0 3.4 ± 0.1 1.2 ± 0.7 4.8
18:3 (9Z,12Z,15Z) 25.9 ± 3.7 21.4 ± 3.7 44.7 ± 1.7 33.2 ± 8.4 31.6
18:3 (6Z,9Z,12Z) 0 0 0 0 0.5
18:4 (6Z,9Z,12Z,15Z) 5.9 ± 0.2 6.0 ± 1.6 3.3 ± 1.1 7.4 ± 4.7 4.7
SAFA 22.7 ± 10.9 23.1 ± 13.5 18.4 ± 1.0 25.0 ± 3.6 21
MUFA 11.5 ± 3.6 13.1 ± 5.0 16.6 ± 0.8 0 20.9
PUFA 65.8 ± 9.9 63.8 ± 8.5 65.1 ± 1.5 75.0 ± 3.6 58.1

4. Discussion

4.1. Geographic Distribution and Ecology

Based on the discoveries in several mountain ranges of Poland, Slovakia, and the Czech Republic,
C. hindakii sp. nov. seems to be a common member of the local cryoflora. Remarkably, it causes orange
blooms both below and above timberline, contrary to many other snow algae, which usually thrive
either in exposed or shaded habitats. The distribution of the species, at altitudinal gradient, ranged
from montane to subalpine and alpine vegetation belt; e.g., for Krkonoše Mountains, see [47] (p. 271).
The discoloration may vary; along with lower population densities, the snow was once reported to
be pinkish [48]. A further, hitherto unidentified snow alga with eyespot and prominent cellular tail
from the same sampling region reported as ´C. nivalis´ [48] is not in accordance to the morphology of C.
hindakii (compare Figure 2b,c in [48] to Figure 7a,b in this study). However, in the study of [48], cysts
morphologically identical to C. hindakii were found in Krkonoše at a wide altitudinal gradient from 740
to 1545 m a.s.l., at shaded (broad leaf and spruce trees) as well as at open sites (assigned to C. nivalis,
see Figure 2e–g in [48]). Moreover, C. hindakii may occur also in other mountains in Slovakia [49].
Moreover, it may be found in the Bulgarian Vitosha Mountains, since [50] reported morphologically
corresponding cysts in term of cell size, prominent cell apexes, and number and organization of
longitudinal cell wall flanges. The overall geographic distribution of C. hindakii, including further
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regions like the European Alps, is not known yet, but distinct morphologic traits reported in this study
and deposited molecular marker sequences should help for a future correct recognition.

4.2. Taxonomy and Related Species

To our knowledge, the vegetative strain of C. hindakii is the first available with a “C. nivalis-like”
morphology of cysts (fusiform cells with prominent cell wall flanges) within the Chloromonas ‘snow
clade B’ (sensu [4]). In many cases for snow algae, cysts were not made to germinate for generating a
flagellate culture. Comparative analysis of the ITS2 rRNA secondary structure showed that C. hindakii
is closely genetically related to an uncultured environmental clone, ALBC6, from a glacier forefield in
Switzerland (accession number JX435348, [51]) and to C. nivalis Gassan-B from snow in Japan (accession
number LC012758, [52]), indicating that the closest relatives also thrive in cold habitats. However,
by using solely light microscopy, the cysts of C. hindakii have probably been reported several times as
those of C. nivalis (as “Scotiella nivalis”) in the Krkonoše [48,53–56] and High Tatra Mountains [49,57–60].
On the other hand, this is the first report about cryoflora from the Jeseníky Mountains. By the help of
electron microscopy and molecular methods, it was possible to describe this new species out of the
“collective” taxon C. nivalis. This goes along with the description of further new snow algae like C.
hoshawii or C. remiasii, which were formerly assigned to C. nivalis as well [61].

4.3. Morphology of the Field Cysts

Field-collected cysts in snow identifiable by LM as the cosmopolitan taxon C. nivalis were recently
shown to represent multiple species [61]. Detailed morphological comparisons of the cyst (i.e., cell
wall flanges distribution and characterization [20]) and flagellates [61] is crucial for classical species
determination. Morphologically, cysts of C. hindakii differ from its close molecular relative Scotiella
cryophila K-1 in having significantly less elongated cysts (the latter has length to width ratios from 2.1 to
4.7 [22]). Moreover, C. hindakii cysts differ from genetically distinct C. nivalis in the Austrian Alps [18],
and C. nivalis subsp. tatrae [20] in the High Tatras in their cell size (larger cysts) and more prominent
cell wall flanges. The number of cell wall flanges when observed at equatorial position is lower for
the new species compared to C. nivalis subsp. tatrae (the latter has (9)10 to 12(14) flanges). These two
species co-occurred occasionally in the High Tatra Mountains (own observations). Aplanozygotes of
C. nivalis from North America [41] possess a lower number of flanges at cross-section (six to eight), are
similarly large (16–37 µm × 10–27 µm), but lack fusing/diverting flanges apart from the apex; however,
here are no sequences available for these cysts yet. In addition, the identity of several vegetative
Chloromonas strains isolated from the collection sites of C. nivalis in North America [41] is still unknown,
and morphological details of their source material are missing (i.e., UTEX SNO16, UTEX SNO17, UTEX
SNO18, UTEX SNO19, and UTEX SNO21). Matsuzaki et al. [4] reported for C. muramotoi a regular cell
wall flange organization (i.e., four long flanges reached to both poles of the cell) similar to C. hindakii;
however, C. muramotoi can be discriminated by its markedly smaller cell sizes (9.1–13.4 µm wide and
15.6–22.4 µm long). Moreover, a bifurcation of wall flanges was not observed for C. muramotoi and
shorter flanges were only medially located (i.e., not reaching subapical cell regions). In this aspect, the
new species is somehow similar to another snow alga, C. miwae, which, however, is smaller (10–16 µm
wide and 20–26 µm long) and lacks visible accumulation of secondary carotenoids [52]. Mature cysts
of C. hindakii have small chloroplast discs like all other cysts of Chloromonas species dwelling in snow
(e.g., see chloroplast shape in Figure 22 in [20]). To conclude, it is generally possible to distinguish the
cysts of C. hindakii morphologically from cysts of other snow algae.

4.4. Morphology of the Strain and Context to C. nivalis

The vegetative flagellates of C. hindakii differ from the five other most similar looking elongate to
bean-shaped Chloromonas species isolated from snow as follows: The chloroplast of C. hindakii does not
occupy the posterior ending of the protoplast, in contrast to C. krienitzii [52]. C. hindakii is larger in
size than C. fukushimae when kept at the same cultivation conditions (4–9 µm × 15–23 µm; [62]) and
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develops only rarely eight zoospores in zoosporangia. Large cell aggregates were not observed in old
cultures of Chloromonas hindakii in opposition to Chloromonas polyptera, where aggregates are made up of
more than 16 cells [63]. Chloromonas hindakii differs in chloroplast morphology from C. rostafinskii—the
latter has a cup-shaped chloroplast [64]. Chloromonas hindakii differs from Chloromonas rubroleosa in
papilla shape and number of contractile vacuoles near the base of flagella—the latter has prominent
bimamillate papilla and four contractile vacuoles [65]. Additionally, the vegetative morphology of C.
hindakii is different from species not possessing bean-shaped flagellates, such as the North American
strain UTEX SNO71 [4], which was recently proposed to represent the ‘true’ C. nivalis [4,41]. The latter
has tear drop-shaped flagellates with a prominent posterior end. However, Robert Chodat´s type
locality of C. nivalis in France close to Mont Blanc has not yet been resurveyed for revealing the
molecular identity of its population. Moreover, in the original description the flagellate morphology is
missing [66]. Recent molecular data suggest that species with a C. nivalis-like morphology of cysts
evolved several times in the history of snow-thriving Chloromonas species [4,52,61].

4.5. Photobiology of Field Cysts vs. Laboratorial Strain

The rapid light curves from different habitats showed a high intraspecific flexibility of C. hindakii
in terms of light acclimation, reflecting the occurrence in semi-shaded locations close to spruce canopy,
below dwarf pine vegetation, as well as in exposed sites above timberline. This likely indicates the
capabilities of the photosynthetic apparatus in regard to changeable short- and long-term incident
irradiations, such as (a) diurnal changes due to topographic or/and vegetation shadings [48], (b) the
distance of the cells from the snow surface during melting season [16], and (c) actual weather situation
(e.g., sunny vs. cloudy day; [67]).

The fluorometric measurements of cysts showed that the photosystem II was well adapted to
medium-to-high levels of irradiation. The cysts from the high light conditions (red graph in Figure 8)
became photoinhibited at much higher irradiances than cysts from low light conditions (blue and
orange graphs in Figure 8) or the laboratory strain, which was grown at low-light conditions (green
graph in Figure 8). At open sites, at a snow depth of 20 cm, usually less than 5% of incident irradiation
may be available [15]. Thus, in case of this study, the cysts found at an alpine location 5 cm below snow
surface (sample LP06) perceived similarly low PAR like the cells at snow surface below spruce canopy
(sample DD2). As a consequence, the characteristics of the rapid light curves (i.e., alpha, Ik and ETR
values) of cells from these two different shaded sites are similar, which indicates that acclimation of the
photosynthesis to certain snow depths is similar for C. hindakii with acclimation to a snow surface at
semi-shaded site. Semi-shaded sites below timberline differ from open sites above timberline in the
amplitude of PAR; for the former in the Krkonoše Mountains it reaches up to ~1300 µmol photons
m2 s−1 [48]. In contrast, the cysts from open alpine sites (sample WP194) in the High Tatra Mountains
were exposed to PAR exceeding 2000 µmol photon m2 s−1 (see Supplementary Figure S27 in [16]).
Likewise, other species were still able to perform positively at such high irradiances, and the light
saturation (optimal) irradiance (i.e., Ik) of C. hindakii was nearly as high as those for cysts of C. nivalis
and C. nivalis subsp. tatrae, causing reddish/brownish snow [18,20]. In contrast, the strain of C. hindakii
exhibited a similarly low Ik and high light utilization efficiency (alpha value) to those recorded for
cysts of the snow alga Scotiella cryophila caused green subsurface stripes at a depth of 20 cm below
the snow surface [22]. In other words, photosynthesis was adapted to low light conditions. The high
intraspecific flexibility of C. hindakii’s response to different light conditions allows this species to
colonize, respectively survive at changeable conditions in snow.

4.6. Pigments and Fatty Acid Composition

The average levels of astaxanthin that cause the reddish coloration of C. hindakii are comparable
to mature cysts of C. nivalis from the Austrian Alps [18]. Still, the astaxanthin to chlorophyll a ratio is
three times lower than for C. nivalis subsp. tatrae from exposed sites at the High Tatras [20]. The main
role of astaxanthin is likely to act as sunscreen against excessive visible and harmful UV irradiation.
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On the other hand, too much astaxanthin would shade the plastids too much, thus decreasing
the photosynthetic performance at sites with lower irradiation levels. Apparently, this species has
developed a compromise. Probably, the accumulation of astaxanthin reflects the extent of endogenous
cyst maturation, regardless of whether the cells are found at high light or at low light conditions (i.e.,
WP194 had similar astaxanthin to chl-a ratio like LP06). The laboratorial strain of C. hindakii produces
no astaxanthin (data not shown), different to other microalgae feasible for biotechnology [68].

With the same protocol as for pigments, the plastid antioxidant α-tocopherol was quantified.
The cysts of C. hindakii showed one magnitude higher concentrations than C. nivalis from the Austrian
Alps [18], but the quantities were similarly low to cells that cause red snow (Sanguina nivaloides, referred
as Chlamydomonas nivalis in [23]). The accumulation of vitamin E was reported to increase during the
maturation process of Chlainomonas sp. cysts under harsh environmental conditions in the late melting
season [16].

In both stages, the strain and the field cysts of C. hindakii had a high level of PUFAs, which is
regarded as an adaptation to cold conditions [69]. High levels of PUFAs are common also for other
snow-dwelling Chloromonas species (e.g., see FAs composition in Table 5 in [20]) and algae living
in other cold habitats such as lake ice [70]. Hexadecatetraenoic acid was present in flagellates of
C. hindakii at relatively high levels of total FAs (~30%); its production in C. hindakii was the same as in a
strain of C. remiasii CCCryo 005-99 isolated from snow in the Arctic and kept under nitrogen deficient
conditions [71]. A likewise high accumulation of hexadecatetraenoic acid was found in edible marine
macroalgae Undularia pinnatifida and Ulva pertusa [72]. This fatty acid extracted from algae was shown
to have physiological effects on the human health [73]; it inhibited production of leukotrienes involved
in several inflammatory and allergic reactions (e.g., [74]). What is more, alpine and polar microalgal
strains are promising candidates for biotechnology [75], also in outdoor bioreactors at low temperature
conditions [76]. Higher levels of saturated palmitic acid and monounsaturated oleic acid in C. hindakii
correspond to similar amounts found in other strains of genus Chloromonas [77].

5. Conclusions

Molecular phylogenetic assays, in combination with morphological observation of cysts (likely
zygotes) and vegetative flagellates, demonstrated that C. hindakii is a new species within a group of
morphologically and taxonomically closely related cryoflora phytoflagellates, and most of them were
formerly associated with the collective taxon C. nivalis. An unialgal vegetative strain with motile
flagellates was established from field-collected cysts under suitable laboratorial conditions simulating
the temperature of melting snow. For further detail in physiological, cytological, or closer molecular
investigations, a clonal strain should be derived from a single cell. C. hindakii occurred at very different
altitudes from the montane belt to subalpine and alpine locations of mid-latitude mountains, and it
exhibited an infraspecific photosynthetic flexibility accordingly. This study shows for the first time
for a snow alga that populations from high light conditions get photoinhibited at higher irradiances
than those harvested from low light conditions. The physiologic light preferences reflected the light
conditions in the original habitat. PUFAs prevailed in the lipids of C. hindakii, and astaxanthin was
the pigment responsible for the orange coloration of the snow bloom. Generally, 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), as done for Koliella antarctica [78]. In future,
the intraspecific variability among populations of other snow algae and its relation to the incident
irradiation may be tested.
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D.R. and L.N.; resources, L.P., D.R., and L.N.; supervision, L.N.; visualization, L.P.; writing—original draft, L.P.;
writing—review and editing, L.P. and D.R.

http://www.mdpi.com/2076-2607/7/10/434/s1


Microorganisms 2019, 7, 434 19 of 22

Funding: This research was funded by the Czech Science Foundation (GACR) projects 18-02634S granted to L.N.
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Supplementary Information 

Ecophysiology of Chloromonas hindakii sp. nov. (Chlorophyceae), 
Causing Orange Snow Blooms at Different Light Conditions  

Lenka Procházková, Daniel Remias, Tomáš Řezanka and Linda Nedbalová  

 

Figure S1.  Type locality of Chloromonas hindakii sp. nov. at Dolina za Mnichem, Powiat tatrzański, 

Bukowina Tatrzańska, High Tatra Mountains, Poland: (a) overview of the sampling location, (b) detail 

view of the orange snow spot during harvest (sample WP129, June 2017). 
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Figure S2. Light microscopy of field-collected material of Chloromonas hindakii sp. nov. (sample WP129). 

The cysts were kept in deionized water for several weeks at temperatures around the freezing point to 

provoke cell division (putative meiosis). (a) Old cyst, preparing for meiosis (or mitosis) by contracting 

the protoplast. In a consecutive step, (b) four elongated cells developed, still surrounded by the mother 

cell wall, lateral view, (c) apical view of the smooth walled daughter cells. 

 

 

 

Figure S3. Cell size ranges of field-collected cysts of Chloromonas hindakii sp. nov. from the Krkonoše 

Mountains, the High Tatras and the Jeseníky Mountains after harvest (DD2, n = 40; Rozcestí, n = 32; LP06, 

n = 44; WP129, n = 21; WP136, n = 9; NW = 38; WP194, n = 31; Jes19-1, n = 33; Jes19-6, n = 36): (a) length, 

(b) width, (c) length to width ratio. 
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Figure S4. Comparison of the secondary structure of ITS2 rDNA transcripts between Chloromonas 

hindakii sp. nov. strain WP129 (= CCCryo 531-19, accession number MN251865) and the Uncultured 

Chlorophyte clone ALBC6 from Swiss Alps (accession number JX435348; [51]). Helices are labelled with 

Latin numbers: I–IV. Nucleotide differences of the second species are described in red outside the 

structure and linked by dotted lines. Compensatory base change in the 5´end of helix III between both 

algae is indicated by a rectangle. Note the U–U mismatch in helix II (arrows).  
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Figure S5. Comparison of the secondary structure of ITS2 rDNA transcripts between Chloromonas 

hindakii sp. nov. strain WP129 (= CCCryo 531-19, accession number MN251865) and Chloromonas nivalis 

Gassan-B from Japan (accession number LC012758, [52]). Helices are labelled with Latin numbers: I–IV. 

Nucleotide differences of the second species are described in red outside the structure and linked by 

dotted lines. Compensatory base change in the 5´end of helix III between both algae is indicated by a 

rectangle. Note the U–U mismatch in helix II (arrows). 
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Figure S6. HPL-chromatogram of field-collected cysts of Chloromonas hindakii sp. nov. at 450 nm showing 

the main pigments. (a) Sample WP194 (high light conditions) from the Slovak side of the High Tatras. 

(b) Sample LP06 (low light conditions) from the Polish side of the High Tatras. Abbreviations: N, 

neoxanthin; V, violaxanthin; Lut, lutein; Chl-b, chlorophyll b; Chl-a, chlorophyll a; β-car, β-carotene; Ast-

der, Astaxanthin derivatives (pooled).  
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Abstract: Melting snow fields populated by aplanozygotes of the genus Chloromonas (Chlamydomonadales, 
Chlorophyta) are found in polar and alpine habitats. In the High Tatra Mountains (Slovakia), cells causing 
blooms of brownish–red snow designated as Scotiella tatrae kol turned out to be genetically (18S, ITS1 
and ITS2 rDNA, rbcL) very closely related to Chloromonas nivalis (Chodat) hoham et mullet from the 
Austrian Alps. Therefore, Sc. tatrae is transferred into the latter taxon and reduced to a subspecies as Cr. nivalis 
subsp. tatrae. Both exhibit a similar photosynthetic performance, thrive in similar habitats at open sites above 
timberline, but differ in astaxanthin accumulation and number of aplanozygote cell wall flanges. In a field 
sample of Cr. nivalis subsp. tatrae, polyunsaturated fatty acids formed nearly 50 % of total lipids, dominating 
in phospholipids and glycolipids. Cr. nivalis subsp. tatrae represents likely a variation of a common cryoflora 
species with distinct morphology.

Key words: aplanozygote, astaxanthin, Chloromonas nivalis, fatty acids, field sample, High Tatra Mountains, 
photosynthesis, snow algae, Scotiella, ultrastructure

IntroductIon

Snow inhabiting algae are polyextremophiles in terms 
like habitat temperature, incident irradiation or avai-
lability of liquid water and nutrients. They have been 
reported from many mountainous and polar regi-
ons, where melting snow packs persist until summer 
(hoham & duval 2001). Cryoflora draws attention not 
only because of greenish to reddish snow discolorati-
ons, but also due to striking morphologic and physio-
logic strategies in course of its adaptation (komárek & 
nedbalová 2007), especially in comparison with their 
‘conventional’ mesophilic relatives. Cvetkovska et al. 
(2016) summarized the evolutional origin and diversity 
of psychrophilic algae, showing that Chlorophyta har-
bour more than a third of all known photo–psychrophi-
les (plastid–bearing protists metabolically active and 
able to reproduce at temperatures permanently close 
to the freezing point of water, which do not tolerate 
temperatures > 20 °C). Generally, psychrophiles occur 
in a great variety of habitats and exhibit strategies like 
anti–freeze proteins or accumulation of compatible so-
lutes like glycine (de maayer et al. 2014).

The Tatra Mountains, which are located mainly in nor-
thern Slovakia and to a smaller part in southern Poland, 
are the topmost part of the Carpathian Arc. The relief 
of this mountain range is very complex due to glaci-
al events (zasadni & kłapyta 2014). The presence of 
red snow in the Tatra Mountains was already repor-
ted several centuries ago (buChholz 1783). The high 
cryoflora biodiversity of this massif was summarized 
by kol (1975a, b). 

The genus Scotiella (Sc.) was established by 
FritsCh (1912) with the snow alga Sc. antarctica 
FritsCh as the type. It is characterized by striking 
cell wall surface structures like flanges, and daughter 
cells were said to possess the same ribbed morpholo-
gy already before being released from the mother cell. 
Many fusiform snow algae inhabiting polar areas and 
high alpine zones were initially believed to be a mem-
ber of this genus (kol 1968). However, the true na-
ture of Scotiella–stages as aplanozygotes (´aplano–´= 
immotile according to ettl & Gärtner 2014) in the 
life cycle of a Chloromonas (Cr.)–like flagellate was 
revealed decades after the initial description by hoham 
& mullet (1977), who showed that vegetative daughter 
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cells lack any cell wall ornamentation. Thus, several 
Scotiella like species inhabiting snow were transferred 
to the genus Chloromonas (hoham & mullet 1978), 
e.g. Sc. antarctica was considered to be a zygotic stage 
of Cr. nivalis (Chodat) hoham & mullet, however 
the synonymy has been later questioned due to differ-
ent cell flange morphology between these two species 
(novis 2002). The genus Scotiella is now regarded as 
an artificial group of species retained for those taxons 
which’s reproduction is unknown (hanaGata 1998). 

In this work, we studied populations collec-
ted close to the type locality of Sc. tatrae in the High 
Tatras, more than 50 years after the initial description 
by kol (1965). All investigations were undertaken with 
field material, since cultures are not available yet, most 
likely because continuous growth under laboratory 
conditions was, to our knowledge, so far unsuccessful. 
The overall aim of this study was to evaluate abiotic 
habitat parameters, to check the phylogenetic position 
of Sc. tatrae using molecular and morphological traits, 
to measure the photosynthetic activity under varying 
light conditions, to describe the pigments which cause 
the secondary reddish colouration and finally, taking a 
putative adaptation to low temperatures into account, 
analysing the repertoire of fatty acids (FAs) occurring 
in membranes and cellular lipid depots.

The results were compared with the closest 
relatives, which is especially Cr. nivalis, from snow 
fields in the Austrian Alps.

MaterIal and Methods

Sampling and snow characteristics. The cryoflora of 
brownish–red snow fields in the High Tatra Mts. (Slovakia) 
was investigated in June 2016 (Fig. 1). Exact geographic po-
sition, sampling date, elevation and corresponding sample 
code are summarized in Table 1. Surface snow samples were 
harvested either with a sterile plastic shovel and a 10 l bucket 
(sample ‘LP01’) or directly transferred into 50 ml sterile 
plastic tubes (other two samples). Samples were transported 
the same day to a field laboratory in close proximity. Prior 
to physiological measurements, the snow was gently melted 
over night at 4 °C to 5 °C and kept in its own melt water in 
the dark. 

Electrical conductivity (EC) and pH of melt water 
samples were obtained with HANNA (Combo EC, Romania) 
and WTW Instruments (Inolab pH, Germany), respectively.
Snow density was measured by coring snow with a cylindri-
cal polyvinylchloride corer (length 72 cm, diameter 3.7 cm, 
volume 0.774 l).  All cores were taken in the layer visually 
containing a bloom of snow algae and were orientated parallel 
to the surface of the snowbank according to hoham (1975). 
Cores were then transferred into plastic bags and the weight 
of each core was immediately measured by a spring balance 
Medio Line (precision 2 g, Pesola, Switzerland; similarly to 
kŘístek et al. 2011). Three independent random cores were 
averaged. The snow water content (SWC) was expressed in 
percent and calculated as (weight of a snow core divided by 
the weight of water of the same volume as the core) × 100.

Light and electron microscopy. Light microscopy (LM) 
was conducted using an Olympus BX43 (Olympus corpo-
ration, Japan) equipped with a digital camera DXM 1200F 
(Nikon, USA). Microphotographs were processed using 
the QuickPHOTO Camera 3.0 software (Promicra, Czech 
Republic). The same software was used to measure cell sizes.
Preparation of samples for scanning and transmission elec-
tron microscopy (SEM and TEM, respectively) included 
joint steps: samples were fixed in 1.25% glutaraldehyde in  
50 mM cacodylate buffer (pH 7.0) for 2 hours at 4 °C, two 
times washed in cacodylate buffer at 4 °C for 15 minutes, 
postfixed in 1% OsO4 overnight at 4 °C, three times washed 
in distilled water, gradually dehydrated through an ascen-
ding ethanol series (until 70% ethanol in 4 °C, then switched 
to room temperature). For SEM, fixed cells were transferred 
into a critical point drying chamber (Bal–Tec CPD 030). 
After gold–coating, specimens were examined with a JEOL 
6380 LV SEM at 25 kV. For TEM, cells were embedded in 
Araldine and Poly/Bed® 812 mixture (SPI–CHEM, USA). 
Ultrathin sections were cut with a diamond knife, stained 
using uranyl acetate and lead citrate. TEM grids were ex-
amined with a JEOL 1011 TEM (JEOL Ltd., Japan) at 80 
kV. Microphotographs were taken with a Veleta CCD camera 
equipped with Olympus image analysis software (Olympus 
Soft Imaging Solution, Germany) and later modified by 
iTEM 5.1 (Germany Soft Imaging Solution, Germany). 

Cell counting and cultivation. A 10 ml subsample was 
taken at Capie Lake shore snow field (location LP01) in 
order to determine the cell concentration. After snow melt 
and homogenisation by shaking, a subsample of 0.01 ml was 
put into a Cyrus I chamber (Meopta, Czech Republic) for 
counting under a light microscope. Two replicates were ana-
lysed, each with a grid area of 1 cm–2. More than 200 cells 
were counted for one run. Attempts were made to culture the 
dominating snow algal species. For this, cells were placed a  
day after sampling on petri dishes containing BBM medium 
1.5% agar (bisChoFF & bold 1963) and kept at 3 °C under 
continuous illumination of 20 µmol.photons.m–2.s–1. Light 
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Fig. 1. Location of the High Tatra Mountains, Slovakia (marked with 
a red circle). 



microscopy of field samples kept in their original meltwater 
was performed ~100 days after sampling to verify the deve-
lopment of daughter cells.

Isolation of DNA, sequencing, ITS2 rRNA secondary 
structure prediction and phylogenetic analysis. DNA 
was isolated from the sample LP01 with a DNeasy Plant 
Mini Kit (Qiagen). Cells were mechanically disrupted by 
shaking for 15 min (30 Hz) in the presence of glass beads 
(3 mm diameter, Sigma–Aldrich) in a Mixer Mill MM 400 
(Retsch, Germany). Then, samples were put in freezer at 
–20 °C for half an hour. Subsequently, DNA was isolated in 
accordance with the manufacturer’s procedure. Quality and 
concentration of DNA was measured on the NanoDrop® ND–
1000 Spectrophotometer (NanoDrop Technologies, Inc.). 

The 18S small subunit ribosomal RNA gene (18S 
rDNA), internal transcribed spacer regions 1 and 2 (ITS1, 
ITS2 rDNA) and ribulose–1,5–bisphosphate carboxylase/
oxygenase large subunit (rbcL) gene regions were amplified 
from DNA isolates by PCR using existing primers (Table 
2). Amplification reactions for 18S rDNA was performed        
using cycle parameters according to katana et al. (2001) 
with minor modification that duration of initial denaturation 
was prolonged for 10 min and annealing temperatures were 

50 °C, 58 °C and 61 °C. Amplification reactions for rbcL gene 
were performed using cycle parameters according to hoham 
et al. (2002) with minor change that three different annealing 
temperatures were applied (53 °C, 55 °C, 59 °C). Each 20 µl 
of PCR reaction for 18S and rbcL amplification contained 
5 µl of DNA isolates (diluted to concentration of 5 ng.µl–1), 
0.8 µl of each 10 µM primer, 1.6 µl of 25 mM MgCl2, 1.5 
µl of 2 mM dNTPs, 2 µl of 10× Taq buffer + KCl–MgCl2, 
7.8 µl sterile Milli–Q water, and 0.5 µl of 1U.µl–1 Taq DNA 
polymerase (Fermentas, USA). Amplification reactions 
for ITS2 rDNA region were performed using cycle pa-
rameters according to GoFF & moon (1993) with minor 
modification that the gradient of annealing temperature 
was included (56 °C, 58 °C, 61 °C, 64 °C). Each 35 µl PCR 
reaction contained 1 µl of DNA isolates (diluted to concen-
tration of 5 ng µl –1), 1.4 µl of each 10 µM primer, 2.8 µl of 
25 mM MgCl2, 2.6 µl of 2 mM dNTPs, 3.5 µl of 10× buf-
fer Taq buffer + KCl–MgCl2, 21.8 µl sterile Milli–Q water, 
and 0.5 µl of 1U.µl–1 Taq DNA polymerase (Fermentas). The 
PCR products were stained with bromophenol loading dye, 
quantified on 1.5% agarose gel, stained with GelRed. The 
amplification products were purified and sequenced using 
an Applied Biosystems automated sequencer (ABI 3730×l) 
at Macrogen (Korea). The newly obtained sequences were 

Table 1. Samples of Chloromonas nivalis subsp. tatrae from the High Tatra Mountains with sample codes, collection date, sampling site, alti-
tude (m a.s.l.) and geographic position (GPS).

Sample/reference Date Location Altitude GPS

LP01 (this study) 18 June 2016 shore of Capie Lake 2073 N49°10.081 E20°02.279

kol (1965) 22 June 1932 shore and ice cover of Okrúhle Lake 2000 N49°10.242 E20°02.178

Fig. 2−4. Overview of sampling sites of Chloromonas nivalis subsp. tatrae: (2)  sampling location of this study next to Capie Lake (code LP01, 
red arrowhead) and the first observation in 1932 in Okrúhle Lake (asterisk); (3) coloured snowfields at LP01 (4) detail view of brownish–red 
snow after harvest.
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submitted to NCBI Nucleotide sequence database (accession 
numbers for Cr. nivalis subsp. tatrae LP01: 18S, ITS1, ITS2 
– KY499614, rbcL – KY499615; Cr. nivalis P24/DR4: rbcL 
– KY499616).

The nuclear rDNA ITS2 region was identified using a 
web interface at the ITS2 database showing position of 5.8S 
and 26S motives (http://its2.bioapps.biozentrum.uni–wuerz-
burg.de/cgi–bin/index.pl?annotator; koetsChan et al. 2010). 
The sequence was then folded with 5.8S–LSU stem regions 
using the Mfold server accessible at http://mfold.rna.albany.
edu/?q5mfold (zuker 2003). A model of the secondary struc-
ture consistent with the specific features of nuclear rDNA 
ITS2 was selected: four helixes, U–U mismatch in helix II, 
and the UGGU motif near the 5´–end site apex of helix III 
(Coleman 2007).

Photosynthesis. In vivo chlorophyll fluorescence parameters 
were obtained in a chamber for liquid samples at approxi-
mately 0 °C with a pulse–amplitude modulated fluorometer 
(PAM 2000, Heinz Walz GmbH, Germany). To gain suffi-
cient biomass, cells were concentrated by passive sedimenta-
tion of melt water in a 1 l plastic cylinder overnight and the 
pellet was then used for measurements. Prior measurement, 
algae were kept in the snow meltwater in the dark for 30 
minutes. Then, cells were exposed to photon flux densities 
(PFDs) of 5, 34, 66, 104, 201, 366, 622, 984, 1389, 1666 and 
2018 µmol.photons.m–2.s–1 for 30 seconds each. Four repli-
cate measurements were carried out. After each light expo-
sure, a saturating pulse was given to detect effective photo-
chemical quantum yield of photosystem II (PS II): 

Y(II)= (Fm´–F)/Fm´ (Genty et al., 1989) 

where Fm´ = maximal fluorescence yield emitted by 

chlorophyll–a in PS II  when PSII reaction centres are closed 
by a saturation pulse and  F = minimum fluorescence yield 
at steady state. 

Afterwards, the relative electron transport rate of PSII (rETR) 
was calculated as follows: 

rETR = Y(II) × PFD × PPSII/PPPS × ETR–Factor

where Y(II) = the effective PSII quantum efficiency, PFD = 
photon flux density, PPSII/PPPS = photons absorbed by PS II 
relative to photons absorbed by all photosynthetic pigments 
(default value 0.5), ETR–Factor = an empirical corrective 
factor (default value 0.84), which considers fraction of in-
cident photons absorbed by the chlorophyll a molecules in 
PSII. 

A curve of rETR upon PFD was calculated and fitted by the 
mathematical model according to Walsby (1997) where pho-
toinhibition is assumed. Presence of photoinhibition was in-
dicated by β<0:

rETR = ETRmax(1–exp(–α × PFD/ETRmax)) + β × PFD 

where rETR = relative electron transport rate of PSII, rETRmax 
= maximum relative electron transport rate of PSII, α = initial 
slope alpha and β = slope of the curve at high irradiances. 
PFD = photon flux density. The parameters ETRmax, α and 
β were found using the Solver software in Microsoft Excel.

If β>0 (no photoinhibition), curve of rETR upon PFD was 
calculated and fitted according to model Webb et al. (1974) 
where photoinhibition is not assumed:

Table 2. List of primers used for amplification of 18S rDNA, ITS1 rDNA, ITS2 rDNA (ITS) and rbcL markers; (F) forward; (R) reverse.

Primer Marker Direction Sequence Reference 

SSU ITS F CTGCGGAAGGATCATTGATTC pierCey–normore & depriest (2001)

LSU ITS R AGTTCAGCGGGTGGTCTTG pierCey–normore & depriest (2001)

Al1500af ITS F GCGCGCTACACTGATGC helms et al. (2001)

LR3 ITS R GGTCCGTGTTTCAAGACGG vilGalys & hester (1990)

rbcL1F rbcL F CTGCTTTATACTGCGAAACTGC hoham et al. (2002)

rbcL7R rbcL R AAATAAATACCACGGCTACG hoham et al. (2002)

rbcL10F rbcL F GGTAACGTWTTTGTTTCAAAGC hoham et al. (2002)

rbcL14R rbcL R CGTTCWCCTTCAAGTTTACC hoham et al. (2002)

rbcL19F rbcL F CTCAATCGTTCATGCGTTGG hoham et al. (2002)

rbcL4R rbcL R GAAAATGAAACGGTCTCTCC hoham et al. (2002)

18S1F 18S F CTGCTTTATACTGCGAAACTGC hoham et al. (2002)

34F 18S F GTCTCAAAGATTAAGCCATGC mikhailyuk et al. (2008)

895R 18S R AAATCCAAGAATTTCACCTC mikhailyuk et al. (2008)

18F 18S F AACCTGGTTGATCCTGCCAGT katana et al. (2001)

18R 18S R TGATCCTTCTGCAGGTTCACCTACG katana et al. (2001)

1122R 18S R CAATTCCTTTAAGTTTCAGCC mikhailyuk et al. (2008)

4                                                                                                                            Procházková et al.: Chloromonas nivalis subsp. tatrae subsp. nov.



rETR = ETRmax(1–exp(–α × PFD/ETRmax))

The fitting model with a lower sum of squared deviations 
was chosen.

Pigment analysis. Chlorophylls and carotenoids were iso-
lated and determined by a protocol optimized for snow algae 
described by remias & lütz (2007) and remias et al. (2013). 
Briefly, cells were lyophilized on glass fibre filters and bro-
ken in a shaking mill and using quartz balls and mill jars pre-
cooled with liquid nitrogen. Extraction was performed with 
dimethylformamide (Sigma–Aldrich) and compounds were 
identified and quantified by high performance liquid chro-
matography with diode array detector (Agilent ChemStation 
1100).

Lipid extraction. The extraction procedure was based on 
the method of bliGh & dyer (1959), except that 2–propa-
nol was substituted for methanol, since 2–propanol does not 
serve as a substrate for phospholipases (kates & volCani 
1996). The alcohol–water mixture was cooled, one part 
chloroform was added and the lipids from the lyophilized 
cells were extracted for 30 min. Insoluble material was sedi-
mented by centrifugation and the supernatant was separated 
into two phases. The aqueous phase was aspirated off and 
the chloroform phase was washed three times with two parts 
1 M KCl each. The resulting chloroform phase was evapo-
rated to dryness under reduced pressure.10 mg of total lipid 
extract in 1 ml of chloroform was applied to Sep–Pak Vac 
Silica cartridge 35cc (Waters; 10 g normal–phase silica), and 
then eluted with 30 ml each of the following solvents: chlo-
roform (neutral lipids), acetone (glycolipids), and methanol 
(phospholipids) at 4 ml min–1 (saunders & horroCks 1984). 
The eluates of each lipid class were then evaporated prior 
further analysis.

Fatty acid methyl esters analysis (FAMEs). The lipids 
(neutral lipids, glycolipids and phospholipids) (~5 mg of total 
dry weight) were saponified overnight in 10% KOH–MeOH 
at room temperature. A FA fraction obtained from saponifica-
tion was partitioned between alkali solution (pH 9) and dieth-
ylether to remove basic and neutral components. The aqueous 
phase, containing FAs, was acidified to pH 2 and extracted 
with hexane. The FA fraction was methylated using CH2N2. 
Gas chromatography coupled with mass spectrometry (GC–
MS) of FAMEs mixture was done on a Finnigan 1020 B with 
electron ionization (EI) mode. Splitless injection was at 100 
°C, and a fused silica capillary column (Supelcowax 10; 60 
m × 0.25 mm i.d., 0.25 mm film thickness; Supelco, Prague) 
was used. The temperature program was as follows: 100 °C 
for 1 min, subsequently increasing at 20 °C min–1 to 180 °C 
and at 2 °C min–1 to 250 °C, which was maintained for 1 min. 

The carrier gas was helium at a linear velocity of 60 cm.s–1. 
All spectra were scanned within the range of m/z 50–500. 
The structures of FAMEs were confirmed by comparison of 
retention times and fragmentation patterns with those of stan-
dard FAMEs (Supelco, Prague) (Řezanka 1990; dembitsky 
et al. 1991).

Statistical analysis. Cell sizes (length, width, length to 
width ratio) of Sc. tatrae (LP01) were compared with those 
from Cr. nivalis at the Austrian Alps, (P12, P24/DR4, DR43, 
GK05, GK09; collection data of these field samples in Table 
S1 and in remias et al. 2010). Kruskal–Wallis test was used 
for testing the hypothesis that cell size median of all Cr. niva-
lis samples from the Austrian Alps is not different. Moreover, 
Mann–Whitney test was used for testing the hypothesis that 
the median of two groups is identical (Sc. tatrae vs. Cr. 
nivalis). 

results

Collection sites and habitat conditions
In the High Tatra Mountains (Slovakia), brownish–red 
snow fields were found during June 2016 at elevations 
of approximately 2000 m a. s. l. (Figs 2–4). A site in 
the vicinity to the locality of the first observation of the 
snow alga Sc. tatrae was sampled: the coloured snow 
was harvested at the shore of Capie Lake in Mlynická 
Valley (sample LP01) (Table 1). The population con-
tained virtually only cells with a morphology according 
to Sc. tatrae. Scattered cells of the fungi Chionaster ni-
valis bohlin (Wille) occurred. The habitat conditions 
of this locality are shown in Table 3. Moreover, snow-
fields dominated mainly by morphotype Cr. nivalis and 
rarely of Sc. tatrae were found in other sampling spots 
slightly distant from the Okrúhle Lake (at the shore 
of Vyšné Kozie Lake in Mlynická Valley – 0.5 km far 
away; at the shore of Upper Sesterske Lake in Velká 
Studená Valley – about 10 km far away).

Morphology and ultrastructure 
Cell wall surface and intercellular organisation of field 
samples was described by light and electron micros-
copy (Figs 5−27). The fusiform cells of Sc. tatrae were 
taxonomically determined by their characteristic sur-
face structures, and the harvested cell stage was tenta-
tively designated as an aplanozygote on the basis of the 
life cycle proposed by hoham & mullet (1977). The 

Table 3. Abiotic habitat parameters and cell sizes of Chloromonas nivalis subsp. tatrae field samples from the High Tatra Mountains. Electrical 
conductivity (EC; µS.cm–1), pH of meltwater and snow water content (SWC; %), population density ± SD (standard deviation), average sizes 
of cells in µm ± SD, length to width ratio (L:W ratio) ± SD and number of cell wall flanges counted at equatorial region of cell in cross–section 
view are shown.

Sample/reference EC pH SWC cells per ml 
meltwater

cell length cell width L:W ratio flanges

LP01 (this study) 15 5.7 52.6±3.8 19950±1995 19.8±1.3 12.8±0.9 1.55 ± 0.12 (9)10−12(14)

kol (1965) – 5.2 – – 18−24 12−15 – 10−12
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ornamented cell wall structures were made of straight 
to sometimes slightly undulated flanges (Figs 5−6, 
13−14), and LM showed that (9)10−12(14) flanges per 
cell were present in equatorial region, which became 
evident at cross–section view (Fig. 7). The average 
cell sizes are summarised in Table 3.  The cytoplasm 
was almost entirely occupied by lipid bodies contain-
ing a secondary pigmentation, thus causing an overall 
orange impression of the cells (Fig. 8). Rarely, young 
aplanozygotes surrounded by a smooth (primary) cell 
wall were observed (Fig. 9). SEM confirmed the pres-
ence of 10 to 14 flanges (Fig. 18), and further details 
of their arrangement could be observed: most common 
were flanges reaching from pole to pole (Fig. 15) and 
from one pole nearly to the antapex (Fig. 16). Rarely, 
flanges reached from one pole only to the equatorial 
position of the cell (Fig. 16), bifurcations (Fig. 17) or 
isolated shorter flanges (Fig. 15) also occurred. In a few 
cases all these secondary surface structures were found 
on a single aplanozygote. The ultrastructure observed 
by TEM is presented in Figs 19−27. Three different 
life cycle stages were recognized. Firstly, ovoid young 
aplanozygotes still without cell wall flanges, usually 
with one compact chloroplast containing starch grains 
(Fig. 19). In a few cases, an undulated cell membrane 
was found (Fig. 19). Moreover, mitochondria were ob-
served (Fig. 20). Well–developed Golgi bodies and a 
cytoplasm rich in vesicles and ribosomes indicated an 
active metabolism (Fig. 21). Vacuoles full of electron 
dense, sometimes crystalline content were also present 

(Fig. 21). Secondly, intermediate aplanozygotes with 
flanges at the secondary cell wall surface, but still sur-
rounded by a primary cell wall were observed (Figs 
22−25). Thirdly, and prevailing in the sample, ‘mature’ 
aplanozygotes with fully developed flanges. The ma-
jority of the cytoplasmatic volume was occupied by 
large lipid bodies (containing secondary pigments) 
(Figs. 26−27). Instead of a compact chloroplast, sever-
al smaller spherical plastids located around the nucleus 
were present. Starch grains were very small or absent.
Other life cycle stages like vegetative flagellates or any 
cleaving activities (formation of daughter cells) were 
not observed directly after sampling.

In order to discriminate Sc. tatrae from its’ 
closest relative, Cr. nivalis from the Austrian Alps, 
cell sizes of aplanozygotes of both snow algae were 
compared.  Sc. tatrae aplanozygotes were significantly 
smaller in term of cell length (17.6−23.1, median 19.5 
vs. 18.35−27 µm, median 22.4), width (10.9−16.2, 
median 12.9 vs. 10.6−16 µm, median 13.2) and length 
to width ratio (1.33−1.8, median 1.55 vs. 1.38−2.04, 
median 1.7) (Figs S1−S4). However, significant differ-
ences in cell sizes were found also among samples of 
Cr. nivalis (Table. 4).

Population density and cultivation assay  
The population density of Sc. tatrae (LP01) was 19 
950±1995 cells.ml–1 meltwater (Table 3). Cultivation 
assays were unsuccessful, and no cell cleavages have 
been observed up to three months after inoculation on 

Figs 5−14. LM micrographs of Chloromonas nivalis subsp. tatrae subsp. nov.: (5−9) mature aplanozygotes which dominated the field sample, 
(5−6) cell wall flanges, (7) focus at cross section view of cells in upright position, showing 10 cell wall flanges, (8) cytoplasm containing pe-
ripheral reddish astaxanthin depots and central greenish spots of the chloroplast, (9) young aplanozygotes with smooth cell walls were rarely 
present; (10) ‚old’ cells, preparing for division (most likely meiotic) by contracting the protoplast after being kept in original meltwater for 
~100 days; (11−12) in a subsequent step, four elongate daughter cells were developed, still surrounded by the mother cell wall, (11) apical and 
(12) lateral view of the smooth walled daughter cells; (13−14) empty secondary cell walls showing (13) straight and (14) slightly undulating 
cell flanges. Scale bar 20 µm.
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solid medium. However, in a field sample kept in its 
original meltwater for approximately 100 days, many 
cells started to contract the protoplast (Fig. 10) and to 
generate four elongate daughter cells (4.5−6.7 µm wide 
× 15.4−20.4 µm long), still surrounded by the mother 
cell wall (Figs 11−12). The constant number of four 
daughter cells points to foregoing meiotic divisions. 
The daughter cell pigmentation was similarly orange–
greenish like that of the mother cell before cleavage.

Phylogenetic analysis
The phylogenetic affiliation of Sc. tatrae was elucida-
ted based on molecular analysis of three nuclear (18S 
rDNA, ITS1 rDNA, ITS2 rDNA) and one plastid mark-
er (rbcL). The 18S rDNA gene sequence of Sc. tatrae 
was identical with Cr. nivalis from the Austrian Alps 
(sample P24/DR4, accession number GU117576.1, 
remias et al. 2010) except for two ambiguous bases 
at the end of the P24/DR4 sequence resulting in iden-
tity 99.9% (identical 1697 from 1699 bases). This a-
ffiliation was supported by comparing the secondary 
structures of the ITS2 region between the Slovak and 
the Austrian populations (letters outside the structure 

indicate differences; Fig. 28): Twenty nucleotide dif-
ferences were found, one in the helices I and II, both of 
them were located in single stranded regions, ten differ-
ences in the most conserved helix III and eight changes 
in expansion segments between the III. helix and LSU 
stem. There was no compensatory base change (CBC; 
changes on both sides of structures which maintain the 
pairing between nucleotides). One hemi–CBC (hCBC; 
change only on one side maintaining the pairing) was 
found in helix III (A–U in Cr. nivalis vs. A–G in Sc. ta-
trae, marked by asterisk in Fig. 28). ITS2 rDNA iden-
tity was 94.5% (identical 342 out of 362 bp). A close 
affiliation between both taxa was deduced also from 
a pairwise comparison of the variable nuclear marker 
ITS1 rDNA, revealing 98.4% identity (identical 308 of 
313 bp; three substitution detected and two ambiguous 
bases in the P24/DR4 sequence). There was no other 
more similar ITS2 sequence in public databases which 
can be used for secondary structure comparison with 
Sc. tatrae since other hits in BLAST search showed 
identity less than 76% and query cover less than 57%. 
The plastid marker (rbcL) of Sc. tatrae was 99.6% 
identical with the corresponding of Cr. nivalis P24/

Figs 15−18. SEM micrographs of mature aplanozygotes of Chloromonas nivalis subsp. tatrae subsp. nov.: (15) cell wall flange reaching from 
pole to pole (white arrow) and an isolated short flange (black arrow); (16) the flange reaches from pole nearly to antapex (black arrow) and 
two flanges are reaching from opposite cell poles and finally touching at the equatorial region of the cell (white arrows); (17) two flanges join 
together, respectively a bifurcation of one flange into two independent is shown (white arrow), moreover, an isolated short flange is present 
(black arrow); (18) apical view of a cell presenting 10 flanges in total (white arrows). Scale bars 2 µm.
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DR4 (560 out of 562 bp, two ambiguous bases in P24/
DR4 sequence were present in one codon, thus one 
amino acid in the product of translation was labelled 
as ´X´, sequenced in this study) and showed a sister 
relationship to Cr. sp. ´Gassan B´ from Japan (iden-
tity 96.5 %, identical 1004 out of 1039 bp, sequence 
LC012743.1, see the phylogenetic tree – Fig. S14 in 
matsuzaki et al. 2015). 

Photosynthesis
In order to test the photosynthetic activity of this 
snow alga, the performance of field samples was mea-
sured under different light levels at the temperature 
of the melting snow habitat (photosynthesis/irradi-
ance–curves). In general, aplanozygotes of Sc. tatrae 
were physiologically active and exhibited an α value 
of 0.19 ± 0.01, a relative ETRmax of 21.8 ± 1.0 and an 

Figs 19−27. TEM micrographs of Chloromonas nivalis subsp. tatrae subsp. nov.: (19−21) young ovoid aplanozygotes, (19) young cyst with 
nucleus (N) smooth primary cell wall (PCW) one compact chloroplast (C) and an undulated cell membrane (CM), (20) detail of a young cyst, 
additionally showing mitochondria (M), (21) detail of the cytoplasm showing numerous ribosomes and Golgi stacks (G), indicating high 
metabolic activity, and vacuoles (V) occupied by electron dense, partly crystalline material; (22−25) intermediate aplanozygotes, (22) several 
smaller peripheral chloroplasts (C) and the nucleus (N), (23) a detail showing a chloroplast (C), the primary (PCW) and the secondary cell wall 
(SCW), (24) flanges at the secondary cell wall surface surrounded by the primary cell wall (PCW), (25) detail of the primary cell wall (PCW) 
and the bi–layered secondary cell wall (SCW) with surface flanges (F), peripheral chloroplasts (C) including starch grain (S); (26−27) mature 
aplanozygotes, (26) fully developed flanges, cytoplasm occupied by large peripheral lipid bodies (L), whereas electron dense vacuoles (V) and 
chloroplasts (C) are centrally located, (27) detail of the bilayered secondary cell wall (SCW), cell membrane (CM), fully developed flange (F), 
chloroplast (C) and crystalline content of electron dense vacuoles (V). Scale bars 1 µm.

8                                                                                                                            Procházková et al.: Chloromonas nivalis subsp. tatrae subsp. nov.



Fig. 28. Comparison of secondary structure of ITS2 rDNA transcripts between Chloromonas nivalis subsp. tatrae (accession number: 
KY499614, this study) and Chloromonas nivalis from the Austrian Alps (accession number GU117576.1, remias et al. 2010). Note the U–U 
mismatch in the helix II (arrowheads). Differences characteristic for the latter are shown by nucleotides outside of the structure. The asterisk 
indicates hemi–compensatory base change.

Ik value of 149 ± 18 µmol.photons.m–2.s–1 (Fig. 29). 
Photoinhibition was noticed from 600 µmol.m–2.s–1 on. 
For comparison, values of Cr. nivalis from the Austrian 
Alps (from remias et al. 2010) were integrated in Fig. 
29 and showed a likewise photosynthetic performance. 
The only difference was a lower parameter Ik about one 

third for Cr. nivalis (Ik = 106 µmol.photons.m–2.s–1). 
The irradiance level from which on Cr. nivalis was sub-
ject to photoinhibition is not known, because applica-
tion of higher irradiance levels in remias et al. (2010) 
were not possible due to technical reasons.
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Pigments
In mature aplanozygotes, chlorophyll–a and –b accoun-
ted for 46.6%, primary (plastidal) carotenoids 12.0% 
and secondary (non–plastidal) carotenoids 41.4%. The 
latter were identified as derivatives of the keto–caro-
tenoid astaxanthin by their spectral absorbance and 
occurred as 3 peaks. Their late retention times the non-
polar region (compared to non–derivative astaxanthin 
standard) of the chromatogram point to the presence 
of astaxanthin esterified with a variety of different 
FAs. The ratio astaxanthin to chlorophyll–a was 1.465. 
Other secondary carotenoids were not detected.

Fatty acid composition
The relative content of FAs (as % of total lipids and as 
% in the three major lipid groups) in Sc. tatrae is given 
in Table 5. FAs with 14 to 18 carbon atoms were detec-
ted. The cells had a high level of PUFAs (49 % in total 
lipids), whereas the content of saturated acids did not 
exceed 34 % (formed mainly by palmitic acid, 16:0). 
The main monounsaturated fatty acid (MUFA) was 
oleic acid (18:1n9, 14 %). The major PUFA were α–li-
nolenic acid (18:3n3, 19%), followed by linoleic acid 
(18:2n6, 10 %), hexadecatetraenoic acid (16:4n3, 7 %) 
and steariadonic acid (18:4n3, 6 %). There were signi-
ficant differences in FA composition among the three 
major lipid classes. The level of saturated lipids was 
the highest in neutral lipids (48 %), whereas PUFAs 
were dominant in phospholipids (67.1 %) and glyco-
lipids (69 %) (Table 5). The total lipid content in the 
biomass was 17.6 % (of dry weight).

Taxonomic treatment
Chloromonas nivalis subsp. tatrae (Kol) Procház-
ková, Remias, Řezanka et nedbalová subsp. nov.
Synonym: Scotiella tatrae kol 1965: 147, figs 1−5, 8−11. 
Basionym: Pteromonas nivalis Chodat 1902: 145, fig. 70.

Description: mature zygote (causing the coloured 
snow phenomenon) elongate to somewhat fusiform, 
16.4−24.0 µm long, 10.0−16.2 µm wide, length to 
width ratio 1.55−1.64, one nucleus, single axial chlo-
roplast or several smaller spherical ones, abundant pe-
ripheral lipid globules containing orange carotenoids 

(astaxanthin to chlorophyll ratio ~ 1.5), two layered 
cell wall, most frequently 10−12 flanges, rarely less (9) 
or more (up to 14) in the equatorial region of the cell 
surface; aplanozygote division into four daughter cells, 
which are smooth–walled elongate 15.4−20.4 µm long, 
4.5−6.7 µm wide; occurring in open sites above tim-
berline; flagellates unknown; no pyrenoid or stigma 
visible; young zygote smooth–walled still without 
flanges, one compact chloroplast.

Holotype: specimen LP01 deposited at Herbarium of 
CAUP (Charles University in Prague), material con-
sists of gold coated aplanozygotes. 
Iconotype: Figs 5−27. 
Etymology: The species epithet tatrae is based on the 
name of the geographic region, the Tatra Mountains, 
where it was found. It is genitive of the substantive 
´Tatra´ and this form corresponds with former descrip-
tion of ´Sc. tatrae´ done by Kol.
Type locality: Snow fields close to the rocky shore of 
Capie Lake (Mlynická Valley), High Tatra Mountains, 
Poprad District, Slovakia.
Distribution: so far known from snowfields on shores 
of four alpine lakes: Okrúhle Lake, Capie Lake, Vyšné 
Kozie Lake (Mlynická Valley) and Upper Sesterske 
Lake (Velká Studená Valley) in the High Tatra 
Mountains, Slovakia.

Remarks: Any deposited material from the first ob-
servation of ´Sc. tatrae´ is unknown. kol (1965) re-
ported 10−12 cell wall flanges on basis of LM. Cr. 
nivalis subsp. tatrae differs from Cr. nivalis sensu 
Chodat (1902) in having mostly 10 or more flanges 
on cross–section instead of 8−9. Besides, Cr. nivalis 
in the Austrian Alps (remias et al. 2010) differs from 
subsp. tatrae physiologically in the accumulation of 

Fig. 29. Comparison of the light–dependent relative electron trans-
fer rate (rETR) between the aplanozygotes of Chloromonas nivalis 
subsp. tatrae (full circles, this study) and Chloromonas nivalis from 
the Austrian Alps (open triangles, remias et al. 2010). Values of ma-
ximum relative electron transfer rate (rETRmax), initial slope (α) and 
saturation irradiance (Ik) for both species are shown. The data points 
were fitted with the model of photoinhibition according to Walsby 
(1997). Each symbol represents the mean value of four and three 
replicate measurements (±SD) for the former and latter species, re-
spectively.

Table 4. Statistical significance in differences of aplanozygotes len-
gth, width and length to width ratio (L:W) between Cr. nivalis subsp. 
tatrae from the High Tatra Mts. and Cr. nivalis from the Austrian 
Alps, and among latter group;  ns − not significant.

Cr. nivalis subsp. tatrae 
vs. Cr. nivalis

among Cr. nivalis

Length <0.0001 <0.005

Width <0.05 <0.05

L:W ra-
tio <0.0001 n.s.
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secondary carotenoids (about three times lower astax-
anthin to chl–a ratio in mature cells for the former) and 
slightly larger cell sizes  of aplanozygotes: (18.4−27 × 
10.6−16 µm). Aplanozygotes of Cr. nivalis from North 
America (hoham et mullet 1977) possess a lower 
number of flanges at cross–section (six to eight), are 
larger (16−37 × 10−27 µm) and lack fusing/diverting 
flanges apart from the apex (the latter are typical for 
Cr. nivalis from the Austrian Alps and for Cr. nivalis 
subsp. tatrae).

dIscussIon

Scotiella tatrae was initially described from red and 
pink snow in the High Tatra Mountains at Okrúhle 
Lake, 2000 m a.s.l. (formerly Döller Lake) where it 
developed an almost monospecific bloom (kol 1965). 
In a much lower extend, Cr. nivalis was also present, 
but no exact proportion to the former was given (´in 
einer kleineren Menge´ according to kol 1965). In 
that report, scattered cells of Chlamydomonas (Cd.) 

nivalis (bauer) Wille, fungi Chionaster nivalis and 
Chionaster bicornis kol were found as well. We collec-
ted our sample from a snow field close to the shore of 
Capie Lake, which is situated about 150 m south from 
the place of the initial observation (Fig. 2). Generally, 
the subspecies tatrae seems to be restricted to the High 
Tatra Mountains and can thus be likely regarded as en-
demic. A single report of scattered cells from elsewhere 
(Kühtai region, 2500 m a. s. l., Tyrolean Alps, Austria) 
by kol (1970) should be questioned, because such ob-
servation of Sc. tatrae in Austrian Alps has never been 
repeated in spite of intensive cryobiological research 
of this region (remias et al. 2010).  

For the population harvested in course of this 
study, the new name combination Cr. nivalis subsp. ta-
trae is proposed, since it shows a very close molecular 
affiliation to Cr. nivalis from the Austrian Alps based 
on the investigated molecular markers (18S rDNA, 
ITS1 rDNA, ITS2 rDNA, rbcL). CBCs in ITS2 secon-
dary structures correlate with Ernst Mayr´s biological 
species concept (Coleman 2009). This hypothesis is 
also referred to as the CBC species concept. In our 
study, no CBCs in conserved parts (helices II and III) 
were detected, however, nucleotide difference in this 

Table 5. Fatty acid composition (as % of total lipids and three major lipid groups) of Chloromonas nivalis subsp. tatrae 
field sample (LP01). The table gives only those fatty acids that have abundances greater than 0.1%. The relative proportion 
of saturated (SAFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids is also given.

Fatty acid % total lipids % neutral lipids % phospholipids % glycolipids

14:0  0.1 0.1 0.1 0.1

16:0 23.2 37.3 15.2 13.8

16:1n9 0.9 0.8 1.0 0.9

16:1n7 1.2 1.5 1.3 1.1

16:2n6 1.4 1.5 1.8 1.7

16:3n4 1.7 1.8 2.3 2.1

16:3n3 1.4 1.1 1.5 1.7

16:4n3 6.7 3.2 7.6 8.5

17:1n8 0.4 0.2 0.3 0.5

18:0 10.1 10.8 4.3 5.3

18:1n9 14.1 18.1 9.8 8.5

18:1n7 1.1 1.2 0.9 0.8

18:2n6 10.3 6.4 15.2 12.5

18:3n6 2.0 1.1 2.2 2.1

18:3n3 19.3 12.8 26.7 28.7

18:4n3 6.1 2.1 9.8 11.7

SAFA 33.4 48.2 19.6 19.2

MUFA 17.7 21.8 13.3 11.8

PUFA 48.9 30.0 67.1 69.0
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variable marker between Cr. nivalis subsp. tatrae and 
Cr. nivalis of about 5.5 % suggests that a molecular 
divergence between them is ongoing. In comparison, 
it was nearly two fold higher than in two strains of 
Cd. reinhardtii p. a. danGeard, NIES–2463 and SAG 
11–32a, which can cross and produce zygotes (3.3 %, 
nakada et al. 2010). On the other hand, it was slight-
ly less than that between Microglena basinucleata 
demChenko, mikhailyuk & prӧsChold and M. mo-
nadina (ehrenberG) stein (5.9 %), recently separated 
taxa based on polyphasic approach including several 
CBCs in helix III (demaChenko et al. 2012). On the 
other hand, even in absence of any CBC, algae may be-
long to the different species with a probability of 0.24 
(WolF et al. 2013) because total loss of gamete compa-
tibility may be observed sooner than any CBC appear 
in the most conserved region of helix III (Coleman 
2009). Between Cr. nivalis and subsp. tatrae, there 
were found similarities in the intracellular organizati-
on of aplanozygotes, cell sizes, photosynthetic perfor-
mance and type of preferred habitat (see remias et al. 
2010). However, the significant differences in cell wall 
surface organization, a feature of taxonomic relevance, 
that seems to be stable considering no detectable chan-
ges since first descriptions of this snow alga several 
decades ago, justified the setup of a new subspecies. It 
remains open, if hybrids between subsp. tatrae and the 
main form of Cr. nivalis occur.

Ecology
Low electrical conductivities and slightly acidic pH 
were characteristic for the habitat of Cr. nivalis subsp. 
tatrae (Table 3). These findings are in good agree-
ment with environmental conditions recorded for 
Cr. nivalis in the Austrian Alps (pH = 4−6.2, EC = 
2.8−7.2 µS.m–2.s–1; remias et al. 2010). pH values of 
snow meltwater with algae present were summarised 
in hoham et al. (2007). They ranged from 3.8 to 8.1, 
with Cr. pichinchae Wille in the most acidic environ-
ment close to coniferous trees (hoham 1975) and Cr. 
polyptera  (FritsCh) hoham, mullet & roemer in the 
most alkaline meltwater influenced by a guano input 
from close penguin colonies (linG & seppelt 1998). 
Similarly high pH of meltwater (7.7−7.9) was caused 
by input of volcanic ash (lutz et al. 2015). Meltwater 
conductivities with snow algae present varied from <1 
to 950 µS.m–2.s–1. For instance, the very low values 
were found in arctic habitats of red orange cells affili-
ated to clade of Cd. nivalis (EC= 0.83) and Cr. nivalis 
(EC= 7.4) in Svalbard (müller et al. 1998). High EC 
was reported from the environment of Cr. polyptera in 
Antarctica in close proximity to bird colonies (linG & 
seppelt 1998). The snow water contents in snow sur-
face samples containing Cr. nivalis subsp. tatrae are 
in good agreement with Cr. nivalis (45−52 %; hoham 
& mullet 1977). This parameter is influenced by air 
temperatures during day and depends also to the depth 
of sampling (hoham & mullet 1977). Generally, the 

availability of liquid water in the snow influences the 
life cycle development of Chloromonas snow algae: 
sexual stages occur if SWC is lower (47−54 %), where-
as the asexual phase dominate during a higher SWC 
values (57−63 %, hoham & duval 2001). The popula-
tion density of Cr. nivalis subsp. tatrae was twice times 
higher than the detection limit from which on snow 
discolouration can be recognized by bare eyes (>104 
cells per ml–1 of meltwater; hoham & duval 2001). 
Generally, the intensity of colouration may change in 
dependence on the cellular pigment composition, pre-
vailing life cycle stage and the seasonality. Due to melt 
water flush out processes, cryoflora can have an impor-
tant impact on biota feeding on algae in adjacent lakes. 
The period of serious acidification of the High Tatra 
lakes in the 20th century was accompanied with a de-
crease of phytoplankton biomass to nearly zero values. 
The inflow of cryoflora (probably mainly Cr. nivalis 
subsp. tatrae) into Okrúhle Lake was thus believed to 
be the key food supply for planktonic calanoid cope-
pod Arctodiapomus alpinus imhof that enabled its sur-
vival despite of the acidification–induced processes of 
oligotrofication (hoŘiCká et al. 2006).

Morphology and ultrastructure
The aplanozygote sizes of ‘rediscovered’ populations 
of Sc. tatrae (16.4−24 × 10−16.2 µm) fit to the origi-
nal description (18−24 × 12−15 µm; kol 1965). The 
morphological similarity of ´Sc. tatrae´ and Cr. nivalis 
(formerly Sc. nivalis) was confirmed earlier by a cluster 
analysis where all species with Scotiella–like morpho-
logy were included (komáromy 1982). The striking 
difference is a morphologic variation: most commonly 
10 to 12 flanges per cell in cross–section typical are a 
constant feature for Cr. nivalis subsp. tatrae. On the 
contrary, Cr. nivalis aplanozygotes from the Austrian 
Alps have usually 8 to 9 flanges only (remias et al. 
2010). In both taxa, the organization of flanges is con-
sistent, except for the rare case of two flanges reach-
ing from opposite cell poles and finally touching at the 
equatorial region of the cell (Fig. 16), which has not 
been observed in Cr nivalis from Alps. The aplanozy-
gote sizes of the new subspecies were slightly smaller 
than those of the relative from the Alps. However, a 
large variability of aplanozygote lengths among sam-
ples of Cr. nivalis (Fig. S1, Table 4) is probably re-
flecting individual growth conditions depending on the 
date of sampling in course of the season, and further-
more the abiotic microhabitat and weather conditions 
before sampling. The known life cycle of Cr. nivalis 
comprises vegetative flagellates which cleave into two, 
four, eight or sixteen daughter cells. Daughter cells 
behave as zoospores or gametes. Generative fusion of 
two gametes leads to development of a quadriflagel-
late motile zygote. After a while, loss of flagella takes 
place (transformation to an aplanozygote), the primary 
cell wall is shed and exposing the developing secon-
dary wall structures of the zygote (hoham & mullet 
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1977). For Cr. nivalis for the Alps, swarmers with four 
flagella were many times found in the field, another 
indication of sexual reproduction is the empty shed 
cell wall directly after the putative fusion (remias et al. 
2010). As subsp. tatrae is closely related to the main 
form, asumption was made that observed cells were 
aplanozygotes indeed. This concept is supported by 
the observation of a fading primary cell wall in this 
study, surrounding young aplanozygotes (´PCW´ in 
Figs 19−20). The secondary aplanozygote cell wall is 
formed below (´SCW´ in Figs 22−25) and later made 
of two distinguishable layers, whereat the inner layer 
is more electron–dense (Figs 26−27). Differently to 
our own field observations, linG & seppelt (1998) 
and hoham et al. (2002) reported that two snow algal 
species from the genus Chloromonas can form cysts 
directly from vegetative flagellates without sexual fu-
sion (vegetative hypnoblasts). Cr. nivalis subsp. tatrae 
zygotes started to cleave in original meltwater approxi-
mately 100 days after sampling and developed four 
elongate daughter cells. Timing of cleavage and daugh-
ter cell shapes were consistent with observation for Cr. 
nivalis from the North America. Cell sizes were about 
one third larger for the latter one (6−10 µm × 19−28 
µm in hoham & mullet (1977). 

Cytosolic, electron dense vacuoles, commonly 
filled with striking crystalline structures at the TEM le-
vel (Fig. 21), play a role in intracellular polyphosphate 
and polyamine storage (ota et al. 2016). Despite their 
abundant presence, they have been frequently neglec-
ted for microalgae. Cr. nivalis subsp. tatrae possesses 
these membrane–bound depots, like many other snow 
algae (remias 2012). Accordingly, ubiquitous lipid 
bodies play a significant role to overcome demanding 
situations in the beginning of the seasonal life cycle (e. 
g. as storage of energy for flagellate migration towards 
snow surface in spring). Their localization at the cell 
periphery, together with the accompanying accumula-
tion of astaxanthin, provides a protection of centrally 
located organelles like chloroplast and nucleus against 
harmful UV or excessive visible irradiation. The reor-
ganization of a single chloroplast of vegetative cells 
(Fig. 19 – note thylakoids arranged in distinct clusters, 
a putative preparation for plastid rearrangement) into 
several smaller sections during aplanozygote matura-
tion (Figs 22, 26) has been observed at all known spe-
cies of Chloromonas from snow (remias et al. 2010). 
Several plastids types may be present in a single speci-
es during its life cycle, such as occur in Cr. chenango-
ensis hoham, berman, roGers, Felio, ryba et miller 
and Cr. tughillensis hoham, berman, roGers, Felio, 
ryba et miller from snow (hoham et al. 2006). Thus, 
paying attention only to vegetative stages of chlamy-
domonads kept in laboratory cultures can lead to partly 
misleading conclusions in case much emphasis is pla-
ced on chloroplast morphology (matsuzaki et al. 2014, 
2015), but the change of plastid shapes during life cycle 
is not considered. Physiological adaptation of observed 

intracellular reorganisation may be following: this raise 
in plastid membrane surface to volume ratio provides 
probably advantages due to better metabolite exchange 
for survival in drastically changing cold habitats at the 
end of growing season. Also the development secon-
dary cell wall flanges during aplanozygote maturation 
can be generally regarded as a mechanism of mechani-
cal protection, which becomes effective after complete 
snowmelt and cells are subject to draught when expo-
sed at bare rock surfaces (remias 2012). 

Other genetically and morphologically related snow 
algal species 
Zygotes of Cr. cf. nivalis have been recorded from all 
continents except Australia (kol 1968; duval et al. 
1999). However, according to 18S rDNA and rbcL 
phylogeny, Cr. nivalis–like aplanozygotes were found 
in at least four independent lineages, and each lineage 
is located in a different geographic region (Japan, 
Svalbard, North America and Europe; see the phy-
logenetic tree in Fig. S13 in matsuzaki et al. 2015), 
suggesting a geographical barrier of dispersion or iso-
lation. Another explanation could be an independent 
snow colonization several times in the evolution his-
tory of ´Cr. cf. nivalis´. 

Zygotes of the snow alga Cr. pichinchae from the 
North America were reported to resemble ´Sc. tatrae´ 
in number of flanges per cell [(6)9−11(15)] and cell 
size (17−20 × 11−14 µm) (hoham 1975). Accordingly, 
hoham & mullet (1978) suggested in their taxonomic 
notice that ´Sc. tatrae ´ is a zygotic stage of Cr. pich-
inchae.  However, strain Cr. pichinchae UTEX SNO 33 
is well separated from the Cr. nivalis from the Austrian 
Alps according to 18S phylogeny (see Fig. S13 in 
matsuzaki et al. 2015). Independent evolution can be 
inferred also from ecology, because Cr. pichinchae pre-
fers shaded habitat under heavy forest canopy (hoham 
1975) whereas Cr. nivalis subsp. tatrae causes blooms 
at exposed sites above timberline. Cr. hohamii linG & 
seppelt is another morphologically related snow algae, 
however with a higher numbers of usually undulating 
flanges per cell [12−16(20)] (hoham et al. 1983; linG 
& seppelt 1998). Additionally, it has, like in the case 
of Cr. pichinchae, a different molecular affiliation than 
Cr. nivalis subsp. tatrae. The 18S rDNA sequence of 
Cr. hohamii UTEX SNO 67 represents an independent 
lineage (see Fig. S13 in matsuzaki et al. 2015) which 
is also supported by a different geographical distribu-
tion (hoham et al. 1983, linG & seppelt 1998). The 
sister lineage to Cr. nivalis from the Austrian Alps 
(and thus to Cr. nivalis subsp. tatrae) is represented by 
Cr. polyptera (based on 18S phylogeny in matsuzaki 
et al. 2015), a snow algae described from Maritime 
Antarctica (FritsCh 1912). The putative vegetative 
hypnoblasts of this species occur in coastal, penguin–
influenced places and differ morphologically in pos-
sessing a very high number of flanges (18−23 per cell; 
akiyama 1979), in preference of neutral to alkaline pH 
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(6.7−8.1; linG & seppelt 1998) and in elevated sup-
ply of nutrients from bird colonies (electrical conduc-
tivity 56−950 µS.cm–1 in linG & seppelt 1998; 42−95 
µS.cm–1 in remias et al. 2013). Contrary, habitat condi-
tions Cr. nivalis subsp. tatrae are characterised by low 
conductivities and slightly acidic pH (Table 3). 

Recent approaches use effective high–through-
put sequencing protocols to elucidate OTUs (operati-
onal taxonomic units) and their abundances in whole 
cryoflora communities, thus describing the biodiversi-
ty of snow microbiomes (lutz et al. 2016). Apparently, 
the use of a single gene for eukaryotes, especially when 
only sections of the conservative 18S rDNA are availa-
ble by this method in the context of Chlorophyta, does 
not provide sufficient resolution to reflect the actual ta-
xonomic richness. Cr. nivalis subsp. tatrae is an exam-
ple that a ‘rare‘ or regionally distributed taxon could 
be overseen depending on the used gene, because clear 
morphologic differences to the standard form of Cr. ni-
valis cannot be evaluated by using 18S rDNA. 

Pigment composition 
The survival of microalgae at exposed, nutrient–poor 
snow surfaces frequently goes along with the accumu-
lation of secondary carotenoids (remias 2012). One the 
one hand, these pigments effectively absorb excessive 
visible and near ultraviolet irradiation, thus protecting 
the photosystems against photoinhibition (bidiGare et 
al. 1993). On the other hand, carotenoids are nitrogen–
free compounds which can be abundantly synthesized 
also in nitrogen–poor habitats. So far, Chlorophycean 
snow algae have been reported to accumulate exclu-
sively astaxanthin and derivatives, which are stored in 
cytoplasmic lipid globules (remias et al. 2016). It is 
the same with Cr. nivalis subsp. tatrae, which’s pig-
ments have, to our knowledge, been analysed for the 
first time. Generally, the cellular amount of astaxanthin 
in microalgae is illustrated as a relative ratio to chloro-
phyll (bidiGare et al. 1993; remias & lütz 2007). This 
ratio reflects either the level of aplanozygotes maturity 
during life cycle (the higher ratio, the older the cells; 
remias et al. 2010), or in a tentative chemotaxomical 
approach, it shows a distinct range of ratios found for 
certain clades or taxa. For example, the astaxanthin 
to chlorophyll ratio was three times higher for mature 
aplanozygotes of Cr. nivalis subsp. tatrae than that of 
comparable cells of Cr. nivalis from the Austrian Alps 
(remias et al. 2010). This suggests a higher tolerance 
to excessive irradiation for the former population, but 
still five times lower values in comparison with dark 
red cells of the common snow alga Cd. nivalis, which 
is usually found at the most exposed high alpine and 
polar sites (remias et al. 2005). The relative propor-
tions of pigment classes in aplanozygotes of Cr. nivalis 
subsp. tatrae and Cr. nivalis (remias et al. 2013) slight-
ly differ, containing twice as many secondary carot-
enoids, but one third less primary carotenoids and one 
quarter less chlorophylls for the former alga. In both 

cases, astaxanthin was the only secondary carotenoid. 
Accordingly, the cellular astaxanthin content reflects 
the specific snow coloration such as brownish–red for 
subsp. tatrae or blood– to crimson red snow for Cd. 
nivalis (remias et al. 2005). 

Photosynthesis 
The adaptation of Cr. nivalis subsp. tatrae to rather high 
irradiation conditions can be deduced not only from 
abundant levels of astaxanthin, but also from its pho-
tosynthetic performance, such as high light saturation 
point (Ik = 149), light saturation rate (ETRmax = 21.8) 
and the irradiance level from which on, photoinhibi-
tion takes place (600 µmol photons m–2.s–1). Moreover, 
photosynthesis showed positive rETR values even at 
irradiance levels (< 2100 µmol.photons.m2.s–1) close to 
full sunlight (up to 2500 µmol.m–2.s–1 at Ľadové Lake 
with an elevation of 2057 m, the High Tatra Mountains; 
unpublished results from the automatic meteorological 
station). Cells may be subject to such irradiances and 
have to cope with photoinhibition when they are accu-
mulated on snow surface due to proceeding snow melt. 
Additionally, this species is also able to perform well 
under low light conditions: Since penetration of irra-
diation decreases logarithmically with depth of snow 
column (Gorton & voGelman 2003), a high alpha 
value of 0.19 supports cells located a few centimetres 
below the snow surface to perform positively. In com-
parison, mature aplanozygotes of Cr. nivalis from the 
Austrian Alps seems to be saturated by light at slightly 
lower irradiance levels (Ik=106) what is probably relat-
ed to their lower astaxanthin content. Flagellate stages 
of Cr. nivalis are lacking secondary pigments (hoham 
& mullet 1977). One of their protective mechanisms 
against high irradiance is believed to be the active mi-
gration to deeper parts of the snow pack (kvíderová 
2010). Diurnal decrease of rETR and alpha value dur-
ing noon and successful recovery a few hours later in 
response to irradiance at open sites was documented 
for vegetative flagellates tentatively designed as Cr. cf. 
nivalis (kvíderová 2010). The preference of low irra-
diances (about 100 µmol.photons.m–2.s–1) for flagellate 
stages of Cr. nivalis originating from shady sites was 
demonstrated (stibal 2003). Similar irradiance levels 
below tree canopy were found in the upper 5 cm of 
snowpacks containing populations of Cr. hohamii and 
Cr. nivalis in the North America (hoham et al. 1998) 
and were proven to be optimal for mating of Cr. tughil-
lensis and Cr. chenangoensis at  lab conditions (hoham 
et al. 2006). In our study, we have shown physiological 
borders for photosynthesis of aplanozygotes of Cr. ni-
valis subsp. tatrae, whereas growing optima of vegeta-
tive stages remain unknown due to a lack of cultures.

Fatty acid composition
The desaturation of FAs in biomembranes is consid-
ered as one of the main mechanisms of adaptation and 
acclimation of photosynthetic microorganism to cold 
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environments (morGan–kiss et al. 2006). The number 
and position of double bonds together with FA chain 
length markedly influence melting point (MP) of FA 
and thus fluidity, permeability and stability of biological 
membranes (e.g. MP = –11.58 °C for α–linolenic acid; 
MP = 65.45 °C for palmitic acid, 16:0; knothe & dunn 
2009). For example, the levels of oleic acid (18:1n9) and 
α–linolenic acid (18:3n3) decreased in thylakoid mem-
branes upon increase of exposure temperatures from 
low to mesophilic (lukeš et al. 2014). The α–linolenic 
acid as the dominant unsaturated FA in cells of Cr. ni-
valis subsp. tatrae (19.3 % in total lipids) is consistent 
with profiles of other Chloromonas species harvested 
from snow (Cr. pichinchae, 22.9−25.7%; Řezanka et 
al. 2014) or of a strain kept in nitrogen deficient me-
dium (Cr. nivalis CCCryo 005–99, ~35%; spijkerman 
et al. 2012). A high contribution of this FA seems to 
be typical for all 22 Chloromonas species screened 
in the study of lanG et al. (2011) (average 27 %). 
On the contrary, snow algae from a different clade re-
lated to Cd. nivalis, show a dominance of oleic acid 
(~59 %: bidiGare 1993; ~45%: spijkerman et al. 2012), 
suggesting that phylogenetic aspects can play a role in 
native FA patterns within the Chlamydomonadales. 
This study showed that FAs containing C16 and C18 
chains with 0 to 4 double bonds were dominating in 
aplanozygotes of Cr. nivalis subsp. tatrae. A different 
profile with dominating medium to long chain FAs of 
C11 to C18 chains with 0 to 5 double bonds were found 
in snow dwelling flagellates of Cr. brevispina (FritsCh) 
hoham, roemer & mullet (Řezanka et al. 2008). The 
high level of PUFAs of Cr nivalis subsp. tatrae (48%) 
is comparable with field samples of other Chloromonas 
species from snow (Cr. brevispina, 74%, Řezanka et al. 
2008; Cr. pichinchae, 59–70%, Řezanka et al. 2014) 
and reflects a suitable strategy for life at temperatures 
close freezing point (kvíderová 2010). The proportion 
of PUFAs in Cr. nivalis subsp. tatrae was nearly 70% 
in lipid groups associated with membranes, and it was 
twice lower in neutral lipids which are likely deposited 
in cytosolic lipid bodies as storage products (thompson 
1996). Generally, this is in agreement with data pub-
lished on other microalgae, where PUFA content of the 
glycolipid and phospholipid fractions was higher than 
that of the neutral lipid fraction (e.g. henderson et al. 
1998). However, this pattern is extremely pronounced 
in Cr. nivalis subsp. tatrae suggesting that the high ac-
cumulation of PUFAs in membranes is important for 
its survival in the harsh snow environment.

conclusIon
In summary, Cr. nivalis subsp. tatrae can be presu-
mably regarded as an endemic variation of a common 
cryoflora species. It has been found so far only in the 
High Tatra Mountains (Slovakia). According to the 
analysis of several molecular markers, it is closely 

related to Cr. nivalis from the Austrian Alps. Despite 
having similar physiological performance and ecolo-
gical requirements, they differ in the abundance of se-
condary carotenoids and certain morphological traits. 
Aplanozygotes (Cr. hohamii and Cr. pichinchae) and 
putative vegetative hypnoblasts (Cr. polyptera) of fur-
ther morphologically similar species living in snow 
can be distinguished by different habitat ecology, mo-
lecular traits and morphological details like number 
of flanges. High levels of polyunsaturated fatty acids 
were detected especially in membrane lipids. The ta-
xonomic affiliation of Cr. cf. nivalis–like species in-
habiting further localities in the High Tatra Mountains 
listed in (kol 1975a, b) and lukavský (1994) is still 
unclear. A phylogenetic position of other Scotiella spe-
cies associated with snow (e.g. Sc. norvegica kol) is 
lacking. To our experience, establishing cultures from 
aplanozygotes remains difficult. A polyphasic appro-
ach including molecular analysis of multiple DNA re-
gions, description of ecology, cytology and physiology 
might help to reveal species identity of snow algae and 
evaluate biodiversity of polar and alpine regions.
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Table S1. Collection data and sample codes of mature aplanozygotes of Chloromonas nivalis from exposed snow fields in the Austrian Alps. 
Electrical conductivity (EC; µS.cm–1) and pH of meltwater are given. Furthermore, sizes of cells in µm ± SD (standard deviation), length to 
width ratio (L:W ratio) ± SD and snow colour are shown; n/a– not available.

Code Date Location, Altitude 
(m)

EC pH cell length cell width L:W ratio snow colour

P12 16 June 2002 Kalkkögel, 1950 n/a n/a 22.8 ± 1.5 13.19 ± 0.9 1.73 ± 0.1 orange

P24/DR4 19 August 2004 Kühtai, 2478 3.6 6.0 21.5 ± 1.6 12.95 ± 1.3 1.67 ± 0.11 orange/brown

DR43 24 July 2008 Kühtai, 2503 4.9 4.6 21.8 ± 1.8 12.6 ± 1.0 1.73 ± 0.11 yellow/brown

GK05 3 June 2009 Kühtai, 2419 5.4 6.2 22.0 ± 1.6 13.4 ± 1.1 1.65 ± 0.15 orange/brown

GK09 1 July 2009 Kühtai, 2463 7.2 5.4 23.5 ± 1.8 14.0 ± 1.0 1.69 ± 0.13 pink

Fig S1. Comparison of lengths of mature aplanozygotes between 
Chloromonas nivalis subsp. tatrae (LP01) and Chloromonas niva-
lis from the Austrian Alps (P12, P24/DR4, DR43, GK05, GK09). 
Details of sample locations are listed in Table 1 and Table S1. Note 
that the reported size of Scotiella tatrae was 18−24 µm (Kol 1965).

Fig S2−S4. Comparison of lengths, widths and length to width ratio (L:W) of mature aplanozygotes between Chloromonas nivalis subsp. tatrae 
(one sample) and Chloromonas nivalis from the Austrian Alps (five samples). Note that the reported cell lengths and widths of Scotiella tatrae 
were 18−24 µm and 12−15 µm, respectively (Kol 1965). Statistical significance of differences is shown in Table 4.
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Ecology, cytology and phylogeny of the snow alga Scotiella cryophila K-1

(Chlamydomonadales, Chlorophyta) from the Austrian Alps
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ABSTRACT: Long-lasting, slowly melting snowfields in mountainous regions are frequently populated by specialised
microalgae whose diversity is still vastly underestimated. Cysts causing sub-surficial green snow were collected in the
Austrian Alps, Tyrol, and morphologically accorded to the snow alga Scotiella cryophila sensu Chodat, initially described
from Switzerland. The cytology and photobiology of this population were investigated to understand mechanisms of
adaptation to the harsh habitat. Cysts of S. cryophila K-1 had secondary cell walls with pronounced rib-like surface
structures and contained several small spherical plastids. The cytoplasm was dominated by lipid bodies, which developed
reddish secondary pigmentation. Partial life cycle observations showed that daughter cells lacked structured cell walls.
Cysts performed active photosynthesis at temperature conditions close to the freezing point and were photoinhibited at
irradiances greater than 70 lmol m�2 s�1. This corresponded exactly to habitat conditions 20 to 40 cm below the snow
surface. Phylogenetic analyses using 18S rDNA, rbcL and ITS2 rDNA sequences indicated that S. cryophilaK-1 is related
to Chloromonas, known to contain several snow algae. The taxon forms an independent lineage and is clearly genetically
distinct from the type strain of Chloromonas rosae var. psychrophila from North America that is supposed to have
morphologically identical cysts. For a taxonomic treatment including a species assignment of S. cryophila K-1 from
Europe within Chloromonas, flagellates will have to be cultivated from cysts or from acquired field material for a detailed
morphological description. Acquisition and genetic analysis of cysts that resemble S. cryophila from America could
elucidate their relationship to European samples.

KEY WORDS: Cryoflora, Cryospheric algae, Cysts, Extremophiles, Fluorometry, Ultrastructure

INTRODUCTION

Blooms of snow algae can cause green, orange, yellow or red
snow discolourations, depending on prevailing cell pigmen-
tation (Hoham & Duval 2001; Anesio et al. 2017). In a
global context, snow and glacial algae are considered to play
a role in accelerating Arctic snow melt due to albedo
reduction driven by their abundant secondary pigments.
Thus, they should be incorporated into climate models (Lutz
et al. 2016; Ganey et al. 2017). Members of Chlamydomo-
nadaceae (Chlorophyceae) dominate these extreme habitats,
most likely because of (1) morphological and physiological
adaptations of their life cycles to low or comparable high
temperatures before and after snowmelt, (2) temporary or
restricted availability of liquid water, or (3) extreme
ultraviolet and visible irradiation at the snow surface
(Komárek & Nedbalová 2007; Lukeš et al. 2014; Cvetkovska
et al. 2017).

We investigated a snow alga that morphologically matches
the previously described Scotiella cryophila Chodat (Chlor-

ophyceae, Chodat 1922). This species is not known to cause
striking monospecific blooms at the snow surface, unlike
many other snow algae. The alga investigated here was
collected in the Kühtai region (K-1) of the Austrian Alps and
characterised by its cytology, photobiology and phylogeny.
It was initially described from Switzerland (Chodat 1922),
and scattered cells were further reported from the Giant
Mountains in the Czech Republic (Nedbalová et al. 2008),
the High Tatra Mountains in Slovakia (Kol 1968), Scotland
(Light & Belcher 1968), Greenland (Kol 1968) and North
America (Arizona, New York and Vermont; Hoham et al.
2002). This taxon is recognized by having oblong, immotile,
fusiform cells with undulating or alternating surface ribs,
several disc-like plastids and occasional reddish pigmented
‘droplets’ close to the cell poles. Species of Scotiella were
initially considered to develop daughter cells with the same
ribbed wall morphology as the mother cells. Later, it was
shown that daughter cells of several species of ‘Scotiella’
inhabiting snow lack any cell wall ornamentation, and the
stage of Scotiella was recognized either as a vegetative cyst or
a generative zygote (Hoham & Mullet 1977). Thus, these
taxa were transferred to the genus Chloromonas (e.g. Hoham
& Mullet 1978). Using a strain isolated from snow in the
White Mountains, Arizona, Chloromonas rosae var. psychro-
phila Hoham, Bonome, Martin, & Leebens-Mack was
proposed as a synonym of S. cryophila (Hoham et al.
2002). However, it is unknown if the type strain of C. rosae
var. psychrophila (consisting of flagellates) is genetically
identical to the cysts that caused the field bloom. Further-
more, it is not clear if snow algae with identical cyst
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morphology from elsewhere belong to the same species or
not.

The major aim of this study was to determine if the cyst
population of the Kühtai region 1 (K-1) of Scotiella
cryophila from the European Alps was morphologically
and phylogenetically related to other similar extremophilic
algae living in snow. Because harvested cells dominated sub-
surficial layers, covered by a white snow pack, we wanted to
determine whether the photobiology was adapted to low
irradiances. This is ecologically significant, since light
penetration through snow decreases logarithmically with
depth (Gorton et al. 2001). Finally, in order to find the
correct phylogenetic position, a combination of the three
molecular markers (18S rDNA, rbcL and ITS2) was applied.
This revealed that the type strain of Chloromonas rosae var.
psychrophila (UTEX SNO47) from North America is not
related to the blooms of S. cryophila K-1 in alpine snow in
Europe. Since Scotiella is invalid for species where daughter
cells have smooth walls instead of ribbed ones, and the
epithet cryophila already exists in Chloromonas (Hoham &
Mullet 1977), a nomen novum for this taxon will be necessary
once flagellates can be described.

MATERIAL AND METHODS

The green cryoflora was collected 5 June 2009 (sample
GK02) and 30 May 2017 (sample WP125) in Austria
(Tyrol, district Imst at Kühtai Valley, between Schwarz-
moos and Gossenkölle Lake). Global positioning system
locations and altitude were 47813.748 0N, 11800.704 0E, 2432
m (GK02) and 47813.754 0N, 11800.718 0E, 2435 m
(WP125), respectively. First, surface snow was removed,
and then cells at depths of about 20–30 cm were harvested
into buckets with a stainless steel shovel. Snow was gently
melted at 48C in the dark. Some of the cells were
intentionally kept at these conditions in the meltwater
and additionally illuminated with approximately 40 lmol
photons m�2 s�1 for several weeks to follow the further
development of the cysts. Electrical conductivity and pH
of the meltwater were measured immediately after melting
with a conductometer from WTW Instruments (Weilheim,
Germany). Light conditions in the snow were acquired
with a PMA2100 logger equipped with a photosynthetic
active radiation (PAR) sensor PMA2131 (Solar Light,
Glenside, Pennsylvania USA). Light microscopy (LM) and
cell size measurements were performed with a Zeiss
Axiovert 200M, photomicrographs taken with an Axiocam
MRc5 (Zeiss, Oberkochen, Germany). The protocols
described in Procházková et al. (2018a) were used to
determine cell concentration per meltwater volume and to
study cell wall structure by scanning electron microscopy
(SEM). The ultrastructure of the cells was investigated by
transmission electron microscopy (TEM) according to
Remias et al. (2010). Permanently cryopreserved cysts of
Scotiella cryophila K-1 collected 5 June 2009 (field sample
GK02) were deposited at the Culture Collection of Algae
of Charles University in Prague (CAUP), Czech Republic.

For evaluation of the light-dependent plastid photon flux
rates, in vivo chlorophyll fluorescence measurements were

performed with a PAM 2500 in a 0.6 ml suspension cuvette
KS-2500 (Walz GmbH, Effeltrich, Germany) at 18C. To
measure the relative electron transport rate (rETR) and the
light saturation point Ik, cells from sample WP125 were
exposed to photon flux densities (PFD) of 5, 9, 34, 67, 104,
201 lmol photons m�2 s�1 for 30 seconds each. Four
independent replicates were measured. For further details see
Procházková et al. (2018a).

For genetic analyses, the type strain of Chloromonas rosae
var. psychrophila SNO47 was acquired from UTEX (Hous-
ton, Texas USA).

Total genomic DNA was extracted according to
Procházková et al. (2018a). The 18S small subunit
ribosomal RNA gene (18S rDNA), internal transcribed
spacer regions 1 and 2 (ITS1, ITS2 rDNA) and ribulose-
1,5-bisphosphate carboxylase/oxygenase large subunit
(rbcL) gene regions were amplified from DNA isolates
by polymerase chain reaction using existing primers (Table
S1). Amplification and sequencing reactions for these
markers were identical to those described by Procházková
et al. (2018a). The obtained sequences were submitted to
the National Center for Biotechnology Information
(NCBI) Nucleotide sequence database (accession numbers
Table S2). The methods of annotation and prediction of
the secondary structure of the nuclear rDNA ITS2 region
were the same as those described by Procházková et al.
(2018a). The ITS2 sequences of Scotiella cryophila K-1
(this study) and Chloromonas nivalis Gassan-B (Matsuzaki
et al. 2015) were aligned using the sequence-structure
analysis in 4SALE (Seibel et al. 2006, 2008) in order to
find compensatory base changes (CBCs). Manual valida-
tion and correction of alignment were included. The
secondary structure of nuclear rDNA ITS2 was drawn
using VARNA version 3.9 (Darty et al. 2009). 18S rDNA
alignment contained 41 sequences (1668 bp); rbcL matrix
consisted of 38 sequences (1128 bp); members of the clade
of Reinhardtii, the clade of Oogamochlamys and the clade
of Carteria sensu Pröschold et al. (2001) were selected as
the outgroup. The best-fit nucleotide substitution model
was estimated by jModeltest 2.0.1 (Posada 2008). Based
on the Akaike Information Criterion, the ‘TIM1 þ I þ G’
model was selected for 18rDNA. Three partitions were set
for rbcL gene sequences and the following substitution
models were applied: ‘TIM1 þ I þ G’ (first codon
position), ‘GTR þ I þ G’ (second codon position) and
‘TIM3 þ I þ G’ (third codon position). The 18S rDNA
and rbcL phylogenetic trees were inferred by Bayesian
inference (BI) and maximum likelihood (ML) according to
Nedbalová et al. (2017), with the minor modification that
Markov Chain Monte Carlo runs were carried out for
three million generations in BI. Convergence of the two
cold chains was checked by the average standard deviation
of split frequencies (0.000738 and 0.000943 for 18S rDNA
and rbcL dataset, respectively). Bootstrap analyses and
Bayesian posterior probabilities were performed as de-
scribed by Nedbalová et al. (2017).

For evaluating the additional growth of Scotiella cryophila
K-1 during cyst maturation, length, width and the length to
width ratio determined directly after the harvest (GK02,
WP125) were compared with those kept for 3 months in
laboratory conditions (GK02 old, WP125 old). Statistical
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analyses followed Procházková et al. (2018a), and the
Mann–Whitney test was used for testing the hypothesis that
the median of two groups was identical.

RESULTS

Habitat description

The sampling location in the Austrian Alps (47813.7480N,
11800.7040E) was flat and slightly southwest orientated. The
snowfield was exposed above timberline, the underground was
scree, and some larger granite rocks were not snow covered
(Fig. S1). In June 2009, the snow surface was red and
dominated by spherical cysts ofChlamydomonas nivalis (Bauer)
Wille to approximately 10 cm depth. After removing about 20
cm of snow, a band of green snow dominated by oblong
fusiform cysts was found and harvested (GK02). Eight years
later, in late May 2017, the surface at practically the same
location appeared uncoloured; however, a green band at 20 to
30 cm depth with the same species (WP125) was found and
harvested (Fig. S2). Further algae that co-occurred in 2017
were scattered cells of C. nivalis, Chloromonas brevispina
(Fritsch) Hoham, Roemer & Mullet and an undetermined
unicellular biflagellate chrysophyte. The water content of this
snow layer was 49.2 6 3.2%. The meltwater had an electrical
conductivity of 7.0 lS cm�1 and a pH of 5.5 in 2009, and 9.0 lS
cm�1 and pH of 5.1 in 2017. At noon, PAR 20 cm below the
snow surface accounted for 2% of surface amounts during
sunny weather (40 vs 2062 lmol m�2 s�1) and 1.4% in cloudy
conditions (12 vs 836 lmolm�2 s�1). In 2017, the concentration
at themargin of the bloomwas 1325 cells ml�1 snowmeltwater.

Morphological description

The elongate cysts had a fusiform shape (Fig. 1), were 33.3 6

3.0 lm long (mean 6 s; n¼92) and 10.5 6 2.0 lmwide, with a
length to width ratio from 2.1 to 4.7 (3.3 6 0.5; WP125 and
GK02 averaged together; sizes of each sample shown
separately in Figs S3–S5). Many cells were in the process of
shedding a smooth outer cell wall (Fig. 2), leaving a secondary
wall with straight to undulate ribs (Figs 3, 4), which sometimes
alternated toward the cell poles. The cytoplasm of young cysts
was dominated by a parietal chloroplast, which was obviously
rearranged during maturation to irregular band-like sections,
and finally into small spherical plastids (Fig. 5). During
sampling, only a few cells contained reddish lipid globules;
however, after aging for 3 months at low irradiance in
laboratory conditions, virtually all cells developed peripheral
secondary pigmentation (Fig. S6). Under the same conditions,
many cells underwent two cell divisions. First, the protoplast
contracted by becoming rounder (Fig. 6), then it cleaved into
four, smooth-walled, oblong daughter cells (Fig. 7). Concur-
rently, the cysts grew slightly (to 36.1 6 2.6 lm long, 12.5 6

1.4 lm wide; sample WP125). Mature cysts (3 months after
harvest) were significantly wider and had a lower length to
width ratio than cysts when harvested (both P , 0.01);
whereas, the influence of ageing on cyst lengths was not
significant (Figs S3–S5). Motile flagellates were never ob-
served.

The arrangement of the characteristic cell wall surface ribs,
whichwere sometimes difficult to observe by LM,was depicted
by SEM (Figs 8–11): some ribs reached from one pole nearly to
the antapex (Fig. 8), sometimes fusing or diverging (Fig. 9);
moreover, an isolated short rib could be present (Fig. 10). The
most prominent rib could have two lateral secondary ribs (Fig.
11). Inmedian cross section, usually six to ten ribswere present.
TEM revealed that cyst cell walls had up to three layers (Fig.
12) and some prominent wall ribs were secondarily ribbed (Fig.
13). Mature cysts were covered by an electron-dense innermost
cell wall, peripheral lipid bodies surrounding the nucleus and
several roundish plastids (Figs 14–16).

Photosynthesis

The light-dependent relative electron transport rates revealed
the extent of adaptation of photosystem II to the low-light
habitat conditions. Scotiella cryophila K-1 (sample WP125)
exhibited an alpha (slope of the light-limited region of the
photosynthesis-irradiance curve) of 0.24 6 0.01, a relative
ETRmax of 3.9 6 0.2 and an Ik value of 27 6 2 lmol photons
m�2 s�1 (Fig. 17). Photoinhibition occurred above approxi-
mately 70 lmol photons m�2 s�1.

Molecular phylogeny

With the NCBI basic local alignment search tool server, the
closest hit for the ITS2 variable marker of Scotiella cryophila
K-1 was Chloromonas nivalis Gassan-B (LC012714, Matsu-
zaki et al. 2015), a snow alga sampled from Japanese
mountains. Still, these two field samples were independent
taxa because several CBCs in helixes II–III of the ITS2 rDNA
secondary structure were present (Fig. 18). For ITS1 of S.
cryophila K-1 (MG253843), no hits with more than 90%
identity were found. In contrast, UTEX SNO47, the type
strain ofChloromonas rosae var. psychrophila, turned out to be
genetically identical (ITS1) and nearly identical (ITS2), except
for one nucleotide change in the middle part of helix I, to
Chloromonas reticulataCCCryo 213-05 (¼UTEX 1970¼SAG
29.83) (MG253846 vs HQ404885).

In 18S and rbcL phylogenies, Scotiella cryophila K-1 was
placed in a well-supported clade ‘B’ consisting of several
species of Chloromonas causing snow discolouration (Figs 19,
20). Its closest relatives were Chloromonas polyptera (Fritsch)
Hoham, Mullet & Roemer from Antarctica, Chloromonas
nivalis (Chodat) Hoham & Mullet from the Austrian Alps,
Chloromonas nivalis subsp. tatrae (Kol) Procházková, Remias,
Řezanka & Nedbalová from the High Tatras in Slovakia,
Chloromonas nivalis Gassan-B, uncultured Chloromonas sp.
TA8 (both from Japan) and an uncultured eukaryote from a
periglacial environment at Mount Kilimanjaro in Tanzania.
Strain UTEX SNO47 was in the clade ‘A1’ sensuHoham et al.
(2002; corresponding to the clade of ‘Chloromonas reticulata’
sensu Pröschold et al. 2001), which was confirmed by 18S
rDNA and rbcL phylogenetic trees (Figs 19, 20). For rbcL, the
sequence of strain UTEX SNO47 was identical to Hoham et
al. (2002 comparison of MG253847 and AF517073). For 18S
rDNA, the new sequence of this strain (MG253845) was
identical to Hoham et al. (2002) except for a single nucleotide
gap in the initial sequencing (AF517093), which was not
shared in the whole 18S rDNA alignment.
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Figs 1–7. Light micrographs of cysts of Scotiella cryophila K-1 (sample GK02, if not stated). Scale bars ¼ 10 lm.
Figs 1–2. Young cysts.
Fig. 1. Overview with a group of typical immotile cells with inconspicuous secondary structured cell walls.
Fig. 2. Primary cell wall is shed.
Figs 3–5. A mature cell (WP125) at bright field and fluorescence mode.
Fig. 3. Cell focused at median plane.
Fig. 4. Cell focused on top revealing characteristic longitudinal cell wall ribs.
Fig. 5. Chlorophyll-autofluorescence showing spherical plastids.
Figs 6–7. Old cysts 3 months after sampling.
Fig. 6. Contracted protoplast likely prior to cell division. Note the orange colour caused by secondary carotenoids (WP125).
Fig. 7. Four smooth-walled, oblong daughter cells inside mother cell, three of them visible.
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DISCUSSION

Scotiella cryophila sensu Chodat is a rather neglected snow
alga, probably because it has been reported less frequently
than other cryoflora such as Chlamydomonas nivalis (Remias
et al. 2005) or Chloromonas brevispina (Hoham et al. 1979). In
this study, the sampled snow field consisted of a virtually pure
population of cysts. Scattered cysts of S. cryophila were found
in many snow fields from other regions (Stein & Brooke 1964;
Kol 1970; Whitford & Kim 1971). Scotiella cryophila cysts
associated with Chloromonas rosae var. psychrophila dominate
the green snow packs at Whiteface Mountain, Adirondacks,
New York (Hoham et al. 2008). The fact that after 8 years the
population was found again at more or less the same spot in
the Tyrol Alps indicates a local occurrence (site fidelity) and
implies that the mature cysts rest directly on the dry rock
ground after snow melt, where they may accumulate over
years and develop a kind of ‘seed bank’ for germination
during suitable spring conditions. The cell stages present
during harvest exhibited the typical morphology of immotile

stages of Chloromonas, which dominate snow pack for most
of the season. Different from many snow algae of the genus
Chloromonas, S. cryophila K-1 likely produces asexual cysts
directly out of biflagellate swarmers. This was reported for
field material of C. rosae var. psychrophila by Hoham et al.
(2002). Scotiella cryophila K-1 is distinguished from its close
relative Chloromonas nivalis in having significantly elongated
cysts with length to width ratios from 2.1 to 4.7 (this study) vs
1.4 to 2.1 for more ellipsoidal to ovoid cysts of the latter
species (Procházková et al. 2018a). Consequently, S. cryophila
K-1 should not be confused with C. nivalis. Also, the other
species of cryoflora of this genus have shorter cysts of broad-
ellipsoidal shape (e.g. length to width ratios of 1.1–1.8 for
Chloromonas polyptera; unpublished data, D.R.), or 1.3–1.8
for Chloromonas nivalis subsp. tatrae, Procházková et al.
2018a). Furthermore, the cell wall ribs of other species are
more pronounced and clearly visible with LM. The cysts of S.
cryophilaK-1 and associated cryoflora species of Chloromonas
share morphological and cytological traits: flagellar loss,
contractive vacuoles and possibly an eyespot, shedding a non-

Figs 8–11. Scanning electron micrographs of mature cysts of Scotiella cryophila K-1 (WP125). Scale bar ¼ 5 lm.
Fig. 8. A cell wall rib reaching from pole nearly to antapex (arrowhead).
Fig. 9. A bifurcation of one flange into two independent ones is shown (arrowhead).
Fig. 10. An isolated short rib (arrowhead).
Fig. 11. Note the main rib on top, which is composed of at least two twisted ribs (arrowhead); the most prominent rib can have two lateral
secondary ribs.
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Figs 12–16. TEM micrographs of Scotiella cryophila K-1. Abbreviations: Chl, chloroplast; CW, cell wall; G, Golgi stacks; M, mitochondrion;
N, nucleus; L, lipid; V, vacuole. Scale bar: 1 lm.

Figs 12–13. Transverse section of young cysts (GK02).
Fig. 12. Single compact chloroplast and large vacuoles, primary wall still present (arrows).
Fig. 13. Young electron translucent cell wall ribs and one rib secondary ribbed (arrows).
Figs 14–16. Cross sections of mature cysts with fully developed cell wall ribs (WP125).
Fig. 14. Cytoplasm occupied by several large peripheral lipid bodies.
Fig. 15. Detail of the bi-layered secondary cell wall, the inner layer is electron dense.
Fig. 16. Longitudinal section of a cyst showing a detailed view of the cytoplasm containing several roundish plastids close to the nucleus.

586 Phycologia, Vol. 57 (5)



ribbed primary cell wall during maturation, releasing a
structured secondary cell wall, having small spherical or
discoid plastids instead of a compact chloroplast and
accumulation of secondary reddish pigments.

Fluorometric measurement demonstrated that the photo-
system II of green cysts of Scotiella cryophila K-1 is adapted
to low light conditions. The light compensation point could
not be acquired by pulse amplitude modulation but since Ik
had occurred at a PFD of 27 lmol m�2 s�1 and photo-
inhibition started from about 70 lmol photons m�2 s�1, it is
obvious that these stages must have a positive photosyn-
thetic balance at PFDs between 12 and 40 lmol m�2 s�1

PAR, which occurred 20 cm below the surface. Hoham et al.
(2006) reported that slightly higher irradiation of 95 and 115
lmol m�2 s�1 were optimal for sexual reproduction of the
snow algae Chloromonas tughillensis and Chloromonas
chenangoensis, respectively. Furthermore, Chloromonas rosae
var. psychrophila from North America grew at low
irradiances (Hoham et al. 1998), thus with the same light
conditions as the cysts studied here. However, once the cysts
reach the snow surface due to ongoing melting, they would
be subject to severe light stress if they did not rearrange their
photosynthetic apparatus to high irradiance. Alternatively,
cells should produce protective carotenoids like astaxanthin.
Light adaptations must have taken place in the course of cyst
maturation, as indicated by observation of surficial popula-
tions of S. cryophila from snow fields partly shaded by a

Fig. 17. Effect of increasing photon fluence rates (x-axis) on the
relative electron transport rate (rETR; y-axis) of chloroplasts in
non-motile stages of Scotiella cryophila K-1 (sample WP125).
Values are means of four replicate measurements (6 s). The data
points were fitted to the photoinhibition model of Walsby (1997).

Fig. 18. Comparison of the secondary structure of ITS2 rDNA transcripts between Scotiella cryophila K-1 from the Austrian Alps (accession
number MG253843, this study) and Chloromonas nivalis Gassan-B from Japan (accession number LC012758, Matsuzaki et al. 2015). Helices
are labelled with Latin numbers. Nucleotide differences of the second species are outside the structure and linked by dotted lines.
Compensatory base changes between both algae are indicated by rectangles. Note the U–U mismatch in helix II (arrows).
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sparse canopy (Nedbalová et al. 2008). The light regime
(open exposures) of the Austrian site of cysts that resemble
S. cryophila is very different from locations of C. rosae var.
psychrophila in North America, which were usually associ-
ated with coniferous trees that shade the snow banks
(Hoham et al. 2008). Nonetheless, microhabitat light
conditions seem to be similar, since S. cryophila K-1 caused
green snow at least 20 cm below the snow surface.

Phylogenetically, all species of Chloromonas investigated
to date that thrive exclusively in snow are members of the
closely related clades ‘A2’ (Hoham et al. 2002) and ‘B’

(Matsuzaki et al. 2015). The type strain of Chloromonas
rosae var. psychrophila (UTEX SNO47) was closely related
to C. rosae SAG 26.90 (Hoham et al. 2002). Additionally,
Matsuzaki et al. (2012) assigned the latter strain to
Chloromonas reticulata based on multigene analysis and
observations with light and electron microscopy. The
absence of any CBCs in the ITS2 secondary structure
between UTEX SNO47 and SAG 26.90 indicates that UTEX
SNO47 belongs to C. reticulata. Generally, a phylogeny
based solely on the conservative 18S rDNA marker does not
provide sufficient resolution to discriminate between inde-

Fig. 19. 18S ribosomal DNA gene-based Bayesian phylogenetic tree of Chloromonas focusing on snow-inhabiting species and selected
mesophilic relatives. Cr. ¼ Chloromonas. The labelled clades ‘A1’ and ‘A2’ correspond to Hoham et al. (2002), clade ‘B’ is according to
Matsuzaki et al. (2015). Posterior probabilities (0.95 or more) and bootstrap values from maximum likelihood analyses (50% or more) are
shown. Full statistical support (1.00/100) is marked with an asterisk. Thick branches represent nodes receiving the highest posterior
probability support (1.00). Newly obtained sequences are in bold. Accession numbers, strain or field sample codes are indicated after each
species name.
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pendent species, as indicated by low bootstrap values of
some branches (only posterior probabilities . 95% shown in
our phylogenetic trees). For example, C. polyptera, C. nivalis
and S. cryophila K-1 seemingly form a monophyletic clade
where any subclades are less supported. Nevertheless, an 18S
rDNA based phylogeny of snow algae may at least reveal the
taxonomic context between related species. The rbcL marker
verified the topology of the clades. Finally, with the help of
the variable ITS2 rDNA marker, lineages of closely related
species (e.g. S. cryophila K-1 and C. nivalis Gassan-B) were
successfully resolved.

At the sampling site of Scotiella cryophila K-1 in the
Tyrolean Alps, the slightly acidic pH and very low
electrical conductivity values of meltwater were similar
to rainwater and typical of other snow fields in the same
region (Remias et al. 2010). North American populations
of Chloromonas rosae var. psychrophila occurred in
habitats with pH and conductivity values in the same
range (Hoham et al. 1989, 2007, 2008). The snow water
content was, however, lower than in slush on an almost
frozen, high alpine lake about 50 m away from the
sampling site, where a different cryoflora of Chlainomonas

Fig. 20. rbcL gene-based Bayesian phylogenetic tree of the genus Chloromonas including snow-inhabiting species and mesophilic relatives. Cr.
¼ Chloromonas. The labelled clades ‘A1’ and ‘A2’ correspond to Hoham et al. (2002), clade ‘B’ is according to Matsuzaki et al. (2015).
Posterior probabilities (0.95 or more) and bootstrap values from maximum likelihood analyses (50% or more) are shown. Full statistical
support (1.00/100) is marked with an asterisk. Thick branches represent nodes receiving the highest posterior probability support (1.00).
Newly obtained sequences are in bold. Accession numbers, strain or field sample codes are indicated after each species name.
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sp. persisted (Procházková et al. 2018b). Scotiella cry-
ophila K-1 was found in comparably low concentrations,
thus causing no striking snow discolourations, or it was
reported as an additional component in blooms dominated
by other species above the treeline (Remias et al. 2005) or
at both forested and non-forested slopes (Nedbalová et al.
2008). So far, it has not been reported from polar habitats
like the well investigated Arctic Archipelago of Svalbard
(Kvı́derová 2012). Kol (1959) found S. cryophila at Cape
York in Greenland and described a new and larger
variety, S. cryophila var. groenlandica Kol, with well-
developed, straight ribs from pole to pole and cell sizes of
33–42 3 15–18 lm. However, this latter taxon has neither
been observed again, nor is a strain available, thus a
molecular proof is not possible. Moreover, the drawings
of these cells do not closely resemble S. cryophila K-1.

Generally, the average cell sizes of mature cysts may
reflect how suitable the habitat conditions were in the course
of a season (e.g. nutrient and water availability, freeze–thaw
events, light regime). As a consequence, we think that the
samples of this study are identical to Scotiella cryophila
initially described by Chodat (1922), though he gave lower
dimensions of size ranges from a comparable habitat in the
Swiss Alps (12–30 lm 3 6–10 lm). Since we found larger
than average sizes for old cysts producing daughter cells,
further growth during maturation seems to be possible
(observed also for North American samples; R. Hoham,
pers. comm.), and maybe the smaller sizes reported by
Chodat included flagellate-like younger stages, which we did
not find. Such stages likely occur very early in the melting
season, when the alpine snow becomes waterlogged at the
end of March (results found by DR, data not shown). While
the putatively sensitive flagellates enable a migration within a
waterlogged snow pack to a certain extent, the immotile
stages can be regarded as robust. This reflects their thick
walled structures, and the carotenoids accumulated in
cytoplasmic lipid bodies are powerful antioxidants and
absorbers of excessive ultraviolet (UV) and PAR (Remias
2012). Moreover, incorporated secondary metabolites, which
were probably reflected by the electron-dense innermost wall
layer (Figs 14–15), could also protect against harmful UV
irradiation. S. cryophila K-1 shares these strategies with
other snow algae, e.g. Chloromonas brevispina (Hoham et al.
1979), C. nivalis (Remias et al. 2010) and C. polyptera
(Remias et al. 2013).

The morphology of swarmers and the complete life
cycle of Scotiella cryophila K-1 from Europe remain
unknown. Interestingly, morphologically identical cysts in
field material from North America (Hoham et al. 2002),
addressed as Chloromonas rosae var. psychrophila, had
multiple plastids and sizes comparable with those of this
study (28–31 lm 3 10–18 lm). Conductivity, pH values
and light regime of the North American and the Austrian
microhabitats of cysts of S. cryophila were similar but it
remains unresolved if these field cysts from America were
genetically identical to S. cryophila K-1 from Europe.
Accordingly, we found scattered cells of S. cryophila
recently in Iceland (Snæfjellsjökul, July 2017, DR, pers.
obs.), the cell sizes were again in the range of the Austrian
and North American samples.

A question that remains is why vegetative cells of
‘Chloromonas rosae var. psychrophila’ and cysts of Scotiella
cryophila K-1 are placed in different parts of the phyloge-
netic tree. An explanation could be that cysts similar to S.
cryophila K-1 are produced by different species worldwide.
This phenomenon was reported by Matsuzaki et al. (2015)
for C. nivalis. Also, for C. reticulata (e.g. SAG 29.83, SAG
32.86, SAG 26.90) the morphology of stages of ‘Scotiella’ is
still unknown. Moreover, no molecular proof was given that
the type strain UTEX SNO47 of ‘C. rosae var. psychrophila’
(or any other strains in the UTEX collection deposited under
this taxon) and cysts resembling S. cryophila from the
Americas are genetically identical, which should be revealed
by molecular protocols.

In summary, we characterised the morphology, physi-
ology and phylogenetic position of a snow alga causing
monospecific green blooms in the Austrian Alps that most
likely represent the previously described Scotiella cryophila
(Chodat 1922). Other physiological aspects, such as the
occurrence of antifreeze agents, accumulation of soluble
carbohydrates (osmolytes), presence of ice binding pro-
teins (Raymond 2014) or the fatty acid composition (e.g.
Procházková et al. 2018a), have not yet been studied.

The biodiversity of cryoflora is still not thoroughly
explored. Molecular and life cycle studies including both
field blooms and strains isolated from snow are needed to
answer general ecological questions. Do a few globally
distributed species of Chlamydomonadaceae dominate
melting snow fields, or are local taxa with distinct
distribution but similar morphology of immotile stages more
common? Long distance dispersal strategies of snow algae
have hardly been investigated. New techniques like high-
throughput-sequencing of several molecular markers (e.g.
18S, ITS2) will be a support in establishing biogeography of
snow algae (Lutz et al. 2016). In addition, molecular re-
investigations of strains from North American sites, which
were designated as Chloromonas rosae var. psychrophila, and
field cysts, which are morphologically identical to Scotiella
cryophila Chodat, are needed. Resampling of the type
locality of this latter taxon in western Switzerland could be
useful. Similarly, a phylogenetic position of S. cryophila var.
groenlandica is lacking. Mechanisms of physiologic adapta-
tion remain unexplained, such as drastic cellular changes like
photo acclimation to low light below the snow surface and
high-light exposure at the surface in the course of a few
weeks. Finally, what are the mechanisms that cause cyst
germination?
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Figs S1-S2. Overview of sampling sites of Scotiella cryophila K-1 from Kühtai, Tyrol, Alps, 

Austria. Photos taken at 30 May 2017. 

Fig. S1. A flat, open site above timberline close to Gossenkӧlle Lake.  

Fig. S2. Detail view of the green snow after digging to a depth of approximately 20 to 40 cm. 
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Figs S3-S5. Cell size ranges of cysts of Scotiella cryophila K-1 from the Austrian Alps in the 

moment of harvest (GK02, n = 28; WP125, n =51) and three months later (GK02 old, n = 14; 

WP125 old, n = 31). L:W ratio = length to width ratio. 

 

 

 

Fig. S6: Mature cysts of Scotiella cryophila K-1. Left cell with reddish lipids at each cell 

pole. Scale bar = 10 µm. 
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Table S1. List of primers used for amplification of 18S rDNA, ITS1 rDNA, ITS2 rDNA 

(ITS) and rbcL markers; (F) forward; (R) reverse. 

Primer Marker Direction Sequence Reference   

18F 18S F AACCTGGTTGATCCTGCCAGT (Katana et al. 2001) 

18R 18S R TGATCCTTCTGCAGGTTCACCTACG (Katana et al. 2001) 

FC 18S F GGGAGGTAGTGACAATAAATA (Matsuzaki et al. 2015) 

RF 18S R CCCGTGTTGAGTCAAATTAAG (Matsuzaki et al. 2015) 

AL1500af ITS F GCGCGCTACACTGATGC  (Helms et al. 2001) 

LR3 ITS R GGTCCGTGTTTCAAGACGG (Vilgalys & Hester 1990) 

ITS5 ITS F GGAAGTAAAAGTCGTAACAAGG (White et al. 1990) 

ITS4 ITS R TCCTCCGCTTATTGATATGC (White et al. 1990) 

Snow-F0 rbcL F TTAAAGCTGGTGTWAAAGAYTAYCGTTT Matsuzaki et al. 2015 

Snow-R2 rbcL R AARTCTAAWCCACCACGTAAACA (Matsuzaki et al. 2015) 

Snow-F3 rbcL F CAAGTWGAACGTGACAAATTAAAC (Matsuzaki et al. 2015) 

rbcL14R rbcL R CGTTCWCCTTCAAGTTTACC (Hoham et al. 2002) 

Snow-F4 rbcL F GAACGTGACAAATTAAACAAATA  (Matsuzaki et al. 2015) 

Snow-R12 rbcL R CTAAAGTAACTTCACGTTCTCCTTC (Matsuzaki et al. 2015) 

rbcL1F rbcL F GCTGGTGTTAAAGATTATCG (Hoham et al. 2002) 

rbcL7R rbcL R AAATAAATACCACGGCTACG (Hoham et al. 2002) 

 

Table S2. List of taxa and GenBank accession numbers of newly obtained sequences of 

nuclear-encoded 18S ribosomal DNA (rDNA) genes, nuclear rDNA internal transcribed 

spacer 1 (ITS1) and spacer 2 (ITS2) regions, and the large subunit of RuBisCO (rbcL) genes. 

Taxon Specimen/strain 

Accession number 

18S rDNA ITS1 rDNA ITS2 rDNA rbcL 

Scotiella cryophila K-1 GK02,WP125 MG253843 MG253843 MG253843 MG253844 

Chloromonas rosae var. psychrophila UTEX SNO47 MG253845 MG253846 MG253846 MG253847 
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TWO NEW KREMASTOCHRYSOPSIS SPECIES, K. AUSTRIACA SP. NOV. AND K. AMERICANA
SP. NOV. (CHRYSOPHYCEAE)1

Daniel 2Remias2

School of Engineering, University of Applied Sciences Upper Austria, 4600 Wels, Austria

Lenka Proch�azkov�a, Linda Nedbalov�a 1

Department of Ecology, Faculty of Science, Charles University, 12844 Prague, Czech Republic

and Robert A. Andersen

Friday Harbor Laboratories, University of Washington, Friday Harbor, Washington DC 98250, USA

Melting summer snow in the Austrian Alps
exhibited a yellowish bloom that was mainly
comprised of an unidentified unicellular
chrysophyte. Molecular data (18S rRNA and rbcL
genes) showed a close relationship to published
sequences from an American pond alga formerly
identified as Kremastochrysis sp. The genera
Kremastochrysis and Kremastochrysopsis are
morphologically distinguished by the number of
flagella observed with the light microscope, and
therefore we assigned the Austrian snow alga and an
American pond alga to the genus Kremastochrysopsis.
Transmission and scanning electron microscopy
revealed that swimming cells had two flagella
oriented in opposite directions, typical for the
Hibberdiales. Molecular phylogenetic analyses
showed that both new species were closely related
to Hibberdia. Kremastochrysopsis ocellata, the type
species and only known species, has two
chloroplasts per cell and the zoospores have red
eyespots. Our two organisms had only a single
chloroplast and no zoospore eyespot, but their gene
sequences differed substantially. Therefore, we
described two new species, Kremastochrysopsis
austriaca sp. nov and Kremstochrysopsis americana sp.
nov. When grown in culture, both taxa showed a
characteristic hyponeustonic growth (hanging below
the water surface), whereas older immotile cells
grew at the bottom of the culture vessel.
Ecologically, Kremastochrysopsis austriaca sp. nov.,
which caused snow discolorations, had no close
phylogenetic relationships to other psychrophilic
chrysophytes, for example, Chromulina chionophila,
Hydrurus sp., and Ochromonas-like flagellates.

Key index words: Chromophyton; Kremastochrysis;
psychrophilic; snow algae; substitutional saturation

The Chrysophyceae is a diverse class of hetero-
kont (stramenopile) microorganisms that occur in a
variety of freshwater and marine habitats (Pascher
1912, 1913, Bourrelly 1957, Starmach 1985, Nicholls
and Wujek 2015). Several chrysophytes (e.g., Chromo-
phyton, Chrysotilos, Kremastochrysis, and Kremas-
tochrysopsis) are associated with the air–water
interface, or neuston. Of these, Kremastochrysis and
Kremastochrysopsis hang down from the air–water
interface and are hyponeustonic organisms (Pascher
1942). Conversely, the more commonly occurring
Chromophyton grows up from the air–water interface
and is an epineustonic organism (Woronin 1880,
Lund 1942, Vischer 1943, Petersen and Hansen
1958). Kremastochrysis has been rarely reported since
its description by Pascher (1942). The type species,
Kremastochrysis pendens, has a single chloroplast, and
its zoospores have two flagella but no eyespot was
reported. Pascher (1942) described a second spe-
cies, Kremastochrysis ocellata, that has two chloroplas-
ts, and its zoospores are uniflagellate and possess an
eyespot on one of the plastids. Bourrelly (1957) pro-
posed the genus Kremastochrysopsis (Kremastochrysopsis
ocellata) because of its single visible flagellum when
viewed with a light microscope. Thus, Kremastochrysis
and Kremastochrysopsis differ by number of flagella
visible by light microscopy. Finally, a third species,
Kremastochrysis minor Catalan has been described
(Catalan 1987).
The occurrence of one or two flagella (and their

relative lengths) has long been an important charac-
ter for classifying taxa in the Chrysophyceae (e.g.,
Pascher 1913; Chromulinales, Isochrysidales, and
Ochromonadales). This character reached a pinna-
cle when Bourrelly (1965) established subclasses
within the Chrysophyceae based on flagellar pat-
terns (see also Bourrelly 1981, Starmach 1985,
Andersen 2007). Electron microscopy showed that a
second, very short flagellum was present on organ-
isms previously believed to be uniflagellates (e.g.,
Rouiller and Faur�e-Fremiet 1958, Belcher and Swale
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1967, 1971, Hibberd 1976, Andersen 1986, 1989).
However, despite the discovery of a second flagel-
lum for “uniflagellate” organisms, classification
based upon flagellar number has persisted and is
supported by molecular evidence. One early molec-
ular phylogenetic study suggested that uniflagellate
and biflagellate lineages may be monophyletic, sup-
porting the Pascher/Bourrelly classifications (Ander-
sen et al. 1999). However, more recent molecular
phylogenetic studies recovered only smaller clades
that were strictly uniflagellate or biflagellate, while a
few clades were recovered with both flagellar types
(e.g., Andersen 2007, Grossmann et al. 2016, Ander-
sen et al. 2017, Pusztai and �Skaloud 2019). Today,
flagellar number (as viewed in the light microscope)
carries phylogenetic signal for smaller clades, but
these clades characterize orders, families or genera,
not subclasses.

This paper addresses the molecular phylogenetic
relationships for two new species of Kremastochrysop-
sis. One strain was previously identified as Kremas-
tochrysis sp. (Andersen 2007) and the other strain
was recently isolated from melting alpine snow, that
is, a non-hyponeustonic habitat. We discuss the rela-
tionships of Kremastochrysis, Kremastochrysopsis and
related chrysophytes, including comments about
snow habitats.

MATERIALS AND METHODS

Collection, culturing, and microscopy. Strain DR75b was col-
lected from melting snow at an alpine meadow May 5,
2017 in Austria, province Tyrol, district Imst, east of
K€uhtai village. The GPS was 47°13.223 N, 11°02.431 E at
an elevation of 1998 m. A unialgal strain was isolated from
petri dishes with solidified DY-Vm medium (NaH2PO4�H2O
substituted for Na2 b-glycerophosphate; https://ncma.bige
low.org/media/wysiwyg/Algal_recipes/NCMA_algal_med
ium_DY-V.pdf) and 1.6% agar, kept at 5°C. Strain CCMP
260 was collected from a pond in Massachusetts, USA, by
Ralph Lewin, but other information is missing (e.g., date,
precise location). For morphological studies, both strains
were grown at room temperature (varying between 10°C
and 25°C) in DY-V medium (with Na2 b-glycerophosphate)
or in a biphasic soil–water medium. Cells were observed
with a Leica DM RB light microscope (Leica Microsystems
Inc., Buffalo Grove, IL, USA) equipped with differential
interference contrast, phase contrast, brightfield, and dark-
field optics; cells were photographed using a Canon T6i
DSLR camera (Canon USA Inc., Melville, NY, USA).

For transmission electron microscopy, strain DR75b was
grown at 1°C and fixed as described previously
(Proch�azkov�a et al. 2018). TEM grids were examined with a
JEOL 1011 TEM (JEOL Ltd., Tokyo, Japan) at 80 kV. Pho-
tomicrographs were taken with a Veleta CCD camera
equipped with Olympus image analysis software (Olympus
Soft Imaging Solution, Germany3 ) and modified using iTEM
5.1 (Germany Soft Imaging Solution, Germany). For scan-
ning electron microscopy, strain DR75b was grown at 5°C
and strain CCMP260 was grown at 18°C; both strains were
fixed as described in Hanouskov�a et al. (2019). SEM gold-
coated coverslips were observed at 80V with a JEOL 6380
LV (JEOL Ltd.).

Molecular phylogeny. Total genomic DNA was extracted
from strain DR75b as described in Proch�azkov�a et al. (2018).
The 18S rRNA and rbcL gene regions were amplified from
DNA isolates by PCR using existing primers. For the 18S
rRNA gene sequence, there were two PCR reactions: the for-
ward primer SSU1F (CCT GGT TGA TCC TGC CAG T;
Medlin et al. 1988) with the reverse primer SSU1295R (TCA
GCC TTG CGA CCA TAC) and the forward primer SSU1065F
(TCA GAG GTG AAA TTC TTG GAT T) with the reverse pri-
mer SSU1954R (CCT TGT TAC GAC TTC TCC TTC C; Yang
et al. 2012). For the rbcL sequence, there was one reaction
using the forward primer rbcL46F (CGT TAY GAA TCT GGT
GTA ATH CC) and the reverse primer rbcL1425R (GTA TCT
GTT GAW GWA TAG TCR AA; Andersen et al. 2017). Ampli-
fication and sequencing reactions for these markers were
identical to those described by Proch�azkov�a et al. (2018).
The newly generated sequences of the strain DR75b are avail-
able under GenBank accession numbers: MK614366 – 18S
rRNA gene; MK614367 – rbcL. The sequences of the second
investigated strain CCMP260 were published in previous stud-
ies (Andersen et al. 1999, Andersen 2007).

Two different alignments were constructed for the phylo-
genetic analyses, based on the 18S rRNA and rbcL gene
sequences. The sequences were selected according to the
publications of Kristiansen and �Skaloud (2017) and Andersen
(2007) to encompass all chrysophycean lineages. The 18S
rRNA gene alignment contained 88 sequences (1581 bp); the
initial rbcL matrix consisted of 49 sequences (921 bp). Sec-
ond, to remove saturated nucleotide sites of the third rbcL
codon partition, a modified site-stripping approach was
applied (Waddell et al. 1999, �Skaloud et al. 2013). Site-
specific rates were calculated with the “Substitution Rates”
standard analysis implemented in HyPhy (Pond et al. 2005),
under a global GTR+G+I model using the inferred Maximum
Likelihood phylogeny as a guide tree. 66% of fast-evolving
sites in the third codon position of rbcL were removed using
SiteStripper (Verbruggen 2012), according to the rates file
generated in HyPhy. The stripped rbcL alignment was 816 bp
long. Third, an rbcL matrix consisting of first and second rbcL
codon positions only was prepared (alignment was 614 bp
long). The outgroup taxa (Synchroma and Nannochloropsis)
were selected according to the results of the recent multigene
phylogenetic analysis of stramenopiles by Yang et al. (2012).
The best-fit nucleotide substitution model was estimated by
jModeltest 2.0.1 (Posada 2008). Based on the Akaike Informa-
tion Criterion, the ‘GTR+I+G’ model was selected for 18S
rRNA gene. Three partitions were set for rbcL gene sequences
and GTR+I+G substitution model was applied for each of
three codon positions. The 18S rRNA gene and rbcL phyloge-
netic trees were inferred by Bayesian Inference and Maxi-
mum Likelihood according to Nedbalov�a et al. (2017), with
the minor modification that Markov Chain Monte Carlo runs
were carried out for three million generations in Bayesian
Interference. Convergence of the two cold chains was
checked by the average standard deviation of split frequen-
cies (0.001228 and 0.001004 for 18S rRNA gene and rbcL data
set, respectively). Bootstrap analyses and Bayesian posterior
probabilities were performed as described by Nedbalov�a et al.
(2017).

RESULTS

Description. Kremastochrysopsis austriaca Remias,
Proch�azkov�a & R. A. Andersen sp. nov. (Figs. 1–3)
Diagnosis: Non-motile vegetative cells without cell

walls, ~(4)5–8(10) lm diameter; cells with one
chloroplast, up to three contractile vacuoles, lipid
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droplets, and chrysolaminarin vacuole; both non-
motile and motile cells capable of cell division;
zoospores formed directly from vegetative cells;
zoospores generally oval in shape, 4–6 9 6–8 lm;
zoospores uniflagellate, with one plastid and no eye-
spot; cysts not observed; 18S rRNA and rbcL gene
sequences distinctive.

Holotype here designated: NY 02666691; a permanent
microscope slide prepared from culture strain
DR75b and deposited in the New York Botanical
Garden herbarium, New York City, NY USA.

Isotype here designated: NY 02666692; a permanent
microscope slide prepared from culture strain
DR75b and deposited in the New York Botanical
Garden herbarium, New York City, NY USA.

Isotype here designated: WU 0106471; cells embed-
ded in a resin block from strain DR75b and depos-
ited in the herbarium of the University of Vienna,
Austria.

Type locality: K€uhtai, district Imst, Tyrol, Austria,
Europe; melting winter snow above an alpine mea-
dow (47°13.2230N, 11°02.4310E).

Etymology: the specific epithet “austriaca” refers to
Austria, the country where the alga was collected.

Kremastochrysopsis americana R. A. Andersen,
Proch�azkov�a & Remias sp. nov. (Figs. 3, 4)
Diagnosis: Non-motile vegetative cells without cell

walls, ~(4)5–10(12) lm in diameter; cells with one
chloroplast, 1–2 contractile vacuoles; lipid droplets,
and chrysolaminarin vacuole; both non-motile and
motile cells capable of cell division; zoospores were
oval in shape, 5–6 9 6–10 lm, uniflagellate when
viewed in the light microscope, with one plastid and
no eyespot, 1–2 contractile vacuoles, chrysolami-
narin vacuole and fat droplets; cysts not observed;
18S rRNA and rbcL gene sequences distinctive.
Holotype here designated: NY 02666693; a permanent

microscope slide prepared from culture strain
CCMP260 and deposited in the New York Botanical
Garden herbarium, New York City, NY USA.
Isotype here designated: NY 02666694; a permanent

microscope slide prepared from culture strain
CCMP260 and deposited in the New York Botanical
Garden herbarium, New York City, NY USA.
Type locality: unknown pond, Massachusetts (pre-

sumably near Woods Hole), USA.
Etymology: the epithet “Americana” refers to the

continent where the alga was collected.

FIG. 1. Kremastochrysopsis austriaca sp. nov. (A) Monolayer of cells below the air–water interface. Scale bar = 20 lm. (B) Cells just below
the air–water interface surrounded by bacteria. Scale bar = 5 lm. (C) Bacterial plaques above the cells exactly at the air–water interface.
Scale bar = 5 lm. (D) Test tube (20 mm diameter) showing dried cells above the air–water interface (bar, arrowhead) caused by evapora-
tion from the test tube and a cloud of palmelloid cells near the bottom of the tube (arrow). Biphasic soil–water medium. Scale
bar = 20 mm. (E) Palmelloid cell mass from near the bottom of a test tube, likely rich in carotenoids. DY-V medium. Scale bar = 20 lm.
(F) Non-motile cells showing the parietal chloroplast and lipid droplets. Scale bar = 5 lm. (G) A rectangular dividing cell showing the
future division plane (arrowheads). Scale bar = 5 lm. (H) Two daughter cells showing typical hemispherical shapes. Note the granular
chrysolaminarin vacuoles (c) and the nuclei (n). Scale bar = 5 lm.
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Kremastochrysis pendens Pascher lectotype speci-
men designated here: figure 9 in Pascher, A. 1942.
Beiheft zum Botanischen Centralblatt. Abteilung A. Mor-
phologie und Physiologie der Pflanzen 61:467.

Kremastochrysopsis ocellata (Pascher) Bourrelly lecto-
type specimen designated here: figure 12c in Pascher,
A. 1942. Beiheft zum Botanischen Centralblatt. Abteilung A.
Morphologie und Physiologie der Pflanzen 61:470.

Kremastochrysopsis austriaca sp. nov. strain DR75b
grew just below the air–water interface (hy-
poneustonically) when grown in DY-V or soil–water
medium. These cells formed a monolayer that was
composed of immobile and swimming cells
(Fig. 1A). Bacteria formed a covering around and
over the cells (Fig. 1, B and C). In older cultures,

cells grew at the air–water interface and at the bot-
tom of the culture tube (Fig. 1D). Cells at the bot-
tom of test tubes formed palmelloid “clouds” of
cells held together by a colonial gel (Fig. 1E). The
gel margin stained with brilliant cresyl blue (not
shown). Immobile cells were (4)5–8(10) lm in size,
lacked a cell wall, had a single parietal chloroplast,
1–2 contractile vacuoles, a chrysolaminarin vacuole,
and several lipid droplets (Fig. 1, F–H). The chloro-
plast was sometimes deeply lobed, but always con-
nected by a bridge between the two lobes. Immobile
cells divided by first elongating and dividing the
chloroplast into two plastids (Fig. 1G) and then by
forming hemispherical daughter cells after cytokine-
sis was completed (Fig. 1H).

FIG. 2. Kremastochrysopsis austriaca sp. nov. Scale bars = 5 lm. (A) Flagellate cell showing the single visible flagellum (arrow). (B) Flagel-
late cell showing the flagellum (arrow) and contractile vacuole (arrowhead). Note the narrow bridge connecting the two chloroplast lobes.
(C) Flagellate cell stained with Lugol’s solution showing a single flagellum (arrow). Note that there is no evidence of a second flagellum.
(D) A dividing flagellate cell. Note that one future daughter cell has a flagellum but the other does not. Note the chloroplast lobe pinch-
ing at the plane where the daughter cells are pinching apart. (E) An odd dividing flagellate cell where one future daughter cell has a flag-
ellum (arrow) but lacks a chloroplast. (F) Image showing a long thin cytoplasmic strand (arrowhead) that connects cells 1 and 2. Note
that cell 2 is smaller and lacks a chloroplast. Cell 1 had a flagellum but it is out of the plane of view. (G) Image similar to F but focused
slightly different to show the cytoplasmic strain connecting cells 3 and 4. Note the flagellum on the smaller cell (short arrow) and the very
small chloroplast in cell 3 (long arrow).
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Motile cells were typically 5–8 lm with a single vis-
ible flagellum; no eyespot was observed. Swimming
cells were spherical to pyriform to oval in shape and
had a single parietal chloroplast, 1–3 contractile vac-
uoles, a chrysolaminarin vacuole but rarely had lipid
droplets (Fig. 2, A and B). When stained with
Lugol’s solution, a second flagellum was not visible
(Fig. 2C). Motile cells divided by forming dumbbell
shapes and the two daughter cells were separated by
a pinching or centripetal constriction type of cytoki-
nesis (Fig. 2D). The plastid typically divided during
cytokinesis (Fig. 2D). In some cases, the chloroplast
failed to divide, or if divided then failed to segre-
gate, into the two daughter cells, and consequently
one of the daughter cells was formed without a
chloroplast (Fig. 2, E and F). In some cases, a tiny
plastid was observed in one daughter cell but the
other daughter cell had a very large plastid
(Fig. 2G). For hyponeustonic cells, the two swim-
ming cells separated and rapidly transformed into
the typical flagellate cell morphology. Stalked cells
occurred when cells attached to around the test
tube margin at the air–water interface, and often
these cells remained connected by a cytoplasmic
strain (Fig. 2, F and G).

Observations using transmission electron micro-
scopy were limited because of the poor fixation
quality. Cells had two flagella when viewed with
TEM (Fig. 3A). The two flagella were arranged

nearly opposite of each other (~180° orientation of
the two basal bodies), and the basal bodies over-
lapped at their proximal ends. The transitional
plates of both flagella were dense, and a transitional
helix with three gyres was observed (Fig. 3A). The
proximal end of the R1 root (R3 root with Moestr-
up’s [2000] system) was present but the fixation
quality did not allow for reconstruction of the flagel-
lar apparatus. Observations using scanning electron
microscopy showed one long flagellum bearing mas-
tigonemes (Fig. 3B) and one very short second flag-
ellum (Fig. 3, B and C). Both flagella laid in a
shallow depression (Fig. 3C).
Kremastochrysopsis americana sp. nov. strain

CCMP260 grew hyponeustonically just below the
air–water meniscus in recently transferred cultures;
bacteria grew at or above the air–water interface
(Fig. 4A). In older cultures, many cells sank to the
bottom of the test tube, and cells formed cloud-like
masses with cells held together by a thin colonial
gel (not shown). The gel margin stained with bril-
liant cresyl blue but the watery gel matrix did not
stain (not shown). Non-motile vegetative cells were
naked (without a cell wall), typically 5–10 lm in
diameter, and they contained a single chloroplast,
chrysolaminarin vacuole, lipid droplets, and one or
two contractile vacuoles (Fig. 4B). When cells were
severely flattened by the microscope slide/coverslip,
then the chrysolaminarin vacuole became granular,

FIG. 3. Kremastochrysopsis austriaca sp. nov. and K. americana sp. nov. (A) K. austriaca. TEM image of the long flagellum (L), short flagel-
lum (S), and their basal bodies. Note the dense transitional plates (arrowheads), the three-gyre transitional helix (small arrows), and the
microtubules of root R1 (large arrow). Scale bar = 200 nm. (B) K. austriaca. SEM image showing the long flagellum (arrow) and hidden
short flagellum (arrowhead). Note that the cell shrank during dehydration. Scale bar = 400 nm. (C) K. austriaca. SEM image showing the
short flagellum (arrowhead) lying in a shallow depression. Scale bar = 500 nm. (D) K. americana. SEM image showing the short flagellum
(arrowhead) lying in a shallow depression. Scale bar = 500 nm.
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showing a papillose consistency (Fig. 4, C and D);
such flattened cells reached diameters of nearly
20 lm before bursting. The chloroplast in smaller
cells was parietal and rarely lobed (Fig. 4 B); how-
ever, in larger cells, the plastids were bilobed
(Fig. 4, C and D). When plastids were deeply lobed,
a small bridge between the lobes was visible
(Fig. 4D). Cell division of immobile cells was like
that described for strain DR75b.

Motile cells were typically 5–6 lm wide and
6–10 lm long. They contained a single visible flagel-
lum that was inserted at the anterior end of the cell
(Fig. 4, E–G). The chloroplast was parietal and usu-
ally trough-shaped, and it lacked a red eyespot
(Fig. 4, E and F). The flagellum was 1–1.5 times as
long as the cell and beat with a sinusoidal wave
motion. The flagellum appeared longer on cells
stained with Lugol’s solution, but this was due to

FIG. 4. Kremastochrysopsis americana sp. nov. Scale bars = 5 lm. (A) Image of the air–water interface showing the bacterial plaques and
algal cells out of focus below the interface. (B) Three vegetative cells showing the parietal chloroplast. (C) A large and very flattened cell
showing the bilobed chloroplast, numerous lipid droplets and a granular chrysolaminarin vacuole. (D) A large, flattened cell showing the
bridge (arrow) between the two chloroplast lobes. (E) An elongate swimming cell with a single flagellum (arrows). (F) A spherical swim-
ming cell with a single flagellum (arrow). (G) A swimming cell stained with Lugol’s solution showing the single flagellum but no evidence
of a second flagellum. (H) A dividing swimming cell showing the two visible flagella (arrows) and a contractile vacuole (arrowhead). (I–K)
Three images of the same dividing flagellate cell: (I) The cell has flagella at the opposite poles of the cell (arrows). (J) A different focal
plane showing that the chloroplast had already divided. Note the upper plastid (arrowheads) and the lower plastid with a deep division
between the chloroplast lobes (arrow). (K) The same cell several minutes later that was more elongated. Note the two flagella (arrows)
and the contractile vacuole (arrowhead).
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shrinkage of the cytoplasm (Fig. 4G). Flagellate cells
underwent cell division by producing a second
immature flagellum via flagellar transformation

(Fig. 4H). The two flagella moved to opposite sides
of the mother cell, but the cell remained spheroid
in shape (Fig. 4I). The chloroplast divided before

FIG. 5. Bayesian phylogenetic tree based on the 18S rRNA gene. The newly described species are in bold. Accession numbers, strain
and field sample codes are indicated after each species name. The scale bar shows the estimated number of substitutions per site. Origin
in snow is indicated by black arrowheads for relevant species. The Hibberdiales clade is highlighted in a grey box. Posterior probabilities
(0.95 or more) and bootstrap values from maximum likelihood analyses (50% or more) are shown. Full statistical support (1.00/100) is
marked with an asterisk. Thick branches represent nodes receiving the highest posterior probability support (1.00). For Naegeliella flagellif-
era, Chromulina nebulosa, and Synchroma grande branch lengths were shortened by 50% for graphic reasons.
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there was evidence of cytokinesis (Fig. 4J). Gradu-
ally, the mother cell elongated (Fig. 4K), and then
cytokinesis occurred quickly to produce two daugh-
ter cells. Unlike strain DR75b, CCMP260 rarely pro-
duced colorless daughter cells or stalked cells.

No TEM was attempted for Kremastochrysopsis amer-
icana. SEM observations showed a very short second
flagellum that laid in a shallow depression
(Fig. 3D).
Molecular phylogenetic analyses**. The 18S

rRNA gene for the two species differed by 11
nucleotides (out of 1554 bp), and the rbcL differed
by 14 nucleotides (out of 1035 bp). Based on 18S
rRNA gene and rbcL phylogenies (Figs. 5, 6), Kre-
mastochrysopsis austriaca sp. nov. and K. americana sp.
nov. represented an independent, well-supported
lineage within the well-supported order Hibber-
diales. These two new species were closely related
sister taxa in the 18S rRNA gene tree, and they were
in turn sister to strain UTCC280, tentatively identi-
fied as Chrysocapsa sp. In the rbcL tree, Kremas-
tochrysopsis occupied a clade with Hibberdia magna,
Chrysonebula flava, and strain SAG 17.97. The phylo-
genies inferred from the two markers that they were
partly incongruent: the rbcL phylogenetic tree gen-
erally had lower support values for internal
branches, resulting in less resolution of taxonomic
relationships (Fig. 6). A possible saturation of the
rbcL data set was checked, the strength of the phylo-
genetic signal versus noise was assessed for the 18S
rRNA gene and different rbcL codon partitions
(Fig. S1 in the Supporting Information). The signifi-
cant saturation was revealed for the third rbcL
codon partition (Fig. S1C). Neither removal of the
saturated nucleotide sites by the site-stripping
method nor total deletion of the third rbcL codon
from alignment improved the reconstructed phy-
logeny (Figs. S2 and S3 in the Supporting Informa-
tion). Still, the rbcL phylogeny based on the initial
rbcL alignment was more congruent with the 18S
rRNA gene phylogeny than were the two other rbcL
trees where nucleotide positions were removed.

DISCUSSION

Morphology and classification. Kremastochrysis is a
poorly known genus that was first described from
bog waters near Franti�skovy L�azn�e, Czech Republic
(Pascher 1942). The primary defining character of
the genus is its hyponeustonic habit, that is, cells
hanging below the water surface. Kremastochrysis pen-
dens, the type species, has a single chloroplast. Its
vegetative cells are 8–11 lm in diameter, and its
zoospores have two flagella visible with a light
microscope but no eyespot. Kremastochrysis minor was
described from a small pond in Castellv�ı de Rosanes
in northeastern Spain (Catalan 1987); vegetative
cells of Kremastochrysis minor are 6–7 lm, with a sin-
gle parietal chloroplast that occupies the surface far-
thest from the water surface. Its zoospores are

biflagellate, 5 lm in diameter (or elliptical,
5 9 9 lm in size), and each zoospore has a single
chloroplast. Both vegetative and zoospore chloro-
plasts have an eyespot.
Prior to our paper, there was only a single species

of Kremastochrysopsis, Kremastochrysopsis ocellata, which
has two chloroplasts per cell; the vegetative cells are
up to 25 lm and the zoospores have one LM visible
flagellum and a red eyespot on one plastid.
Unfortunately, these Kremastochrysis and Kremas-

tochrysopsis species have not been reported again.
Catalan (1987) designated an ink drawing as the
holotype (iconotype) for Kremastochrysis minor, but
Pascher (1942) did not designate a holotype for
either of his two taxa. Therefore, no biological
material was used for the nomenclatural type speci-
mens and no DNA can be obtained from the icono-
type. Ideally, recollection of Pascher’s two taxa from
the type locality and gene sequencing would be the
best approach because one could establish DNA
sequences for the type species (e.g., see Andersen
et al. 2017). Such a search for the type species from
the type locality is beyond the scope of this study,
and therefore we identified our strains as Kremas-
tochrysopsis based upon their light microscopic mor-
phology. For nomenclatural purposes, we
designated an ink drawing as the lectotype speci-
men for each of Pascher’s taxa.
The cells of Chrysotilos ferrea resemble those of

Kremastochrysopsis. Chrysotilos ferrea is also a neus-
tonic organism and it was found in very shallow
pools formed by melted snow at mountain mead-
ows near Lunz, Austria (Pascher 1931). Cells are 7–
9 lm in size with a single parietal chloroplast; it
produces dorsoventrally flattened uniflagellate zoos-
pores (as viewed by light microscopy) with an eye-
spot. The cells form yellow-brown to black-brown
flakes (up to 1 mm) on the water surface, but it is
unclear if these are epineustonic or hyponeustonic
layers. A thin gelatinous envelope surrounds the
cells of a flake. A second species, Chrysotilos tatrica,
was described from the epineuston of a small pools
near the cable car station Gubał�owka, Zakopane
(Krakow region), Poland (Czosnowski 1948). The
vegetative cells are spherical, 7–9 lm in diameter,
with a single golden chloroplast with a small eye-
spot. Uniflagellate zoospores are 7–10 lm by 5.5–
7 lm. Thus, Chrysotilos vegetative and swimming
cells are similar to Kremastochrysopsis, but there are
two important differences that separate the genera.
First, Chrysotilos produces pseudocysts-shell-like
structures that become heavily impregnated with
iron (Pascher 1931, Czosnowski 1948). The pseudo-
cysts typically have two parts, upper and lower
“halves.” Furthermore, Chrysotilos produces sporan-
gia-like structures that contain 2–32 or more cells.
While Kremastochrysopsis may produce palmelloid
colonies in old cultures, the cells are evenly dis-
persed and they are never enclosed to produce a
sporangium-like structure.
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FIG. 6. Bayesian phylogenetic tree based on the rbcL gene. The newly described species are in bold. Accession numbers, strain, or field
sample codes are indicated after each species name. The scale bar shows the estimated number of substitutions per site. Origin in snow is
indicated by black arrowhead for relevant species. The Hibberdiales clade is highlighted in a grey box. Posterior probabilities (0.95 or
more) and bootstrap values from maximum likelihood analyses (50% or more) are shown. Full statistical support (1.00/100) is marked
with an asterisk. Thick branches represent nodes receiving the highest posterior probability support (1.00).
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Finally, because Kremastochrysopsis austriaca was col-
lected in melting snow rather than the neuston, we
compare our strains to the uniflagellate snow alga,
Chromulina chionophila. Chromulina chionophila has
flattened cells, one flagellum (as viewed in the light
microscope), and an eyespot in the chloroplast
(Stein 1963). Chromulina chionophila differs from our
new species because of the flattened cells and the
eyespot. There is some resemblance between the
swimming cells of Chrysotilos and Chromulina chiono-
phila, but the latter does not form pseudocysts or
sporangia.
Molecular phylogeny. Our phylogenies (18S rRNA

and rbcL genes) show that both of our new Kremas-
tochrysopsis species are members of monophyletic
Hibberdiales clade. Kremastochrysopsis austriaca
showed no close phylogenetic relation to other
chrysophytes causing blooms in melting snow
(Figs. 5, 6), for example, Chromulina chionophila
(Hoham 1975), Hydrurus sp. (Remias et al. 2013),
or Ochromonas-like flagellates (Tanabe et al. 2011).
Ecology. The occurrence of Kremastochrysopsis aus-

triaca in melting mountain snow causing a yellowish
bloom was surprising because other members of the
Hibberdiales are known from standing or flowing
waters. Previous studies found that Kremastochrysopsis
austriaca occurred together with other “snow algae
genera,” for example, Chloromonas and Sanguina
(Remias et al. 2018, Proch�azkov�a et al. 2019). While
additional studies must be made, it seems probable
that K. austriaca is distributed in other areas of the
Austrian Alps.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Plots of DNA codon substitutional
saturation. Maximum likelihood-corrected dis-
tances are plotted against uncorrected p-distances
for the first (A), second (B) and third (C) codon
position of the rbcL gene, and (D) the 18S rRNA
gene dataset. Strong curving of saturation plots
indicates the significant saturation of molecular
datasets. The lowest corrected distance used for
removal of fast-evolving sites is indicated by an
arrow.

Figure S2. Bayesian phylogenetic tree of Chrys-
ophyta based on the partitioned rbcL dataset after
removal of saturated sites by the site-stripping
method. The newly described species are in bold.
Origin in snow is indicated for relevant species.
The Hibberdiales clade is highlighted in a grey
box. Posterior probabilities (0.95 or more) and
bootstrap values from maximum likelihood analy-
ses (50% or more) are shown. Full statistical sup-
port (1.00/100) is marked with an asterisk. Thick
branches represent nodes receiving the highest
posterior probability support (1.00). Accession
numbers, strain or field sample codes are indi-
cated after each species name. The scale bar
shows the estimated number of substitutions per
site.

Figure S3. Bayesian phylogenetic tree of Chrys-
ophyta based on the partitioned rbcL dataset after
removal of the third codon positions. The newly
described species are in bold. Origin in snow is
indicated for relevant species. The Hibberdiales
clade is highlighted in a grey box. Posterior prob-
abilities (0.95 or more) and bootstrap values from
maximum likelihood analyses (50% or more) are
shown. Full statistical support (1.00/100) is
marked with an asterisk. Thick branches repre-
sent nodes receiving the highest posterior proba-
bility support (1.00). Accession numbers, strain or
field sample codes are indicated after each spe-
cies name. The scale bar shows the estimated
number of substitutions per site.
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Abstract: Melting snowfields are dominated by closely related green algae. Although microscopy–based classifi-
cation are evaluable distinction tools, they can be challenging and may not reveal the diversity. High–throughput 
sequencing (HTS) allows for a comprehensive community evaluation but has been rarely used in such ecosystems. 
We found that assigning taxonomy to DNA sequences strongly depends on the quality of the reference databases. 
Furthermore, for an accurate identification, a combination of manual inspection of automated assignments, and 
oligotyping of the abundant 18S OTUs and ITS2 secondary structure analyses were needed. The use of one 
marker can be misleading because of low variability (18S) or the scarcity of references (ITS2). Our evaluation 
reveals that HTS outputs need to be thoroughly checked when the organisms are poorly represented in databases. 
We recommend an optimized workflow including consistent sampling, a two–molecular marker approach, light 
microscopy–based guidance, generation of appropriate reference sequences and a final manual verification of 
taxonomic assignments as a best approach for accurate diversity analyses.

Key words: 18S rDNA, ITS2 rDNA, high–throughput sequencing, Illumina, oligotyping, OTU clustering, red 
snow, Sanger, secondary structure, snow algae 

Introduction

In alpine and polar regions, psychrophilic microalgae can 
cause a distinct colouration of melting snow from green 
to different shades of yellow, orange and red (Anesio et 
al. 2017; Hoham & Duval 2001; Kol 1968; Komárek & 
Nedbalová 2007; Leya 2013; Lutz et al. 2016). Snow 
algae have evolved a range of adaptive strategies to 
overcome a multitude of environmental stresses including 
low temperatures, freezing, desiccation, nutrient scarcity 
and extreme irradiation. Thus, they are of general interest 
to study a wide range of fundamental cellular processes. 
These eukaryotic photoautotrophs mostly belong to the 
Chlamydomonadaceae (Chlorophyceae) and their carot-
enoid–rich immotile stages (cysts), which are adapted to 
harsh conditions, are predominately found throughout 
the melt season (Remias et al. 2010). 

Traditionally, the red snow phenomenon has been 

associated with Chlamydomonas nivalis (F.A. Bauer) 
Wille (Kol 1968). Yet, a plethora of further species 
can be found in melting snow including Chlainomonas 
sp. Christen (Remias et al. 2016), Chloromonas nivalis 
(Chodat) Hoham et Mullet (Procházková et al. 2018a; 
Remias et al. 2010) or Chloromonas brevispina (F.E. 
Fritsch) Hoham, Roemer et Mullet (Matsuzaki et al. 
2015). Nonetheless, we are only scratching the surface 
of snow algal diversity characterization and the above–
mentioned species likely constitute a small proportion of 
the true diversity. For many taxa, no strains are available 
because the germination of cysts collected in the field was 
not successful (Procházková et al. 2018a; own observa-
tions). Moreover, cells of one species transgress through 
a variety of morphological and physiologic changes 
during their life cycle. This poses another challenge for 
the microscopy–based identification and classification.

In contrast, high–throughput sequencing (HTS) 
allows for a comprehensive assessment of the microbial 
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sequencing; (2) evaluated the importance of completion 
and curation of reference databases for correct taxonomic 
assignments of environmental sequences; (3) comple-
mented our HTS data with traditional Sanger sequencing 
data to gain more and longer reference sequences; (4) 
cross–correlated the sequencing data with traditional 
microscopic observations; (5) tested different strategies 
for taxonomic assignments (QIIME, Blast and a final 
manual refinement) in order to reveal potential differ-
ences; and (6) to delineate cryptic diversity of dominant 
species, we performed oligotyping of the most abundant 
18S rDNA OTUs and assessed species boundaries by 
ITS2 rDNA transcript secondary structures comparison.

Material and Methods

The overall workflow we followed in this study is shown in 
Fig. 1.
Field work and sample preparation. The samples were 
collected from a non–permanent, flat snow field in the Kühtai 
region of the Tyrolean Alps in Austria (Table 1). The site was 
dominated by an alpine meadow covered by a melting snow 
pack with characteristic reddish surface coloration. For HTS, 
two field samples (sample 1, sample 2) containing mixed com-
munities of several snow algae were harvested in the summers 
of 2015 and 2016 (Table 1). For Sanger sequencing cells from 
virtually monospecific patches were collected and identified by 
light microscopy. The Sanger samples were each dominated 
by one of the locally abundant taxa: Chlamydomonas nivalis  
(sample 3 collected in 2016 and described in Procházková et 
al. 2018b), Scotiella cryophila  (sample 4 collected in 2009 and 
described in Remias et al. 2018) and Chloromonas brevispina 
(sample 5; collected in 2016 and described here). The 2016 
Sanger and HTS samples (samples 1, 2 and 5; Table 1) were 
collected about two to three weeks earlier in the melting sea-
son than sample 1 collected in 2015 or sample 4 collected in 
2009. Cell harvest was performed as previously described by 
Procházková et al. (2018a) using a sterilized stainless steel 
shovel, putting the snow into sterile sampling bags and keeping 
it cold/frozen until returning to the laboratories for microscopic 
analyses and DNA extractions. The presence of algae and the 
species composition were evaluated using an Evolution field 
microscope (Pyser SGI, USA). For HTS, we intentionally used 
two different sampling approaches: In 2015 (sample 1) sampling 
included the complete snow column from the snow surface 
to the soil layer (approximately 30 cm; Fig. S1), whereas in 
2016 (sample 2) surface and ground snow were not harvested 
(Fig. S2) to avoid allochthonous organisms (airborne and soil 
algae can occur in snow, Stibal & Elster 2005).

Light Microscopy. Cells were analyzed in the laboratory with 
a Nikon Eclipse 80i light microscope equipped with a Plan 
Fluor 1.3 100× objective and a Nikon DS–5M digital camera. 

Sanger sequencing of locally abundant taxa. 18S rDNA 
and ITS2 rDNA sequences of Chloromonas brevispina K–2 
(sample 5) were gained in course of this study, whereas Sanger 
sequences from two other species were recently published – 
Chlamydomonas nivalis DL07 (sample 3; Procházková et 
al. 2018b) and Scotiella cryophila K–1 (sample 4; Remias et 
al. 2018). These three sequences were used for the generation 
of a custom reference sequence database and are available at 
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community composition of a natural ecosystem. With 
its broad application in many other environments 
(Grossmann et al. 2016), it is striking how rarely such 
approaches have been used for psychrophilic algae. So 
far a few studies have targeted snow algal communi-
ties in the Arctic (Lutz et al. 2015a; Lutz et al. 2015b; 
Lutz et al. 2016, 2017; Segawa et al. 2018), in the US 
(Brown et al. 2016), in Japan (Terashima et al. 2017) 
and in Antarctica (Segawa et al. 2018). However, HTS 
data on European Alpine communities is completely 
absent in the literature.

The nature of HTS to produce large datasets in 
a mostly automated way comes at a cost; i.e., some of 
the data processing steps are to a certain degree a ‘black 
box’. In addition, several technical biases must be taken 
in account. These may include effects due to extreme 
GC/AT ratios (Oyola et al. 2012), the choice of prim-
ers and library preparation methods (Schirmer et al. 
2015), annealing temperature (Schmidt et al. 2013), 
DNA polymerase (Brandariz–Fontes et al. 2015), 
amplicon size variability (Schirmer et al. 2015) or from 
the sequencing technology itself (Schloss et al. 2011). 

Several DNA markers, which are being employed 
for algal species delimitation, have been summarized 
in Leliaert et al. (2014). Comprehensive 18S rDNA 
marker reference databases such as Silva (Quast et al. 
2012), PR2 (Guillou et al. 2013) or EukRef (Campo 
et al. 2018) exist. However, the 18S rDNA marker is 
not sufficiently variable to distinguish among closely 
related taxa (Hall et al. 2010). In contrast, the internal 
nuclear rDNA transcribed spacer 2 (ITS2 rDNA) inherits 
high taxonomic resolution, but also in some cases high 
intragenomic variation (Thornhill et al. 2007; Simon 
& Weiss 2008; Alanagreh et al. 2017), which may 
affect OTU (Operational Taxonomic Unit) clustering 
and taxonomic identification. Since the rRNA cassette 
can vary in copy numbers per organism and the ITS 
regions are free to independently drift within the same 
organism, a potential overestimation of OTUs may oc-
cur, especially in some fungal species (i.e., one species 
can split into several OTUs (Lindner & Banik 2011; 
Lindner et al. 2013). Nevertheless, intergenic variation 
of ITS2 in algae is generally considered low compared 
to fungi. Moreover, there is a dearth of appropriate ITS2 
rDNA references sequences (Yao et al. 2010; Buchheim 
et al. 2011) that can be used for algae. Hence, for any 
accurate diversity evaluation of cryophilic algae diversity 
in environmental samples at least a two–marker approach 
is advisable (Chase & Fay  2009). 

In a methodologically motivated approach, we 
evaluated the application of HTS for the characteriza-
tion of snow algal communities in the extreme habitat 
of melting European Alpine snowfields. We present a 
case study that aims to improve the application of HTS 
techniques for accurate diversity assessments in such 
‘less common’ and ‘less well–studied’ ecosystems. To do 
this we (1) investigated the suitability of the two mark-
ers 18S and ITS2 rDNA for amplicon high–throughput 



NCBI under the accession numbers listed in Table S3. Total 
genomic DNA was isolated from the Chlamydomonas nivalis 
dominated sample 3 with the DNeasy Plant Mini kit (Quiagen) 
as previously described (Procházková et al. 2018a). Sample 
55, containing Chloromonas brevispina was lower in biomass 
(<20 mg wet weight), and thus, DNA was extracted using the 
Instagene Matrix (Bio–Rad Laboratories, USA) followng the 
protocols described in Remias et al. (2016). Isolated DNA 
was diluted to a concentration of 5 ng.µl–1 and the 18S and 
ITS2 rDNA regions were amplified using existing primers 
(Table S1). Polymerase chain reactions (PCR) were performed 
according to Procházková et al. (2018a). The PCR products 
were stained with bromophenol loading dye, quantified on a 
1.5% agarose gel and stained with GelRed (Biotium). The 
amplification products were purified and sequenced on the 
Applied Biosystems automated sequencer (ABI 3730×l) at 
Macrogen (Netherlands). Chromatogram data of forward and 
reverse sequences of both markers were visually inspected 
and edited in the program FinchTV 1.4.0 (Geospiza, USA). 
The contig of each marker was assembled in SeqMan 5.06 
(DNASTAR Inc., USA).

High–throughput sequencing. DNA was extracted from 
both field samples (sample 1 and 2) using the PowerSoil® 
DNA Isolation kit (MoBio Laboratories). The 18S and ITS2 
rDNA amplicons were prepared according to the Illumina 
“16S Metagenomic Sequencing Library Preparation” guide 

(Illumina). In brief, 18S rDNA genes were amplified using the 
eukaryotic primers 528F (5’ GCGGTAATTCCAGCTCCAA) 
and 706R (5’ AATCCRAGAATTTCACCTCT; Cheung et 
al. 2010) spanning the V4–V5 hypervariable regions. ITS2 
rDNA genes were amplified using the primers 5.8SbF (5’ 
GATGAAGAACGCAGCG; Mikhailyuk et al. 2008) and 
ITS4R (5’ TCCTCCGCTTATTGATATGC; White et al. 1990).  
All primers were tagged with the Illumina adapter sequences. 
PCR was performed using KAPA HiFi HotStart ReadyMix. 
Initial denaturation at 95 °C for 3 min was followed by 25 
cycles of denaturation at 95 °C for 30 s, annealing at 55 °C 
for 30 s and elongation at 72 °C for 30 s. Final elongation 
was at 72 °C for 5 min. All PCRs were carried out in reaction 
volumes of 25 µl containing 12.5 µl of ReadyMix, each 5 µl of 
the forward and reverse primer and 12.5 ng of DNA template 
in 2.5 µl. All pre–amplification steps were done in a laminar 
flow hood with DNA–free certified plastic ware and filter tips. 
Amplicons were barcoded using the Nextera XT Index kit. The 
pooled library was sequenced on the Illumina MiSeq using 
paired 300 bp (base pairs) reads at the University of Bristol 
Genomics Facility. 18S and ITS2 rDNA raw sequences have 
been deposited to the European Nucleotide Archive (ENA) 
under accession number PRJEB24479.

Quality filtering of HTS sequences and ITS2 extraction. 
The sequencing quality of each de–multiplexed fastq file was 
analyzed using the FastQC software (http://www.bioinformatics.

Table 1. Overview of snow algae samples from Kühtai in the Austrian Alps with three locally abundant taxa (causing virtually monospecies 
bloom) harvested for Sanger sequencing and two samples of mixed cryoflora communities collected for HTS. Sample number (code), collec-
tion date, sampling altitude (m a.s.l.) and geographic position (GPS) are shown.

Sample (code) Date Altitude 
(m)

GPS Sequencing Reference

Sample 1 (WP79) 11.06.2015 2300 N47°13.422 
E11°01.310

HTS this study

Sample 2 (WP99) 31.05.2016 2299 N47°13.416 
E11°01.260

HTS this study

Sample 3 (DL07) 28.05.2016 2380 N47°13.709 
E11°00.949

Sanger Procházková et al. 2018b

Sample 4 (K–1) 05.06.2009 2432 N47°13.748  
E11°00.704 

Sanger Remias et al. 2018

Sample 5 (K–2) 28.05.2016 2430 N47°13.753 
E11°00.737

Sanger this study

Table 2. Overview of HTS data. Number of 18S rDNA and ITS2 sequences before and after quality filtering, as well as the number and per-
centage of sequences assigned to green algal taxa (the remaining sequences were mostly assigned to Fungi, Alveolata and Rhizaria; data not 
shown).

Marker Samples No. of sequences before 
quality filtering

No. of sequences after 
quality filtering

No. and percentage of 
sequences assigned to green 
algae

18S Sample 1 221837 184921 88795 (48.0%) 

Sample 2 294484 248269 119722 (48.2%)

ITS2 Sample 1 187543 116446 81022 (69.6%)

Sample 2 204224 156958 108889 (69.4%)



babraham.ac.uk/projects/fastqc/). The low quality 3’ ends of 
all reads were trimmed. All forward reads were trimmed by 20 
bp and all reverse reads by 100 bp. All other processing steps 
were performed in Qiime (Caporaso et al. 2010). The trimmed 
paired end reads were joined before further processing and 
additionally filtered only allowing a minimum Phred quality 
score of Q20. Reads that could not be joined or were below 
the quality cut–off were excluded from the analysis. Chimeric 
sequences were removed using USEARCH 6.1. 

The software ITSx (Bengtsson–Palme et al. 2013) 
was used to extract the ITS2 rDNA regions from all sequences 
to avoid the inclusion of the highly conserved neighbouring 
genes (i.e., 5.8S and 28S). Inclusion of these regions in the 
identification process would otherwise lead to misleading 
results. HMMER (Eddy 1996) was used to predict the origin 
of the sequences (e.g., Chlorophyta, Fungi) based on Hidden 
Markov Models.

Clustering sequences into OTUs and creation of OTU table. 
In general, fragments of 18S rDNA sequences of phytoplankton 
assemblages and prokaryotic and eukaryotic alpine permafrost 
communities are clustered into OTUs at 97% similarity in HTS 
studies (Frey et al. 2016; Tragin et al. 2017). A far stricter 
threshold for clustering and species assignment is required 
for this marker when snow algal communities dominated by 
Chlamydomonadales are investigated. Several species in this 
group are very closely related and they differ in some cases by 
only one bp over the length of the amplicon (e.g. Chloromonas 
fukushimae GsCl–11 (AB906342) and Chloromonas tughillensis 
UTEX SNO91 (AB906348)).  Therefore, OTUs were picked 
de novo and clustered at 99.5% similarity for the conserved 
18S rDNA marker. 

In contrast, ITS2 is more variable and was thus clus-
tered at 94.0% similarity. The  chosen threshold is in par with 
several findings on the level of identity of algal ITS2 rDNA. 

In Gonium pectorale less than 5% of the nucleotide positions 
differ in pairwise comparisons and less than 7% vary between 
all clones (Coleman et al. 1993). Similarly, only few nucleotide 
differences have been reported among strains of Chloromonas 
reticulata (3.4–4.1%), and of Chlamydomonas reinhardtii 
NIES–2463 and SAG 11–32a (3.3%), with the latter one being 
able to cross and produce zygotes (Matsuzaki et al. 2015). A 
similar low identity threshold for OTU picking (95%) as in our 
case was also successfully applied during Illumina barcoding 
of soil fungal communities (Schmidt et al. 2013).

Singletons (OTUs containing only 1 sequence, likely 
derived from sequencing errors) were removed from both the 
18S and ITS2 rDNA data sets prior to further analysis.  The 
OTU tables were created by counting the number of times 
an OTU appeared in each sample and adding the taxonomic 
predictions to each OTU.
 
Identification of OTUs. The objective of this final process 
was to define species boundaries. In order to do so, the repre-
sentative sequences (i.e., the cluster seeds in the OTU picking 
process) of the 50 most abundant 18S and ITS2 rDNA OTUs 
(comprising >85% and >98% of the total community, respec-
tively) were used. 
Three different strategies for taxonomic assignments of each 
OTU from environmental samples were tested: 

Strategy A (basic version): The BLAST (Kent 2002) 
assignment method implemented in Qiime was used with 
the default minimum percent similarity of 90% to consider a 
database match a hit (unless a customized script is being used 
to overwrite the default setting and to increase the similarity 
threshold). The publicly available and Qiime–compatible Silva 
database (release 128) (Quast et al. 2012) was used for the 
assignment of the 18S rDNA data set and extended, with 223 
additional sequences of psychrophilic algae kindly provided 
by Dr. Thomas Leya from the CCCryo – Culture Collection of 

Fig. 1. Schematic workflow for the optimised molecular evaluation of snow algal community structures and diversity, which heavily relies on 
the combined power of light microscopy, Sanger sequencing and amplicon high–throughput sequencing. All details on the markers 18S rDNA 
and ITS2 are highlighted in red and green, respectively. 

118                                                                                                                            Lutz et al.: Evaluating amplicon HTS data of snow algae



Cryophilic Algae (Fraunhofer IZI–BB). Sequences assigned 
to Opisthokonta, Amoebozoa, Alveolata and Rhizaria were 
removed from the OTU table. For the taxonomic assignment of 
the ITS2 rDNA sequences, a custom database with the limited 
number of available reference sequences for (psychrophilic) 
green algae was downloaded from NCBI (Table S2). 

Strategy B (extended version): The basic version was 
improved by adding reference sequences of the locally abun-
dant taxa derived from Sanger sequencing (see above) to the 
custom reference database. 

Strategy C (further extended version): All the steps 
were done as in the extended version. Additionally, manual 
comparisons were carried out for the representative sequences 
of the OTUs with their respective reference sequences (pairwise 
blast). A manual search of each OTU representative sequence 
against NCBI was performed (megablast). Additional refer-
ence sequences were added to the custom based database, if 
the search resulted in a better sequence identity match than the 
one with its respective reference sequence. A verification of 
sequence identities for 18S (including oligotyping) and ITS2 
(including secondary structures comparisons) was performed. 
Hereafter, we define these unique ITS2 sequences among one 
species as “haplotypes”. 

Manual identification of OTUs (Strategy C [further extended 
version] in detail). Representative sequences of the most 
abundant 18S and ITS2 OTUs were manually submitted to the 

BLAST (Kent 2002) web server to search NCBI for close hits 
to algal taxa. The used BLAST nucleotides parameters were 
the following: megablast (highly similar sequences), ´others´ 
as database search set, uncultured/environmental sequences 
were included, other algorithm parameters were kept with 
default values.

In case of 18S rDNA, an identity threshold of ~99.4% 
(i.e., 2 bp nucleotide difference in a 342 bp sequence) had to be 
passed in order to be considered as a database match. Sequences 
below this threshold were recorded as “no blast hit”. A stricter 
identity threshold could inflate the diversity due to potential 
sequencing errors (Bradley et al. 2016). 

To discover cryptic diversity in the 18S rDNA data, the 
three most abundant OTUs of this marker were further subjected 
to oligotyping, a high–resolution method that uses Shannon 
entropy to evaluate the most information–rich nucleotide 
position in an amplicon data set (Eren et al. 2013; Lutz et 
al. 2018). All sequences contained in one OTU were extracted 
individually and trimmed to the same length of 340 bp using 
Fastx Trimmer (http://hannonlab.cshl.edu/fastx_toolkit/). 
The number of components (i.e., nucleotide position with the 
highest entropy) to be used was chosen based on the entropy 
analysis of the sequence alignment. Noise filtering was carried 
out using a minimum substantive abundance of 50. 

In order to assess species boundaries using ITS2 
rDNA, three steps were carried out: (1) A minimum similarity 

Fig. 2. Light micrograph of cells in field sample 1. The three locally abundant snow algae identified using morphological features were Cr. 
brevispina (Cb), Scotiella cryophila (Sc) and Cd. nivalis (Cdn). Other cells observed in this sample were Cr. nivalis (Cn), unknown unicellular 
green alga (U), fungus (F) or bacteria (B). Scale bar 10 µm.
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Table 3. Algal community structure based on the 18S rDNA data set.  The ten most abundant OTUs were selected (>78% of the community). 
The table shows the discrepancies between OTU assignments using three strategies: (A) basic version using Qiime and the Silva database, (B) 
extended version using Qiime and additional reference sequences of the locally abundant taxa (underlined) and (C) further extended version 
using final manual verification of taxa assignments at NCBI, only allowing up to 2 bp nucleotide difference to the respective reference sequence 
(sequences below this threshold were recorded as “no blast hit”).  A comprehensive list of the 50 most abundant OTUs with corresponding OTU 
identification numbers can be found in Table S4.

OTU ID Sample 
1 (%)

Sample 
2 (%)

(A) Qiime 
    + Silva

(B) Qiime
    + Silva
    + local references

(C) Qiime 
    + Silva
    + local references
    + manual verification

denovo14334 33.0 66.8 Chloromonas 
sp. Gassan–A 
LC012753.1 

Chloromonas brevispina 
K–2 

Ambiguous hits:
Chloromonas brevispina 
K–2,
Scotiella cryophila K–1, 
Chloromonas sp. TA 
AB902996,
Chloromonas sp. 
Gassan–B LC012714.1

denovo45654 18.7 0.1 Mesotaenium 
sp. AG–2009–1 
FM992335.1

Ancylonema 
nordenskioeldii 
AF514397.2 

Ancylonema 
nordenskioeldii 
AF514397.2

denovo36485 0.9 13.6 Uncultured 
Chlamydo–
monadaceae 
AB902971.1 

Chlamydomonas nivalis 
DL07

Chlamydomonas nivalis 
DL07

denovo40226 8.2 0 Botrydiopsis 
constricta 
AJ579339.1

Botrydiopsis constricta 
AJ579339.1

Botrydiopsis constricta 
AJ579339.1

denovo15070 4.6 1.0 Uncultured 
Chloromonas 
AB903008.1

Chloromonas cf. alpina 
CCCryo 033–99
HQ404865.1

Chloromonas platystigma 
strain CCCryo 020–99

denovo20542 4.6 0 Uncultured 
Dunaliellaceae 
EF023287.1

Uncultured Dunaliellaceae 
EF023287.1

Chloroidium 
saccharophilum isolate 
HST10K KX024691.1

denovo101 3.2 1.1 Chloromonas sp. D–
CU581C AF517086.1 

Chloromonas cf. 
rostafinskii CCCryo 025–
99 AF514402.1

Ambiguous hits:
Chloromonas sp. NIES–
2379 AB906350.1,  
Chloromonas rostafinskii 
strain CCCryo 025–99 
AF514402.1

denovo23251 3.0 <0.1 Chloromonas 
sp. Gassan–A 
LC012753.1 

Chloromonas brevispina 
K–2

Ambiguous hits:
Chloromonas brevispina 
K–2,
Chloromonas sp. 
Hakkoda–1 LC012710.1, 
Chloromonas sp. 
Gassan–A LC012709.1

denovo30051 0.4 1.9 Uncultured 
Chloromonas 
AB902984.1

Uncultured Chloromonas 
AB902984.1

No blast hit

denovo36086 2.1 0 Prasiola furfuracea 
AF189073.1 

Prasiola furfuracea 
AF189073.1 

No blast hit

21.3 15.5 Other Other Other
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Table 4. Oligotyping of the three most abundant 18S rDNA OTUs (sequences shown in Table S5). The table shows individual oligotypes that 
were conflated in the three most abundant 18S rDNA OTUs (Table 3), but were not be detected by conventional OTU clustering. The refined 
taxonomic assignments and their respective relative abundances were then used for the final description of the snow algal community compo-
sition in Figure 5. For instance, OTU ‘denovo14334’ was assigned to Chloromonas brevispina K–2 (Sample 1: 33%). However, oligotyping 
revealed that only one oligotype within this OTU corresponded to this species, which decreased its relative abundance from 33.0% to 23.4%.

OTU
Oligotype 

Taxa assignment Similarity 
(%)

Sample 1 
(%)

Sample 2 
(%)

denovo14334 Ambiguous hits: Chloromonas brevispina K–2,
Scotiella cryophila K–1, Chloromonas sp. TA AB902996,
Chloromonas sp. Gassan–B LC012714.1 

99.4 33.0 66.8

TTT Uncultured snow algae LC371427.1, LC371425.1, 
LC371423.1, LC371419.1, LC371414.1

100 1.0 60.7

TCT Chloromonas brevispina K–2, Chloromonas sp. Gassan–A 
LC012753.1  , Chloromonas sp. Hakkoda–1 LC012710.1

100 23.4 <0.1

CTT Chloromonas sp. Gassan–B LC012714, uncultured 
Chloromonas  sp. ANT1 AB903007.1 and Chloromonas  sp. 
TA8  AB902996.1, Chloromonas polyptera JQ790556.1, 
uncultured Viridiplantae HQ188979.1

100 8.5 0.2

TTC 28 hits >99 0.1 5.9

denovo45654 Ancylonema nordenskioeldii AF514397.2 100 18.7 0.1

A Ancylonema nordenskioeldii AF514397.2 100 17.2 0.1

C Mesotaenium berggrenii var. alaskana JF430424.1, 
Mesotaenium sp. AG–2009–1 FM992335.1

99.4 1.5 <0.1

denovo36485 Chlamydomonas nivalis DL07 100 0.9 13.6

T Chlamydomonas nivalis DL07, 14 hits including several 
Chlamydomonas nivalis and uncultured snow algae strains

100 0.8 12.3

C 14 hits including several Chlamydomonas nivalis and 
uncultured snow algae strains

100 0.1 1.3

editing of the secondary structure in order to provide accurate 
sequence–structure alignments in the context sensitive editing 
mode (i.e., sequences and secondary structure information are 
used to validate whether a binding in the context is possible 
or not). The alignment consisted of the reference species 
and all OTUs assigned to this species based on preliminary 
pairwise comparisons in BLAST. Species delimitation was 
performed in 4SALE and was based on the detection of CBCs 
(Compensatory Base Changes), both nucleotides of a paired 
site mutate while the pairing itself stays stable (e.g., paired 
sites A–U mutated into G–C). A search for CBCs can only 
be performed in homologous positions of the ITS2 molecule, 
which can be unambiguously aligned. For Chlorophyceae, the 
consensus secondary structure model of ITS2 was identified 
and the conservation level of individual ITS2 sequence posi-
tions (i.e., a position is conserved above 70%) in the alignment 
was specified (Caisová et al. 2013). Comparisons of the ITS2 
secondary structure prediction of the reference sequences gained 
from Sanger sequencing and those from the HTS data set that 
were preliminarily assigned to those reference sequences were 
performed. Based on these comparisons, species boundaries 
between OTUs and the number of haplotypes for each refer-
ence species was assessed. Even a single CBC in helices II 
and III of the ITS2 secondary structure may indicate sexual 
incompatibility as has been shown in crossing experiments 

of ≥89.0% between an OTU and the reference sequence had 
to be passed to be considered as a database match. (2) If an 
OTU passed this identity threshold, it was retained for the 
creation of ITS2 rDNA transcript secondary structures. (3) 
The absence of a CBC in the homology positions of the ITS2 
in comparison to an OTU with the reference sequence near 
the 5´– apex of helix III in the ITS2 secondary structure was 
required in order to be assigned to this reference taxon. A 
suggested schematic overview of taxonomic assignment of 
environmental ITS2 rDNA sequences from environmental 
samples is shown in Fig. S3. In detail, the ITS2 sequences 
were folded using the Mfold server (http://mfold.rna.albany.
edu/?q5mfold; Zuker 2003; note: HTS delivers DNA based 
data, but during RNA folding, thymine [‘T’] is converted to 
uracil [‘U’]). The model of the secondary structure with the 
minimum free energy that was consistent with the specific 
features of nuclear rDNA ITS2 and that contained four helixes 
and U–U mismatch in helix II (Coleman 2007) was selected. 
The ITS2 sequences and secondary structures were automati-
cally and synchronously aligned (Schultz & Wolf 2009) using 
4SALE (Seibel et al. 2006, 2008), and subsequently manually 
validated and corrected. First, structure based information 
(i.e., consensus of all secondary structures and all secondary 
structures displayed separately) was visually inspected to de-
tect misaligned sequences. This was followed by the manual 
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(Coleman 2000, 2009). One CBC in the most conserved part 
of helix III region of the ITS2 encompassing the YGGY motif 
(the most conserved region of the ITS2 secondary structures 
of eukaryotes; Coleman 2007) suggested the separation of 
two sister species which differ in their cell morphology, i.e., 
Chloromonas reticulata and Chloromonas chlorococcoides 
(Matsuzaki et al. 2012). It has been shown that the probability 
of a CBC representing two distinct species is 93% (Wolf et 
al. 2013). The secondary structure of nuclear rDNA ITS2 was 
drawn using VARNA version 3.9 (Darty et al. 2009). 

Evaluation of the different strategies for taxonomic assign-
ments. Nonmetric multidimensional scaling (NMDS) based 
on Bray–Curtis distances was performed using the program 
CANOCO 5 (ter Braak & Šmilauer 2012) to visualize the 
differences in taxonomic assignments based on 18S and ITS2 
rDNA and among the three strategies used (A, B, C, see above).

Results

Community composition based on light microscopy 
The most abundant algal taxa identified in both samples 
1 and 2 were Chloromonas brevispina, Chlamydomonas 
nivalis and Scotiella cryophila. All cells of these species 
were immotile cysts containing a secondary red carotenoid 
pigmentation, more or less masking the chlorophylls 
(Fig. 2, Fig. S4). The macroscopic appearance of the 
snow was red at the surface, turning greenish deeper in 
the snow at the spot where sample 1 was collected (Fig. 
S1) and yellowish where sample 2 was collected. Sample 
1 additionally contained several other, unidentified uni-
cellular green algae. The microscopic identification of 
the sample 5 revealed solely Chloromonas brevispina. 
The microscopic identifications of the dominant algae 
in samples 3 and 4 have been described previously 
(Procházková et al. 2018b; Remias et al. 2018). 

Output of the Sanger sequencing of the locally 
abundant taxa
Long sequences of multiple DNA regions containing 
18S (about 1700 bp) and ITS2 rDNA (~200–1550 bp, 
Fig. 1) were obtained from the samples with virtually 
monospecific blooms of the three locally abundant taxa. 
The primers used (Table S1) amplified a larger fragment 
than ITS2. The actual length of the ITS2 rDNA for 
Chlorophyta (most common photosynthetic members 
of snow communities) varies between taxa in a range 
between 180 and 480 bp (Buchheim et al. 2011). For 
instance, the AL1500af and LR3 primers (Table S1) 
are complementary to the end of 18S rDNA and 26S 
rDNA, and therefore resulting in the amplification of 
an approximately 1550 bp region. 

Output of the 18S rDNA HTS data
A total of 433,190 18S rDNA sequences passed the qual-
ity control and 208,517 sequences could be assigned to 
green algal taxa (Table 2). The remainder of the sequences 
was assigned mostly to fungi, as well as Alveolata and 
Rhizaria (data not shown). 50 OTUs made up >87% of 
the total community composition (Table S4) and they 
were selected for the data evaluation and workflow opti-
mization (Fig. 1). An overview of the ten most abundant 
OTUs (>78% of the total community) can be found in 
Table 3. The largest proportion of the sequences (sample 
1: 33.0%, sample 2: 66.8%) was clustered in one OTU 
‘denovo14334’ (99.4% similarity). 

Evaluation of the different strategies for taxonomic 
assignments in 18S rDNA
Strategy A (basic version): The initial species assign-
ment solely using the Qiime–compatible Silva database 
resulted in Chloromonas sp. Gassan–A LC012753.1 
(Table 3 – column (1)). Other abundant OTUs were 
assigned to Mesotaenium sp. and several “uncultured 
Chloromonas and Chlamydomonadaceae” without a 
species affiliation (Table 3). Strategy B (extended ver-
sion): The inclusion of the reference sequences of the 
locally abundant taxa into custom reference sequence 
database resulted in new assignments (26 out of the 50 
most abundant OTUs) and in some cases in the clarifica-
tion of the species assignment (Table S4 – column (2)). 
For instance, the “uncultured Chlamydomonadaceae” 
was identified as Chlamydomonas nivalis (sample 1: 
0.9%, sample 2: 13.6%). Strategy C (further extended 
version): The representative sequences of the 50 most 
abundant OTUs in 18S rDNA were subjected to a manual 
BLAST search against NCBI GenBank (since the taxa 
assignments in Qiime (Caporaso et al. 2010) uses a 
low default value of 90% minimum percent similarity to 
assign taxonomies to OTUs). The aim was to verify the 
actual percentage of identity, and whether closer hits not 
present in the Silva database occurred. Indeed, the manual 
verification step improved the taxonomic assignment 
of another eight taxa. However, it also revealed that 15 
OTUs shared the same identity with several species. For 

Fig. 3. Analysis of the 38 most abundant OTUs of both samples: 
Comparison of haplotype diversity of the three locally abundant spe-
cies (Chloromonas brevispina K–2, Chlamydomonas nivalis DL07, 
Scotiella cryophila K–1; identified by light microscopy) between an 
evaluation based on automatic species assignment via Qiime and a 
manual assignment according to the CBC species concept (comparison 
of the ITS2 rDNA transcript secondary structures). A sequence identity 
of ≥89.0% and an absence of CBCs in homologic positions near the 
5´apex of helix III were required in comparison to a reference species 
for an assignment to each taxon. 
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Fig. 4. Secondary structure of the ITS2 rDNA transcript Chloromonas brevispina K–2 (accession number MG791868). Differences between this 
species and the closely related OTU ‘denovo99’are shown by nucleotides outside the structure linked by dotted lines. The U–U mismatch in 
helix II is indicated by arrows and the YGGY motif on the 5’ side near the apex of helix III is in bold. CBCs in conserved parts of the structure 
are indicated by rectangles. The most significant CBC is located near the 5´apex of III helix. In addition, Chloromonas brevispina K–2 was 
identical with OTU ‘denovo107’ except for one ambiguous base (marked by an asterisk in helix IV). 

instance, a vast number of Chloromonas species shared 
more than 99% identity in the hypervariable V3–V4 
region of the 18S rDNA sequences (Table 3 and Table 
S4). This was the case for Chloromonas brevispina K–2, 
Chloromonas sp. TA 8 (AB902996.1), Chloromonas sp. 
Gassan–A (LC012714.1), Chloromonas sp. Gassan–B 
(LC012714.1), Chloromonas polyptera (JQ790556) and 
Chloromonas sp. Hakkoda–1  (LC012710.1), as well as 
Scotiella cryophila K–1 (MG253843; considering two 
ambiguous positions in the reference which can code 
for the same nucleotides). The same situation applied to 
Raphidonema sempervirens (AF514410.2), Raphidonema 

nivale (AB488604.1) and Stichococcus sp. (KP081395.1), 
which also shared more than 99% identity. Thus, those 
OTUs were not assigned unambiguously at one species 
level (see ambiguous hits in Tables 3 and Table S4). The 
most abundant OTU, denovo14334, showed a difference 
of 1 bp to Chloromonas brevispina K–2, Chloromonas sp. 
TA 8 (AB902996.1), Chloromonas sp. B (LC012714.1) 
and Scotiella cryophila K–1 (MG253843). Thus, several 
species are likely conflated in this OTU. In addition, 
several OTUs showed differences of more than 2 bp to 
the closest reference and their assignment was therefore 
discarded in this step and recorded as “no blast hit”         
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(2 OTUs in Table 3 – column (3), and 15 OTUs in Table 
S4 – column (3)). The percentage of sequence cover in 
the pairwise comparison with the reference sequence was 
also considered. For example, the OTU denovo30674 
was initially assigned to Prototheca cutis (AB470468.1; 
< 2 bp difference). Yet, manual post–processing revealed 
that the sequence cover was only 18%. Thus, this as-
signment was discarded.

Furthermore, based on light microscopic obser-
vations and known species distribution patterns for this 
European Alpine region, some taxa assignments had to 
be scrutinized despite a very high similarity of the am-
plicon sequences with the suggested affiliations. These 
included Ancylonema nordenskioeldii, which mainly 
thrives on glacial surfaces of Polar Regions (Lutz et al. 
2018; Remias et al. 2012), and Chloromonas polyptera, 
which can be found in Maritime Antarctica near penguin 
rockeries (Remias et al. 2013). 

Since several OTUs seemed to contain multiple 
taxa, oligotyping was carried out for further refinement 
of the taxonomic assignments. OTU ‘denovo14334’ 
consisted of four oligotypes, of which the most abundant 
shared 100% similarity with Chloromonas brevispina 
K–2 in sample 1 and several uncultured snow algae 
species in sample 2 (Table 4, Table S5). Oligotyping of 
the sequences grouped in the OTUs ‘denovo45654’ and 
‘denovo36485’ also resulted in the resolution of another 
two oligotypes in each OTU. 

Output of the ITS2 rDNA HTS data
A total of 273,404 ITS2 rDNA sequences passed the 
quality control and 189,922 sequences could be as-
signed to Chlorophyta (Table 2). The remainder of the 
sequences was assigned to mostly Fungi and Alveolata 

(Table S6). An overview of the 10 most abundant OTUs 
(>88% of the total community) can be found in Table 
5. 38 OTUs made up >98% of the total community 
composition (Table S7) and were selected for the data 
evaluation and workflow optimization (Fig. 1, Fig. S3). 
All sequence–structure alignments of ITS2 transcripts 
and ITS2 secondary structures of these most abundant 
OTUs, together with their reference sequences, can be 
found in the Supplementary Material (Figs S5–S24). 

Evaluation of the different strategies for taxonomic 
assignments in the ITS2
Strategy A (basic version): The initial assignments based 
on the limited number of sequences available at NCBI 
resulted in species assignments for 17 out of the 38 OTUs 
(Table S7 – column (1)). Strategy B (extended version): 
After including the Sanger derived reference sequences 
of the three locally abundant taxa into custom reference 
sequence database, eight assignments for denovo OTUs 
were improved (Table S7 – column (2)) and one OTU 
previously without blast hit could be newly assigned 
(i.e. denovo63 to Scotiella cryophila K–1). Chloromonas 
brevispina K–2 and Scotiella cryophila K–1 contributed 
significantly to the pool of detected sequences. Strategy C 
(further extended version): After conducting ITS2 rDNA 
transcript secondary structure analyses and CBC detection 
in the most conserved part close to 5´–apex of III helix, 
the haplotype diversity of locally abundant Chloromonas 
brevispina revealed to be lower than expected from the 
HTS output (Fig. 3 – column ´automatic´), whereas it did 
not change for Scotiella cryophila and Chlamydomonas 
nivalis. In the analysis of the 38 most abundant OTUs, 
which comprised >98% of the community (Table S7), 
one dominant and up to three rare haplotypes for each 
of three locally abundant species was recovered (Fig. 
3 – column ´manual´, Table S7). The dominant one was 
shown to be 100% identical with the reference sequence 
of a locally abundant taxon (Fig. 4, Figs S11, S16). For 
instance, the dominant haplotype of Scotiella cryophila 
K–1 in sample 1 accounted for 8,853 reads, whereas 
the second haplotype comprised 194 reads. The major 
haplotype of Chlamydomonas nivalis DL07 in sample 2 
included 30,734 reads and the second haplotype only 61 
reads. The major haplotype of Chloromonas brevispina 
K–2 in sample 1 was represented by 32,258 reads and the 
second haplotype by 155 reads only. The most abundant 
OTU ‘denovo99’ (59% of sequences in sample 2), which 
had previously been assigned to Chloromonas brevispina 
K–2, had six CBCs in the conservative regions (including 
one CBC in the most conserved apex of helix III close 
to the 5´end) of the ITS2 structure in comparison with 
the reference sequence (Fig. 4). Considering that the 
presence of at least one CBC between two organisms 
in the most conserved regions of ITS2 is predicting a 
failure to cross sexually (Coleman 2009), we infer that 
OTU ‘denovo99’ might represent an independent though 
undescribed species. Furthermore, several OTU taxonomic 
assignments were below the chosen similarity threshold 

Fig. 5. Snow algal community composition after all optimization steps 
comprising all taxa with a minimum relative abundance of 5%. Full 
details can be found in Tables S4 and S6. Some discrepancies still 
prevailed between the 18S and ITS2 rDNA data sets, in particular in 
terms of the percentage of sequences with an unambiguous species 
assignment. Soil algae, which were only present in sample 1, are 
highlighted with an asterisk. Less abundant taxa are summarised in 
‘Other’. Species abbreviations in brackets are referring to cells identi-
fied by light microscopy. Sequences below the similarity threshold 
of 94.5% and of 89.0% for 18S rDNA and ITS2, respectively, were 
recorded as “no blast hit”.
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of 89% with respect to the reference sequences. The suit-
ability of the used ITS2 identity threshold was verified 
by checking the presence of CBCs in all representative 
OTUs, also those with a lower similarity threshold. These 
included the three OTUs (denovo142, denovo254 and 
denovo127) initially assigned to Chloromonas cf. ros-
tafinskii (HQ404863.1). Indeed, they had several CBCs 
in the most conserved 5´end of helix III (Figs S12–S14). 
Consequently, these unknown species contributed to 
22.5% of the unidentified ITS2 diversity in sample 1. 
Another OTU with an identity above the threshold of 
89% was ‘denovo100’, which shared 92% identity with 
Chloromonas pichinchae CCCryo 261–06. A single 
CBC outside the most conserved part in helix III was 
detected in this case when the secondary structures of 
these sequences were compared (Figs S6, S7). Therefore, 
OTU ‘denovo100’ was also assigned to Chloromonas 
pichinchae. Similarly, four CBCs were found between 
OTU ‘denovo44’ and Scotiella cryophila. They were 
located in helix III but outside its most conserved part 
(Figs. S15, S16), therefore these CBCs were treated 
as intraspecific variability (and maybe as an intrage-
nomic variability) and OTU ‘denovo44’ was assigned 
to Scotiella cryophila. In addition, OTU ‘denovo85’ was 
95% identical with the reference species and no CBC was 
found. Thus, ‘denovo85’ was assigned to Chloromonas 
pichinchae (Fig. S6, S7).

Comparison of community compositions obtained 
with HTS using 18S and ITS2
The differences in the algal community structure obtained 
using the two markers is summarised in the NMDS ordi-
nation graphs (Figs. S25–S26). Whereas the 18S rDNA 
dataset resulted in a very similar taxonomic composition 
of both samples, ITS2 based analysis clearly separated 
the samples. The discrepant outcomes of the different 
assignment strategies are clearly visible for both mark-
ers. The presence of Chloromonas brevispina K–2 and 
Chlamydomonas nivalis DL07 were confirmed by both 
the 18S and the ITS2 rDNA data. Whereas Scotiella 
cryophila K–1 was one of the more abundant species 
in the ITS2 data in sample 1 (11.1%), it could not be 
unambiguously assigned in the 18S data (Table 3 and 
Table S4, denovo14334). Several other, less frequent 
species, (e.g, Chloromonas sp. Hakkoda–1 (LC012710.1), 
Chloromonas platystigma (AF514401.1), Chloroidium 
saccharophilum (KX024691.1), Chloromonas cf. rosta-
finskii (AF514402.1) could be detected in the 18S rDNA 
data, yet, were absent in the ITS2 data.

In contrast, the 18S rDNA data of sample 2 was 
dominated by a taxon sharing 100% similarity with sev-
eral uncultured snow algal species, and Chlamydomonas 
nivalis (18S: 13.6%, ITS2: 28.3%; Tables 3 and 5, Figure 
5). A considerably higher abundance of sequences with 
no species assignment was present in the ITS2 data sets 
(sample 1: 22.5%, sample 2: 68.6%) in comparison to the 
18S rDNA data sets (sample 1: 3.6%, sample 2: 3.0%; Fig. 
5). However, the vast majority of unassigned sequences 

in sample 2 was represented by a single dominant OTU 
(denovo99; 86% of all sequences without species assign-
ment) closely related to Chloromonas brevispina K–2 
(Fig. 4), and the abundance of Chloromonas brevispina 
K–2 was negligible (<10 reads). In contrast, in sample 1 
Chloromonas brevispina K–2 represented the dominant 
abundant OTU and denovo99 was much less abundant.
In sample 1, allochtonous soil algae like Botrydiopsis con-
stricta (AJ579339.1), Botrydiopsis callosa (AJ579340.1), 
Heterococcus pleurococcoides/fuornensis/chodatii 
(Xanthophyceae; Broady 1976; Negrisolo et al. 2004), 
Chloroidium saccharophilum  (KX024691.1; Darienko et al. 
2010), Lobosphaera sp. (KT119889.1), Lobosphaera incisa 
(KM020046.1) and Lobosphaera tirolensis (Chlorophyta; 
AB006051.1; Karsten et al. 2005) were present (Tables S4 
and A7). In contrast, these species were absent in sample 
2 (when surface and soil–near snow were avoided during 
sample collection). This highlights the importance of a 
consistent sampling strategy when the aim is to compare 
species composition and abundances between different 
sites (Fig. S2). 

Discussion

Approaches to create a custom reference database 
of locally abundant taxa 
Here, we show that by generating reference sequences 
of the locally abundant taxa and including them into the 
custom reference databases, the number of the identi-
fied OTUs increased. The use of monospecific snow 
algae blooms is advisable for obtaining long reference 
sequences of multiple DNA regions by Sanger sequenc-
ing. However, environmental sequences can be tricky 
and must be of high quality when used as references for 
HTS data (Rimet et al. 2018). A polyphasic approach 
(i.e., collectively using genetic, chemotaxonomic and 
phenotypic methods) is required to determine accurately 
the taxonomic identity of species found in field samples 
(Matsuzaki et al. 2015). Alternatively, single cells with 
identifiable morphologies, can be picked out of mixed 
samples for single–cell sequencing to link morphol-
ogy to genotype (Bock et al. 2014). Light microscopy 
evaluations of cell morphologies should be conducted 
for each sample (directly after collection) to investi-
gate which species might be present in the sequencing 
results. Qualitative light microscopic observation and 
identification may help link a phenotype of the most 
dominant morphotype with a genotype of the dominant 
OTU (e.g., OTU ‘denovo99’ prevailing in sample 2 is 
closely related to Chloromonas brevispina K–2 and they 
most likely share similar morphologies). The number of 
haplotypes of dominant species within a bloom might be 
revealed and compared with reports from elsewhere. For 
instance, a low haplotype diversity of Chlamydomonas 
nivalis DL07 is in par with previous findings on red snow 
from North America (Brown et al. 2016). 
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Table 5. Algal community structure based on the ITS2 data set, comprising the ten most abundant OTUs that made up >88% of the commu-
nity. The table shows discrepancies between OTU assignments using three strategies: (A) basic version using Qiime and a custom database 
downloaded from NCBI, (B) extended version using Qiime and additional reference sequences of the locally abundant taxa (underlined), and 
(C) further extended version using final manual verification of taxa assignments which  required ≥89.0% similarity (sequences below this 
threshold were recorded as “no blast hit”) and the absence of compensatory base changes (CBC) in homology positions near the 5´– apex of 
helix III. A comprehensive list comprising the 38 most abundant taxa with their corresponding OTU identification numbers can be found in 
the Table S7. Our results reveal that the manual verification including secondary structure prediction and CBC search is essential, and thus, 
highly recommended.

OTU ID Sample 
1 (%)

Sample 
2 (%)

(A) Qiime
   + NCBI database 

(B) Qiime
   + NCBI database 
   + local references

(C) Qiime
   + NCBI database 
   + local references 
   + manual verification
(sequence similarity (%), 
sequence cover (%))

denovo99 1.8 59.1 Chloromonas sp. 
CCCryo289–06 
HQ404893.1

Chloromonas 
brevispina K–2

No blast hit
(88%, 83%, 6 CBC when compared 
denovo99 and Chloromonas 
brevispina K–2 – one CBC out of 
it is located in the most conserved 
part of structure, i.e. in top close to 
the 5´end of III helix, see Fig. 4)

denovo20 5.5 28.2 Chlamydomonas 
nivalis 
GU117577.1

Chlamydomonas 
nivalis DL07

Chlamydomonas nivalis DL07 
(100%, 100%)

denovo107 39.8 <0.1 Chloromonas sp. 
CCCryo289–06 
HQ404893.1

Chloromonas 
brevispina K–2

Chloromonas brevispina K–2 
(100% identical except for one 
nucleotide – instead of ̔R̔ in 
reference sequence, there was ̔G ՙ, 
100%)

denovo100 13.7 <0.1 Chloromonas 
pichinchae 
HQ404889.1

Chloromonas 
pichinchae 
HQ404889.1

Chloromonas pichinchae 
HQ404889.1 
(92%, 100%, 1 CBC in helix III 
[outside the most conserved part] 
when compared denovo100 and 
Chloromonas pichinchae, see Figs 
S6, S7)

denovo63 10.9 0.2 No blast hit Scotiella cryophila 
K–1

Scotiella cryophila K–1
(100%, 100%)

denovo142 8.2 1.7 Chloromonas 
rostafinskii 
HQ404863.1

Chloromonas 
rostafinskii 
HQ404863.1

No blast hit
(79%, 60% – denovo142 vs. 
Chloromonas rostafinskii: 86%, 
77% – denovo142 vs. Chloromonas 
miwae LC012762.1, four CBCs 
[one CBC out of it is located in 
the most conserved part of the 
structure, i.e., in the top close to the 
5´end of III helix] when compared 
denovo142 and Chloromonas 
miwae, sequence–structure 
alignment in Fig. S12)

denovo130 1.4 3.5 No blast hit No blast hit No blast hit
(no significant similarity found)

denovo181 4.1 0 No blast hit No blast hit No blast hit
(82%, 87%, Desmococcus 
endolithicus KX094830.1; five 
CBCs – one in helix II and four 
CBCs in helix III, see Figs S19, 
S20)
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denovo254 3.1 0.1 Chloromonas 
rostafinskii 
HQ404863.1

Chloromonas 
rostafinskii 
HQ404863.1

No blast hit
(82%, 48% – denovo254 vs. 
Chloromonas rostafinskii: 
88%, 84% –  denovo254 vs. 
Chloromonas miwae LC012762.1, 
three CBCs [one out of in the most 
conserved part of the structure] 
when compared denovo254 and 
Chloromonas miwae, see Figs S12, 
S14)

denovo23 0.1 2.2 No blast hit No blast hit No blast hit
(no significant similarity found)

11.4 5.0 Other Other Other

Table 5 Cont.

sp. Gassan B (LC012714.1), Chloromonas sp. ANT1 
(AB903007.1), Chloromonas sp. TA8 (AB902996.1) 
and an uncultured ‘Viridiplantae’ clone (HQ188979.1). 
In summary, 18S rDNA amplicons do not adequately 
identify taxa on the species level in several taxonomic 
groups (Xiao et al. 2014).

Advantages of the ITS2 marker
In contrast to the 18S rDNA marker, Illumina reads can 
span the entire region of ITS2 rDNA. This hypervariable 
molecular marker provides a much higher resolution than 
18S rDNA. The prediction of the ITS2 rDNA transcript 
secondary structures allowed a thorough identification of 
the haplotype diversity (manual taxonomic assignment 
strategy C, further extended version). It is therefore 
a powerful tool to delete wrong OTU assignments 
and represents an appropriate way of describing the 
true biodiversity (e.g., in sample 2 the most abundant 
OTU ‘denovo99’ is not Chloromonas brevispina K–2). 
Nevertheless, the methodological approach of ITS2 
rRNA secondary structure prediction of each OTU is 
currently immensely time–consuming. The process is 
partly automatized (e.g., using Mfold, 4SALE), yet, 
significant input of manual validation and correction is 
still required. Wolf et al. (2013) reported a probability 
of ~0.99 that no intragenomic CBC took place, based on 
the comparison of ITS2 of 178 species of land plants. 
However, some Chloromonas species in snow possess 
intragenomic CBCs (Matsuzaki et al. 2015). As a conse-
quence, evaluation of CBCs detection should be carried 
out carefully; i.e., not only the pure presence or absence 
of CBCs, but also the exact position in the ITS2 molecule 
(i.e., whether it is in or outside the most conserved part) 
and the overall level of genetic difference of ITS2 be-
tween OTUs should be taken into account. For instance, 
among three OTUs from aplanozygotes and strains of 
C. miwae, one CBC was observed between specimen 
Gassan–C/strain NIES–2379 and strain NIES–2380 
(Matsuzaki et al. 2015). This CBC was located outside 
the most conserved branch of helix III and the genetic 
differences in the nuclear rDNA ITS2 region between 

 The 18S rDNA marker and its limitations
Currently, a considerably higher number of 18S rDNA 
reference sequences exists in public databases compared 
to ITS2 rDNA. Therefore, 18S rDNA seems to be the 
obvious marker of choice for high–throughput studies 
of eukaryotic communities. Several other gene loci, e.g. 
tufA (Vieira et al. 2016) and rbcL (Hall et al. 2010; Zou 
et al. 2016), have been recommended as the promising 
DNA barcode for some green algae (Hall et al. 2010). 
However, tufA records for the genus Chloromonas, which 
is frequently found in snow, are currently scarce in the 
NCBI database. Currently, the HTS technology limits the 
chosen marker to only a fraction of its actual length. The 
chosen V4–V5 region is the most variable region of the 
18S rDNA gene for snow algal taxa, yet, the variability 
was not sufficient and unambiguous species assignments 
were often not feasible (Table 3). The most abundant 18S 
rDNA OTU was assigned to Chloromonas brevispina 
K–2. However, there was likely a ‘hidden’ diversity 
to a certain extent, since many different Chloromonas 
species can share up to 100% identity of this marker. An 
oligotyping approach (manual taxonomic assignment 
strategy C, further extended version), could resolve some 
of the “hidden” diversity for species with a difference 
of 1 bp in the sequenced amplicon. Therefore, this ap-
proach is highly recommended for further refinements of 
data sets that are characterized by very low variability, 
which is not detectable by conventional clustering of 
operational taxonomic units where 97% or 98% clustering 
levels are applied. Furthermore, due to the possibility 
of identical reference sequences of species that are not 
present in the habitat, it is essential to check alignments 
with the reference sequences manually.  For instance, 
Chloromonas polyptera has been reported in HTS studies 
from several places in the northern hemisphere (Lutz et 
al. 2015; Terashima et al. 2017), yet, these results seem 
to be caused by ambiguous species assignments. For 
instance, Terashima et al. (2017) reported 100% identity 
in the 18S rDNA of their OTU44 with Chloromonas 
polyptera (JQ790556). However, the sequenced gene 
fragment also shares 100% identity with Chloromonas 
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the aplanozygote specimen and the C. miwae strain were 
only 0.0 to 0.4% (see Fig. S15 in Matsuzaki et al. 2015). 
Thus, both field specimens and the strain are regarded 
as one species. As a consequence, species boundaries in 
our proposed HTS approach rely on CBCs in the most 
conserved part of helix III only (i.e., close to its 5´apex).

A two–marker approach is mandatory
None of the two markers adequately described the com-
munity composition, either due to their low resolution 
(18S) or due to the lack of reference sequences (ITS2). 
Moreover, the output can also be partly influenced by library 
production biases and primer inefficiencies. Combining 
the strengths of both markers is thus recommended, 
particular in less–well studied environments. In addition, 
one marker can guide the data optimization of the other 
marker. Despite its low resolution, the 18S marker can 
provide guidance, which ITS2 rDNA reference sequences 
need to be generated and vice versa. Depending on the 
used markers, the estimated community composition may 
differ, mainly as a result of different primer specificity 
(Větrovský et al. 2016). The use of different markers 
can also address different aspects of community composi-
tion analyses: (a) the comparison of single–copy versus 
multi–copy markers provides better relative abundance 
approximations, (b) in contrast to non–coding markers, 
coding genes can be used to identify pseudogenes and 
construct phylogenetic (Tonk et al. 2013; Větrovský et 
al. 2016). The potential of multi–marker approaches has 
been highlighted for species discovery in metabarcod-
ing studies (Marcelino & Verbruggen 2016), as well 
as for assessing the effectiveness to distinguish cryptic 
species in a model morphospecies (Evans et al. 2007). 

Advantages, limitations and perspectives of HTS for 
community composition analyses 
HTS allowed a more comprehensive assessment of the 
prevailing biodiversity than traditional Sanger sequencing 
and light microscopic observations. In addition to the 
detection of low–abundant taxa, a multitude of sequences, 
which did not match any references in the databases, were 
generated. Some of these likely represent new species 
(e.g., OTU ‘denovo99’). Strain–based taxonomic stud-
ies or accurate species determination of monospecific 
field blooms by Sanger sequencing (to gain complete 
reads of the target marker) are required to increase the 
number of reference sequences. On the other hand, 
Sanger sequencing can be problematic for unrecognized 
mixed communities in terms of chromatogram correc-
tions unless cloning is involved. Alternatively, putative 
monospecies snowfields can be sampled for HTS studies 
to evaluate the biodiversity and for the detection of any 
intragenomic variations of ITS2.  

The quality of the reference databases is crucial 
for identification of various microorganisms including 
dinophytes (Soehner et al. 2012), diatoms (Visco et al. 
2015) and cryptophytes (Hoef–Emden 2012). New entries 
must be continuously updated. The Qiime–compatible 

Silva database delivers reference sequences in one batch; 
yet, an updated version is only released about once a 
year. In contrast, NCBI is under continuous revision and 
therefore we recommend that new potential reference 
sequences are added manually to the Qiime–compatible 
Silva database prior to use. Only such optimized data can 
then be used for further evaluations including phylogeog-
raphy and phylogenetic studies based on the generation 
of multi–locus sequence data in a fast and cost–effective 
way (McCormack et al. 2013). Alternatively, the use 
of the PR2 database (Guillou et al. 2013) may offer a 
better taxonomic assignment than Silva, especially for 
green algae.

In this methodological case study, we evaluated 
the application of high–throughput sequencing on an 
unconventional ecosystem of melting snowfields. Based 
on light microscopic observations, the investigated 
snowfields were dominated by three algal species, which 
were however not always reflected in the sequencing 
dataset. Consequently, HTS data need to be handled with 
care if applied on habitats or groups of organisms that 
are (highly) underrepresented in molecular databases. 
Currently, the need to generate appropriate reference 
sequences for the key taxa in the studied environment 
is an inevitable task for such studies. Furthermore, the 
two–marker approach, a consistent sampling strategy, 
light microscopy–based guidance and a final manual 
verification of all taxonomic assignments are strongly 
recommended. 
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Fig. S1. a) Red snow surface (sample 1) caused by microalgae at Kühtai, Tyrolean Alps, 

Austria. b) The discoloration reached several centimetres down, changing from red to green.   
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Fig. S2. Vertical scheme of a melting snowfield showing the best practice of ‘true’ 

(autochthonous) snow algae sampling. In order to avoid allochthonous organisms (airborne, 

soil bound), the uppermost surface and lowermost ground centimeters of snow should not be 

harvested. A consistent sampling strategy is important when the aim is to compare microbial 

diversity and abundances between different sites. Exceptions may be steep slopes in polar 

regions, where snow algae populations are surface based, and thus, surface layer cannot be 

omitted. 
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Fig. S3. Schematic workflow for taxonomic assignments of environmental ITS2 OTUs from 

environmental samples of snow algal communities where Chlamydomonadacae prevail. For 

this taxonomic group the CBC species concept (in frame of a polyphasic approach) was 

successfully applied (e.g., MATSUZAKI et al.2015). The aim of the process is to get sequence-

structure alignments of selected OTUs with their reference sequences and then search for 

compensatory base changes (CBCs) in homologous positions near the 5´- apex of helix III 

encompassing the YGGY motif (the most conserved region of the ITS2 secondary structure 

of eukaryotes). 
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Fig. S4. Light micrograph of cells in field sample 2. The three locally abundant snow algae 

identified using morphological features were Cr. brevispina (Cb; later identified by HTS and 

secondary structure prediction as an undescribed species - OTU denovo99), Scotiella 

cryophila K-1 (Sc) and Cd. nivalis (Cdn). Scale bar: 20 µm. 
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Fig. S5. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Chloromonas brevispina K-2 (accession number MG791868) and the most 

abundant OTUs, which were preliminary assigned to this reference taxon using Qiime. (Note: 

HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil 

[‘U’]). 
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Fig. S6. Sequence-structure alignment of nuclear ribosomal DNA ITS2 transcripts from 

Chloromonas pichinchae (accession number HQ404889.1) and the most abundant OTUs, 

which were preliminary assigned to this reference taxon using Qiime. (Note: HTS delivers 

DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S7. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Chloromonas pichinchae CCCryo 261-06 (accession number HQ404889.1) and the closely 

related OTU ‘denovo100’ and OTU ‘denovo85’. Differences characteristic for both OTUs are 

shown by nucleotides outside the structure and are linked by dotted lines. One asterisk means 

that the difference was detected only in OTU ‘denovo100’, and double asterisks imply that 

the difference were detected in OTU ‘denovo85’; middle and top part of helix I (encircled) 

represent an expansion segment, whose length is not conserved and in which positions are 

<70% conserved according to consensual secondary structure model of Chlorophyceae 

(CAISOVÁ et al.2013). Therefore, this part of helix I characteristic for OTU ‘denovo100’ is 

shown outside the structure and is linked by dotted lines. A single compensatory base change 

(CBC) in comparison with the reference sequence was found in OTU ‘denovo100’ but 

outside the most conserved part of helix III (the most conserved is close to the 5´end of III 

helix) and, therefore, this CBC represents intraspecific variability of Chloromonas 

pichinchae. OTU ‘denovo85’ had no CBC when compared to the reference species, and thus, 

was assigned to Chloromonas pichinchae. (Note: HTS delivers DNA based data, but during 

RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S8. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Lobosphaera incisa SAG 2466 (accession number KM020046.1), OTU 

‘denovo124’, Lobosphaera sp. K-1 (accession number KT119889.1) and OTU ‘denovo28’. 

No compensatory base change (CBC) was found in the dataset. Thus, both OTUs were 

assigned to species Lobosphaera incisa (Note: HTS delivers DNA based data, but during 

RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S9. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Lobosphaera incisa SAG 2466 (accession number KM020046.1) and the closely related OTU 

‘denovo124’. Differences characteristics for the latter are shown by nucleotides outside the 

structure and are linked by dotted lines. Top of helix II and helix IV (encircled) represent one 

of expansion segments, whose length is not conserved and in which positions are <70% 

conserved according to consensual secondary structure model of Chlorophyceae (CAISOVÁ et 

al. 2013). Therefore, this part of helix II and helix IV characteristic for OTU ‘denovo124’ is 

shown outside the structure and is linked by dotted lines. No CBC was found between 

Lobosphaera incisa SAG 2466 and OTU ‘denovo124’ suggesting that OTU ‘denovo124’ can 

be assigned to species Lobosphaera incisa. (Note: HTS delivers DNA based data, but during 

RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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 Fig. S10. Sequence-structure alignment of nuclear ribosomal DNA ITS2 transcripts from 

Chlamydomonas nivalis DL07 (accession number MF803749.1) and the most abundant 

OTUs, which were preliminary assigned to this reference taxon using Qiime. 

Chlamydomonas nivalis P27 (accession number GU117577.1) picked up by Qiime differs 

from Chlamydomonas nivalis DL07 by single nucleotide position in a single strand region in 

helix III. Note that the sequence of ‘denovo20՚ is identical with the reference sequence of 

DL07. (Note: HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is 

converted to uracil [‘U’]) 
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Fig. S11. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Chlamydomonas nivalis DL07 (accession number MF803749.1), Chlamydomonas nivalis 

P27 (accession number GU117577.1), Chlamydomonas clone H14 (accession number 

KX063729.1), and the closely related OTU ‘denovo20’ and OTU ‘denovo72’. OTU 

‘denovo20’ was 100% identical with the reference sequence of Chlamydomonas nivalis 

DL07. Differences characteristic for Chlamydomonas nivalis P27, OTU denovo72 and clone 

H14 are shown by nucleotides outside the structure and are linked by dotted lines. Single 

nucleotide difference in helix III was shared in all three specimens (i.e., ʿGʾ instead of ʿAʿ). 

One asterisk means that the difference was detected only in OTU ‘denovo72’, and double 

asterisks imply that the difference was detected in clone H14. Top part of helix I (encircled) 

represent an expansion segments, whose length are not conserved and in which positions are 

<70% conserved according to consensual secondary structure model of Chlorophyceae 

(CAISOVÁ et al. 2013). Therefore, this part of helix I characteristic for OTU ‘denovo72’ and 

clone H14 are shown outside the structure and are linked by dotted lines. There was no CBC 

between ‘denovo72’ and reference sequence DL07, the sequence identity was 93%. 

Interestingly, ITS2 of ‘denovo72’ has higher sequence similarity of 98% with uncultured 

Chlamydomonas clone H14 (accession number KX063729.1) but there is one CBC in helix II 

between ‘denovo72’ and clone H14 (in the 13th nucleotide in helix II). A CBC at the same 

position in the structure is present also when reference sequence DL07 and clone H14 are 

compared. Single hemi-CBC (hCBC) in the basal part of helix I was found when compared 

Chlamydomonas nivalis DL07 and OTU ‘denovo72’. Absence of any CBC in the helix III 

among all these sequences suggest that all these OTUs can be assigned to the same species.  

(Note: HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to 

uracil [‘U’]) 

 



Fottea, Olomouc, 19(2): 115–131, 2019, Supplement  

 

 

 
 

Fig. S12. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Chloromonas rostafinskii CCCryo 010-99 (accession number 
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HQ404863.1) and the most abundant OTUs, which were preliminary assigned to this 

reference taxon using Qiime. Further search in NCBI revealed that a better hit in term of 

higher sequence identity of 86-90% for these OTUs was represented by Chloromonas miwae 

NIES-2379 (accession number LC012762.1). As a contrast ITS2 of Chloromonas rostafinskii 

had sequence similarity with these three OTUs between 77-85% only. Compensatory base 

changes (CBC) in comparison with the reference sequence of Chloromonas miwae were 

found in helix III in OTU ’denovo254’ (three CBCs), OTU ‘denovo127’ (two CBCs) and 

OTU ’denovo142’ (four CBCs). Thus, three OTUs represent probably independent taxa.  

(Note: HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to 

uracil [‘U’]) 
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Fig. S13. Sequence-structure alignment of nuclear ribosomal DNA ITS2 transcripts from 

Chloromonas miwae NIES-2379 (accession number LC012762.1) and OTU ’denovo101’. No 

blast hit was initially found against custom download database using Qiime. Further manual 

search in NCBI revealed 84% sequence similarity shared with Chloromonas miwae NIES-

2379. Three compensatory base changes (CBCs) in comparison with the reference sequence 

of Chloromonas miwae were found in helix III, two out of the most conserved part of the 

structure, i.e., in the top close to the 5´end of III helix. Thus OTU ’denovo101’ represents 

likely an independent taxon.  (Note: HTS delivers DNA based data, but during RNA folding, 

thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S14. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Chloromonas miwae NIES-2379 (accession number LC012762) and the closely related OTU 

‘denovo254’ and OTU ‘denovo127’. Differences characteristic for both OTUs are shown by 

nucleotides outside the structure and are linked by dotted lines. One asterisk means that the 

difference was detected only in OTU ‘denovo254’, and double asterisks imply that the 

difference were detected in OTU ‘denovo127’. Middle and top part of helix I and top part of 

helix II (encircled) represent expansion segments, whose length are not conserved and in 

which positions are <70% conserved according to consensual secondary structure model of 

Chlorophyceae (CAISOVÁ et al. 2013). Therefore, these parts of helix I and II characteristic 

for OTU ‘denovo254’ and ‘denovo127’ are shown outside the structure and are linked by 

dotted lines. CBSs between ITS2 sequences of Chloromonas miwae NIES-2379, OTU 

‘denovo254’ and OTU ‘denovo127‘ are indicated by rectangles in the helix III, one out of 

these CBC is located in the most conserved part of helix III suggesting that both OTUs 

represent probably two independent species. (Note: HTS delivers DNA based data, but during 

RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S15. Sequence-structure alignment of nuclear ribosomal DNA ITS2 transcripts from 

Scotiella cryophila K-1 (accession number MG253843.1) and the most abundant OTUs, 

which were preliminary assigned to this reference taxon using Qiime. Note that the sequence 

of ’denovo63’ is identical with the reference sequence. (Note: HTS delivers DNA based data, 

but during RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S16. Comparison of the secondary structure of ITS2 rDNA transcripts between Scotiella 

cryophila K-1 (accession number MG253843.1) and the closely related OTU ‘denovo63’ and 

OTU ‘denovo44’. OTU ‘denovo63’ was 100% identical with reference sequence. Differences 

characteristic for the OTU ‘denovo44’ are shown by nucleotides outside the structure and are 

linked by dotted lines. Each out of four compensatory base changes between ITS2 sequences 

of Scotiella cryophila K-1  and OTU ‘denovo44’ is indicated by a rectangle in the helix III 

and are found outside the most conserved part of helix III (the most conserved is close to the 

5´end of III helix), therefore, ‘denovo44’ can be assigned to Scotiella cryophila. (Note: HTS 

delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S17. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Stichococcus sp. SAG 2482 (accession number KX094848.1) and the most 

abundant OTUs, which were preliminary assigned to this reference taxon using Qiime. Note 

that the sequence of OTU ‘denovo93՚ is identical with the reference sequence. (Note: HTS 

delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S18. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Stichococcus sp. (accession number KX094848.1) and the closely related OTU ‘denovo93’ 

and OTU ‘denovo109’. OTU ‘denovo93’ was 100% identical with reference sequence. 

Differences characteristic for the OTU ‘denovo109’ are shown by nucleotides outside the 

structure and are linked by dotted lines. For OTU ‘denovo109’ vs. reference species – six 

pairs of nucleotide differences at both side of structures keeping pairing were found in 

variable parts of the structure (the middle part of helix I, the terminal part of helix II, helix 

IV, i.e. no true CBCs). However, one hemi-CBC (a change at one side of the structure in the 

conserved part) was found in the conserved bottom part of helix III (this site was reported to 

be conserved across all 56 ITS2 sequences of Stichococcus spp. analyzed in study of (HODAČ 

et al. 2016). (Note: HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is 

converted to uracil [‘U’]) 



Fottea, Olomouc, 19(2): 115–131, 2019, Supplement  

 

 

 
 
 

Fig. S19. Sequence-structure alignment of nuclear ribosomal DNA ITS2 transcripts from 

Desmococcus endolithicus SAG 25.92 (accession number KX094830.1) and the most 

abundant OTUs, which were preliminary assigned to this reference taxon using Qiime. (Note: 

HTS delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil 

[‘U’]) 
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Fig. S20. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Desmococcus endolithicus SAG 25.92 (accession number KX094830.1) and the closely 

related OTU ‘denovo181’ and OTU ‘denovo13’.  Differences characteristic for these OTUs 

are shown by nucleotides outside the structure and are linked by dotted lines. One asterisk 

means that the difference was detected only in OTU ‘denovo181’, and double asterisks imply 

that the difference were detected in OTU ‘denovo13’; middle and top part of helix IV 

(encircled) represent an expansion segment, whose length is not conserved and in which 

positions are <70% conserved according to consensual secondary structure model of 

Chlorophyceae (CAISOVÁ et al. 2013). Therefore, this part of helix IV characteristic for both 

OTUs is shown outside the structure and is linked by dotted lines. Compensatory base 

changes between ITS2 sequences of Desmococcus endolithicus SAG 25.92 and OTU 

‘denovo181’, and between Desmococcus endolithicus SAG 25.92 and OTU ‘denovo13’ are 

indicated by rectangles in the helix II and in the helix III. OTUdenovo181 and OTUdenovo13 

had five and four CBCs, respectively, in conserved parts of the ITS2 secondary structure in 

comparison with the reference sequence. Moreover, ITS2 sequence similarities between 

Desmococcus endolithicus SAG 25.92 vs. OTU ‘denovo181’ and OTU ‘denovo13’ were only 

82% and 84%, respectively (e.g. below the suggested identity threshold <89%). (Note: HTS 

delivers DNA based data, but during RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S21. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Prasiola delicata isolate I34S (accession number MF801375.1) and OTU 

’denovo69’. No blast hit was initially found against custom download database using Qiime. 

Further manual search in NCBI revealed 82% sequence similarity shared with Prasiola 

delicata isolate I34S. (Note: HTS delivers DNA based data, but during RNA folding, thymine 

[‘T’] is converted to uracil [‘U’]) 

 



Fottea, Olomouc, 19(2): 115–131, 2019, Supplement  

 

 
 

Fig. S22. Comparison of the secondary structure of ITS2 rDNA transcripts between Prasiola 

delicata isolate I34S (accession number MF801375.1) and OTU ‘denovo69’. Differences 

characteristic for this OTU are shown by nucleotides outside the structure and are linked by 

dotted lines. Compensatory base changes in conserved parts of the structure are indicated by 

rectangles. OTU ‘denovo69’ had six CBCs in helix III of the ITS2 secondary structure in 

comparison with the reference sequence.  Moreover, ITS2 sequence similarities between 

Prasiola delicata isolate I34S and OTU ’denovo69’ were only 82% (i.e. below the suggested 

identity threshold <89%). (Note: HTS delivers DNA based data, but during RNA folding, 

thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S23. Sequence-structure alignment of nuclear ribosomal DNA internal transcribed spacer 

2 transcripts from Chlorocloster engadinensis SAG 812-1 (accession number FM946011.1) 

and OTU ’denovo180’. No blast hit was initially found against custom download database 

using Qiime. Further manual search in NCBI revealed 84% sequence similarity shared with 

Chlorocloster engadinensis SAG 812-1. (Note: HTS delivers DNA based data, but during 

RNA folding, thymine [‘T’] is converted to uracil [‘U’]) 
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Fig. S24. Comparison of the secondary structure of ITS2 rDNA transcripts between 

Chlorocloster engadinensis SAG 812-1 (accession number FM946011.1) and OTU 

‘denovo180’. Differences characteristic for this OTU are shown by nucleotides outside the 

structure and are linked by dotted lines. Compensatory base changes in conserved parts of the 

structure are indicated by rectangles. OTU ‘denovo180’ had one CBC in basal part of helix I 

and one CBC in basal part of helix III in comparison with the reference sequence.  Moreover, 

ITS2 sequence similarities between OTU ’denovo180’ and its closest hit in NCBI, 

Chlorocloster engadinensis SAG 812-1, were only 84% (i.e. below the suggested identity 

threshold <89%). (Note: HTS delivers DNA based data, but during RNA folding, thymine 

[‘T’] is converted to uracil [‘U’]) 
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Fig. S25. Nonmetric multidimensional scaling (NMDS) ordination describing the differences 

in taxonomic composition of the two samples (sample 1 – green, sample 2 – red) based on 

18S rDNA data analysed using the three strategies of taxonomic assignment (A, B, C – for 

details, see the text). Values within parentheses show % of variance explained by each axis. 

Source of the data for NMDS ordination: Table 5.  

Acronyms: 

 

 
 

 

 

 

 

 

AnNo Ancylonema nordenskioeldii AF514397.2  

BoCo Botrydiopsis constricta AJ579339.1 

CdNiv Chlamydomonas nivalis DL07 MF803748 

CrAlp033 Chloromonas cf. alpina CCCryo 033-99 HQ404865.1 

CrBre Chloromonas brevispina K-2 MG791867 

CrD Chloromonas sp. D-CU581C AF517086.1 

CrGa Chloromonas sp. Gassan-A LC012753.1  

CrPl Chloromonas platystigma strain CCCryo 020-99  AF514401.1 

CrRo Chloromonas cf. rostafinskii CCCryo 025-99 AF514402.1 

ChlSac Chloroidium saccharophilum isolate HST10K KX024691.1 

Me Mesotaenium sp. AG-2009-1 FM992335.1 

PrFu Prasiola furfuracea AF189073.1  

UnCd Uncultured Chlamydomonadaceae AB902971.1  

UnCr Uncultured Chloromonas AB903008.1 

UnCr2 Uncultured Chloromonas AB902984.1 

UnDu Uncultured Dunaliellaceae EF023287.1 
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Fig. S26. Nonmetric multidimensional scaling (NMDS) ordination describing the differences 

in taxonomic composition of the two samples (sample 1 – green, sample 2 – red) based on 

ITS2 data analysed using the three strategies of taxonomic assignment (A, B, C – for details, 

see the text). Values within parentheses show % of variance explained by each axis. Source 

of the data for NMDS ordination: Table S7.  

Acronyms: 

ALBC6 Uncultured Chlorophyte clone ALBC6 JX435348 

CdNiv Chlamydomonas nivalis DL07 MF803749 

CdNivGU Chlamydomonas nivalis GU117577 

CrAlp Chloromonas alpina CCCryo032-99 HQ404864 

CrBre Chloromonas brevispina K-2 MG791868 

CrPic Chloromonas pichinchae CCCryo 2616-06 HQ404889 

CrRos Chloromonas rostafinskii HQ404863 

CrSp Chloromonas sp. CCCryo 289-06  HQ404893 

ChloSp uncultured Chlorella sp.5 AB90311 

RapNiv Raphidonema nivale AJ431676 

ScCry Scotiella cryophila K-1 MG253843 

StiSp Stichococcus sp. SAG 2482 KX094848 
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Table S1. List of primers used for amplification and Sanger sequencing reactions of 18S 

rDNA and ITS2 rDNA markers; (F) forward; (R) reverse. 

 

Primer Marker Direction Sequence Reference  

P2 18S F CTGGTTGATTCTGCCAGT (MOON-VAN DER STAAY et 

al. 2000) 

P4 18S R TGATCCTTCYGCAGGTTCAC (MOON-VAN DER STAAY et 

al. 2000) 

FA 18S F AACCTGGTTGATCCTGCCAGT (MATSUZAKI et al. 2015) 

RD 18S R GCTGGCACCAGACTTGCCCTC (MATSUZAKI et al. 2015) 

FC 18S F GGGAGGTAGTGACAATAAATA (MATSUZAKI et al. 2015) 

RF 18S R CCCGTGTTGAGTCAAATTAAG (MATSUZAKI et al. 2015) 

FE 18S F GGGAGTATGGTCGCAAGGCTG (MATSUZAKI et al. 2015) 

RB 18S R TGATCCTTCTGCAGGTTCACCTAC (MATSUZAKI et al. 2015) 

AL1500af ITS F GCGCGCTACACTGATGC  (HELMS et al. 2001) 

LR3 ITS R GGTCCGTGTTTCAAGACGG (VILGALYS & HESTER 1990) 

ITS5 ITS F GGAAGTAAAAGTCGTAACAAGG (WHITE et al. 1990) 

ITS4 ITS R TCCTCCGCTTATTGATATGC (WHITE et al. 1990) 

SSU ITS F CTGCGGAAGGATCATTGATTC (PIERCEY-NORMORE & 

DEPRIEST 2001) 

LSU ITS R AGTTCAGCGGGTGGTCTTG (PIERCEY-NORMORE & 

DEPRIEST 2001) 
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Table S2. ITS2 reference sequences downloaded from NCBI for the custom-built database 

Taxon Specimen/strain designation 
Accession number 

ITS2 rDNA 

Chlamydomonas reinhardtii 
CC620 U66954.2 

Chlamydomonas sp. 
 AF033295.1 

Raphidonema nivale 
CCAP 470/4 AJ431676.1 

Raphidonema sempervirens 
CCAP 470/6 AJ431674.1 

Spirogyra sp. 
GRS2 KM453687.1 

Klebsormidium sp. 
SAG 2065 EU434032.1 

Mesostigma viride 
 EC732140.1 

Chloromonas nivalis 
P24/DR4 GU117576.1 

Chloromonas nivalis 
CCCryo_005-99 HQ404862.1 

Chloromonas pichinchae 
CCCryo_261-06 HQ404889.1  

Chloromonas sp. 
CCCryo 207-05 HQ404883.1 

Chloromonas alpina 
CCCryo 033-99 HQ404865.1 

Chloromonas alpina 
CCCryo 032-99 HQ404864.1 

Chloromonas sp. 
CCCryo 289-06 HQ404893.1 

Chloromonas rostafinskii 
CCCryo 010-99 HQ404863.1 

Chloromonas pichinchae 
CCCryo 192-04 HQ404880.1 

Chlamydomonas nivalis 
P27/DR1 GU117577.1 

Chloromonas sp.  
JP13 AB902970.1 

Uncultured Chlorophyta  
clone ALBC6 JX435348.1 
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Table S3. List of reference species locally abundant in the studied Austrian alpine snowfields 

and the GenBank accession numbers of encoded 18S rDNA and ITS2 rDNA markers. 

  accession number 

Taxon 18S rDNA ITS2 rDNA 

Chlamydomonas nivalis DL07 MF803748 MF803749 

Scotiella cryophila K-1 MG253843 MG253843 

Chloromonas brevispina K-2 MG791867 MG791868 
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Table S4. Algal community compositions based on the 18S rDNA data sets comprising the 50 most abundant OTUs that made up >87% of the 

community. The table shows the discrepancies between OTU assignments using three strategies: (A) basic version using Qiime and the publicly 

available Silva database, (B) extended version using Qiime and additional reference sequences of the locally abundant taxa (underlined), and (C) 

further extended version using the final manual verification of taxa assignments in NCBI, only allowing a 2 bp nucleotide difference (≥99.4% 

identity; sequences below this threshold were recorded as “no blast hit”). With the respective reference sequence in order to be recorded as a 

match. Ambiguous hits are sequences that share all the same level of similarity with an inspected OTU, and thus they cannot be assigned 

unambiguously. Our results reveal that the manual verification in NCBI is essential and, thus, highly recommended.  

 
OTU ID 
 

 

Sample 
1 [%] 

Sample 
2 [%] 

(A) Qiime  
    + Silva  

(B) Qiime  
    + Silva 

    + local references 

(C) Qiime  
    + Silva 

    + local references 

    + manual verification 

denovo14334 33.0 66.8 Chloromonas sp. Gassan-A LC012753.1  Chloromonas brevispina K-2 Ambiguous hits: 
Chloromonas brevispina K-2 

Scotiella cryophila K-1  

Chloromonas sp. TA 8 AB902996 
Chloromonas sp. Gassan-B LC012714 

 

denovo45654 18.7 0.1 Mesotaenium sp. AG-2009-1 FM992335.1 Ancylonema nordenskioeldii AF514397.2  Ancylonema nordenskioeldii AF514397.2 

denovo36485 0.9 13.6 Uncultured Chlamydomonadaceae AB902971.1  Chlamydomonas nivalis DL07 Chlamydomonas nivalis DL07 

denovo40226 8.2 0 Botrydiopsis constricta AJ579339.1  Botrydiopsis constricta AJ579339.1 Botrydiopsis constricta AJ579339.1 

denovo15070 4.6 1.0 Uncultured Chloromonas AB903008.1 Chloromonas cf. alpina CCCryo 033-99 

HQ404865.1 

Chloromonas platystigma strain CCCryo 020-99 

AF514401.1 

denovo20542 4.6 0 Uncultured Dunaliellaceae EF023287.1 Uncultured Dunaliellaceae EF023287.1 Chloroidium saccharophilum isolate HST10K 
KX024691.1 

denovo101 3.2 1.1 Chloromonas sp. D-CU581C AF517086.1  Chloromonas cf. rostafinskii 

CCCryo 025-99 AF514402.1 

Ambiguous hits: 

Chloromonas sp. NIES-2379 AB906350.1,  
Chloromonas rostafinskii strain CCCryo 025-99 

AF514402.1 

denovo23251 3.0 <0.1 Chloromonas sp. Gassan-A LC012753.1   Chloromonas brevispina K-2 Ambiguous hits:  

Chloromonas brevispina K-2 
Chloromonas sp. Hakkoda-1 LC012710.1, 

Chloromonas sp. Gassan-A LC012709.1 

denovo30051 0.4 1.9 Chloromonas sp. JP15 AB902984.1 Chloromonas sp. JP15 AB902984.1 No blast hits 

denovo36086 2.1 0 Prasiola furfuracea AF189073.1  Prasiola furfuracea AF189073.1  No blast hits 

denovo2551 1.6 0.1 Chloromonas sp. Gassan-A LC012753.1 Chloromonas sp. TA 8 AB902996.1 Ambiguous hits: 

Scotiella cryophila K-1 
Chloromonas sp. Gassan-B LC012714 

denovo44194 0.9 0.4 Chloromonas sp. D-CU581C AF517086.1 Chloromonas tughillensis UTEX_SNO_88 

AB734116.1 

No blast hit 
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denovo30674 0.1 1.0 Prototheca cutis AB470468.1 Prototheca cutis AB470468.1 No blast hit 

denovo32383 1.1 0 Chloromonas tughillensis UTEX_SNO_88 

AB734116.1 

 Chloromonas tughillensis UTEX_SNO_88 

AB734116.1 

Chloromonas fukushimae AB906342 

denovo12840 0 1.0 Chloromonas sp. JP15 AB902984.1 Chloromonas sp. JP15 AB902984.1 Ambiguous hits: 

>40 sequences including Chloromonas sp. TA 9 

AB903024.1 

denovo12413 0 1.0 Chlamydomonas sp. GL1 AB902971.1 Chlamydomonas nivalis DL07 Chlamydomonas nivalis DL07 

denovo14574 0 0.9 Chlamydomonas sp. GL1 AB902971.1 Chlamydomonas nivalis DL07 Chlamydomonas nivalis DL07 

denovo18060 0 0.8 Chloromonas sp. GL4 AB903027.1 Chloromonas sp. GL4 AB903027.1 Uncultured eukaryote clone ALA5117773 

denovo44928 0.1 0.7 Uncultured eukaryote clone TE107A KM870650.1 Uncultured eukaryote clone TE107A KM870650.1  Uncultured eukaryote clone TE107A KM870650.1  

denovo25214 0.8 0 Botrydiopsis callosa AJ579340.1  Botrydiopsis callosa AJ579340.1 Botrydiopsis callosa AJ579340.1 

denovo18262 0 0.7 Hydrurus sp. Sva 10_3 HE820740.1 Uncultured Hydrurus HE820740.1 Hydrurus foetidus FM955256.1 

denovo12567 0.1 0.5 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 Ambiguous hits  
7 sequences including: 

Chloromonas brevispina K-2 

Scotiella cryophila K-1 
Chloromonas sp. Gassan-B LC012714.1 

Chloromonas polyptera JQ790556.1 

denovo40835 0 0.4 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 No blast hit 

denovo40500 0.1 0.2 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 Ambiguous hits: 

Chloromonas brevispina K-2 
Scotiella cryophila K-1  

Chloromonas sp. Gassan-B LC012714.1 

denovo46231 0 0.3 Chloromonas sp. AL4 AB903027.1 Chloromonas sp. AL4 AB903027.1 Chloromonas sp. AL4 AB903027.1 

denovo48297 0 0.3 Chloromonas sp. Hakkoda-1 LC012710.1 Chloromonas brevispina K-2 No blast hit 

denovo45502 0 0.3 Botrydiopsis constricta AJ579339.1 Botrydiopsis constricta AJ579339.1 Botryidiopsidaceae sp. AM695636.1 

denovo24516 0.3 0 Raphidonema sempervirens AJ309939.1 Raphidonema sempervirens AF514410.2 Ambiguous hits: 

>40 sequences including  

Raphidonema sempervirens AF514410.2 
Stichococcus sp. KP08194 

denovo21882 0.3 0 Heterococcus fuornensis AM490821.1 Heterococcus fuornensis AM490821.1  Ambiguous hits: 

6 sequences including  
Heterococcus chodatii AM490822.1 

Heterococcus fuornensis AM490821.1 

Heterococcus pleurococcoides AJ579335.1 

denovo29189 0.2 0 Stichococcus bacillaris JQ315605.1 Stichococcus jenerensis DQ275461.1  Ambiguous hits 

4 sequences including 

Stichococcus sp. SAG 2482 KP081395.1  
Stichococcus sp. KP081396.1 

denovo34115 0.2 0 Chloromonas sp. JP15 AB902984.1 Chloromonas sp. JP15 AB902984.1 Ambiguous hits: 

>40 sequences including 
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Chloromonas sp. TA9 AB903024.1 
Chloromonas sp. SV3 AB903022.1 

Chloromonas sp. PA2 AB903020.1 

denovo16044 0.2 0 Chloromonas sp. Gassan-A LC012753.1 Chloromonas sp. Hakkoda-1 LC012710.1 Ambiguous hits: 

Chloromonas sp. Hakkoda-1 LC012710.1 
Chloromonas sp. Gassan-A LC012709.1 

denovo4533 0.1 0.2 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 Ambiguous hits: 

8 sequences including 
Chloromonas brevispina WP124 

Scotiella cryophila K-1 

Chloromonas sp. Gassan B LC012714.1 
Chloromonas polyptera JQ790556.1 

denovo31489 0.2 0 Prasiola furfuracea AF189073.1 Stichococcus bacillaris SAG 379-1b AJ311637.1 No blast hit 

denovo17414 0 0.2 Chloromonas sp. D-CU581C AF517086.1 Chloromonas nivalis CCCryo-005-99 No blast hit 

denovo47016 0 0.2 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 Ambiguous hits: 
8 sequences including 

Scotiella cryophila K-1 

Chloromonas sp. Gassan-B LC012714.1 
Chloromonas polyptera JQ790556.1 

denovo38221 0.2 0 Prototheca cutis AB470468.1 Prototheca cutis AB470468.1 No blast hit 

denovo13893 0 0.2 Chlamydomonas sp. GL1 AB902971.1 Chlamydomonas nivalis DL07 No blast hit 

denovo16269 0 0.2 uncultured Chlamydomonadaceae HW01/1 

GU117574.1 

Chlainomonas sp. MF803743 Chlainomonas sp. DL06 MF803743 

denovo43924 0 0.2 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 No blast hit 

denovo34049 0.2 0 Chloromonas sp. Hakkoda-1 LC012710.1 Chloromonas sp. Hakkoda LC012710.1 No blast hit 

denovo24547 0.1 0 Mesotaenium sp. AG-2009-1 FM992335.1 Ancylonema nordenskioeldii AF514397.2 Ancylonema nordenskioeldii AF514397.2  

denovo15255 0.1 0 uncultured Dunaliellaceae EF023287.1 uncultured Dunaliellaceae EF023287.1 No blast hit 

denovo28329 0.1 0 Heterococcus fuorensis AM490821.1  Heterococcus fuorensis AM490821.1  No blast hit 

denovo23345 0.1 0 Mesotaenium sp. AG-2009-1 FM992335.1 Ancylonema nordenskioeldii AF514397.2 Ancylonema nordenskioeldii AF514397.2 

denovo18826 0 0.1 Raphidonema sempervirens AJ309939.1 Raphidonema sempervirens AF514410.2  Ambiguous hits: 

>20 sequences including 
Raphidonema sempervirens AF514410.2 

Raphidonema nivale AB488604.1 

Koliella sempervirens AM412750.1 

denovo34529 0 0.1 Chlamydomonadas sp. GL1 AB902971.1 Chlamydomonas nivalis DL07 Chlamydomonas nivalis DL07 

denovo9133 0 0.1 Chloromonas sp. Gassan-A LC012753.1 Chloromonas brevispina K-2 No blast hit 

denovo44422 0 0.1 Hydrurus foetidus FM955256.1 Hydrurus foetidus FM955256.1 Hydrurus foetidus FM955256.1 

denovo8805 0 0.1 Chloromonas sp. Gassan-A LC012753.1 Chloromonas cf.rostafinskii HQ404863 No blast hit 

Other  13.7 4.9    
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Table S5. Oligotype sequences of the three most abundant 18S rDNA OTUs . 

  
OTU ID Oligotype 

ID 
Sequence 

denovo14434 TTT GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTGCAATGGTCCGGTTCGCTGTGTACTGTT

GCGGCCTTCCTTTCTGCCGGGGACGGGCTCTTGGGCTTCATTGTCTGGGATCCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCTTA

CGCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCG
TATTTCATTGTCAGAGGTGAAATTCTTGGA 

TTC GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTGCAATGGTCCGGTTCGCTGTGTACTGTT

GCGGCCTTCCTTTCTGCCGGGGACGGGCTCTTGGGCTTCATTGTCTGGGATCCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCTTA
CGCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCG

TATTTCATTGTCAGAGGTGAAATTCTCGGA 

TCT GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTGCAATGGTCCGGTTCGCTGTGTACTGTT

GCGGCCTTCCTTTCTGCCGGGGACGGGCTCTTGGGCTTCACTGTCTGGGATCCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCTTA
CGCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCG

TATTTCATTGTCAGAGGTGAAATTCTTGGA 

CTT GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTGCAACGGTCCGGTTCGCTGTGTACTGTT
GCGGCCTTCCTTTCTGCCGGGGACGGGCTCTTGGGCTTCATTGTCTGGGATCCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCTTA

CGCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCG

TATTTCATTGTCAGAGGTGAAATTCTTGGA 

denovo36485 T GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTCGGTCGGTCCGCCTCTGGTGTGCACTGA
TTGAGCCTTCCTTTCTGCCGGGGACGGGTTCCTGGGCCTCACGGTTTGGGACTCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCCT

ACGCTCTGAATACATTAGCATGGAATAACGCGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTC

GTATTTCATTGTCAGAGGTGAAATTCTTGG 

 C GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTCGGTCGGTCCGCCTCTGGTGTGCACTGA

TTGAGCCTTCCTTTCTGCCGGGGACGGGTTCCTGGGCCTCACGGTTTGGGACTCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCCT

ACGCTCTGAATACATTAGCATGGAATAACGCGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACTGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTC
GTATTTCATTGTCAGAGGTGAAATTCTCGG 

denovo45654 C GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTTGGGTTGGTGTGGTCGGTCTGCTTTCTAGTTGAACTGG

CTACTCCATCCTTCTTGCCGGGGACGCGTTCTGGCCTTCATTGGCTGGGACGCGGAGTCGGCGATGTTACTTTGAAAAAATTAGAGTGTTCAAAGCAGGCCTA
CGCTCTGAATACATTAGCATGGAATAACGTGATAGGACTCTGGTCCTATTGTGTTGGTCTTCGGGACCGGAGTAATGATTAATAGGGACAGTTGGGGGCATTC

GTATTTCATTGTCAGAGGTGAAATTCTTGG 

 A GCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTTGGGTTGGTGTGGTCGGTCTGCTTTCTAGTTGAACTGG

CTACTCCATCCTTCTTGCCGGGGACGCGTTCTGGCCTTAATTGGCTGGGACGCGGAGTCGGCGATGTTACTTTGAAAAAATTAGAGTGTTCAAAGCAGGCCTA
CGCTCTGAATACATTAGCATGGAATAACGTGATAGGACTCTGGTCCTATTGTGTTGGTCTTCGGGACCGGAGTAATGATTAATAGGGACAGTTGGGGGCATTC

GTATTTCATTGTCAGAGGTGAAATTCTTGG 
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Table S6. Output of the ITSx software. ITS2 regions were extracted from all sequences to 

avoid the inclusion of the highly conserved neighbouring genes (i.e., 5.8S and 28S). Inclusion 

of these regions in the identification process would otherwise lead to misleading results. 

HMMER was used to predict the origin of the sequences (e.g., Chlorophyta, Fungi) based on 

Hidden Markov Models.  

 
Number of sequences in input file:        273404 

Sequences detected as ITS by ITSx: 273309 

  On main strand:          273239 

  On complementary strand: 70 

Sequences detected as chimeric by ITSx: 0 

ITS sequences by preliminary origin  

  Alveolates:       35443 

  Amoebozoa:        0 

  Bacillariophyta:  1 

  Brown algae:      2 

  Bryophytes:       0 

  Euglenozoa:       0 

  Eustigmatophytes: 0 

  Fungi:            47293 

  Green algae:      189922 

  Liverworts:       0 

  Metazoa:          11 

  Microsporidia:    0 

  Oomycetes:        1 

  Prymnesiophytes:  0 

  Raphidophytes:    0 

  Red algae:        0 

  Rhizaria:         0 

  Synurophyceae:    0 

  Tracheophyta:     636 
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Table S7. Algal community composition based on the ITS2 data set and comprising the 38 most abundant OTUs that made up >98% of the 

community. Table shows the discrepancies between OTU assignments using three strategies: (A) basic version using Qiime and a custom 

database downloaded from NCBI, (B) extended version using Qiime and additional reference sequences of the locally abundant taxa 

(underlined), and (C) further extended version using final manual verification of taxa assignments. The latter one comprised the comparison of 

the representative sequences of the OTUs with their respective reference sequences in terms of sequence identities (≥89.0% similarity required; 

sequences below this threshold were recorded as “no blast hit”) and their secondary structures (absence of compensatory base changes (CBC) in 

homological positions near the 5´- apex of helix III [the most conserved region of the ITS2 secondary structure of eukaryotes] required). Our 

results reveal that the manual verification including secondary structure prediction and CBC search is essential, and thus, highly recommended.  
OTU ID WP79 

[%] 
WP99 
[%] 

(A) Qiime 
   + NCBI database  

 

(B) Qiime 
   + NCBI database  

   + local references 

(C) Qiime 
     + NCBI database  

     + local references  

     + manual verification  
        (sequence similarity [%], sequence cover [%]) 

denovo99 1.8 59.1 Chloromonas sp. CCCryo289-06 HQ404893.1 Chloromonas brevispina K-2 No blast hit  

(88%, 83%, 6 CBC when compared denovo99 and 

Chloromonas brevispina K-2 – one CBC out of it is located in 
the most conserved part of the structure, i.e., in the top close to 

the 5´end of III helix, see Fig. 4) 

denovo20 5.5 28.2 Chlamydomonas nivalis GU117577.1 Chlamydomonas nivalis DL07 Chlamydomonas nivalis DL07 (100%, 100%) 

denovo107 39.8 <0.1 Chloromonas sp. CCCryo289-06 HQ404893.1 Chloromonas brevispina K-2 Chloromonas brevispina K-2 (100% identical except for one 

nucleotide - instead of ̔R̔ in reference sequence, there was ՙG̔, 

100%) 

denovo100 13.7 <0.1 Chloromonas pichinchae HQ404889.1 Chloromonas pichinchae HQ404889.1 Chloromonas pichinchae HQ404889.1  

(92%, 100%, 1 CBC in helix III [outside the most conserved 
part] when compared denovo100 and Chloromonas 

pichinchae, see Figs S6, S7) 

denovo63 `10.9 0.2 No blast hit Scotiella cryophila K-1 Scotiella cryophila K-1 (100%, 100%) 

denovo142 8.2 1.7 Chloromonas rostafinskii HQ404863.1 Chloromonas rostafinskii HQ404863.1 No blast hit 

(79%, 60% - denovo142 vs. Chloromonas rostafinskii: 86%, 
77% -  denovo142 vs. Chloromonas miwae LC012762.1, four 

CBCs [one CBC out of it is located in the most conserved part 

of the structure, i.e., in the top close to the 5´end of III helix] 
when compared denovo142 and Chloromonas miwae, 

sequence-structure alignment in Fig. S12) 

denovo130 1.4 3.5 No blast hit No blast hit No blast hit  

(no significant similarity found) 

denovo181 4.1 0 No blast hit No blast hit No blast hit 

(82%, 87%, Desmococcus endolithicus KX094830.1; five 

CBCs – one in helix II and four CBCs in helix III, see Figs 
S19, S20) 

denovo254 3.1 0.1 Chloromonas rostafinskii HQ404863.1 Chloromonas rostafinskii HQ404863.1 No blast hit 

(82%, 48% - denovo254 vs. Chloromonas rostafinskii: 88%, 

84% -  denovo254 vs. Chloromonas miwae LC012762.1, three 
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CBCs [one out of in the most conserved part of the structure] 
when compared denovo254 and Chloromonas miwae, see Figs 

S12, S14) 

denovo23 0.1 2.2 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo259 2.6 0.2 Uncultured Chlorophyta clone ALBC6 JX435348.1 Uncultured Chlorophyta clone ALBC6 JX435348.1 Uncultured Chlorophyta clone ALBC6 JX435348.1 (100%, 

100%) 

denovo76 0.1 1.9 Chloromonas alpina CCCryo032-99 Chloromonas alpina CCCryo032-99 HQ404864.1 Chloromonas alpina CCCryo032-99 HQ404864.1 

(100%, 100%) 

denovo219 1.8 0 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo85 1.5 <0.1 Chloromonas pichinchae CCCryo 2616-06 HQ404889.1 Chloromonas pichinchae CCCryo 2616-06 

HQ404889.1 

Chloromonas pichinchae CCCryo 2616-06 HQ404889.1 

(95%, 100%), see Figs S6, S7 

denovo166 0.1 0.8 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo74 0.6 0.3 Raphidonema nivale AJ431676.1 Raphidonema nivale AJ431676.1 uncultured Chlorella sp. 5 AB903011.1 (100%, 100%) 

denovo93 0.7 0 No blast hit No blast hit Stichococcus sp. SAG 2482 KX094848.1 (100%, 100%) 

denovo35 <0.1 0.5 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo69 0.6 0 No blast hit No blast hit No blast hit 
(82%, 52%, Prasiola delicata MF801375.1, six CBCs in helix 

III, see Figs S21, S22) 

denovo36 <0.1 0.5 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo127 0.3 0.1 Chloromonas rostafinskii HQ404863.1 Chloromonas rostafinskii HQ404863.1 No blast hit 

(85%, 48% - denovo127 vs. Chloromonas rostafinskii: 90%, 

82% -  denovo127 vs. Chloromonas miwae LC012762.1, two 
CBCs in helix III [one CBC out of it in the most conserved 

part of the structure] when compared denovo127 and 

Chloromonas miwae, see Figs S12, S14) 

denovo13 0.3 0 No blast hit No blast hit No blast hit 

(84%, 85%, Desmococcus endolithicus KX094830.1; four 

CBCs in helix III, see Figs S19 and S20). 

denovo44 0.2 0 Uncultured Chlorophyta clone ALBC6 JX435348.1 Scotiella cryophila K-1 Scotiella cryophila K-1  
(96%, 100%, 4CBCs in helix III [outside the most conserved 

part] when compared denovo44 and Scotiella cryophila K-1, 

see Figs S15, S16) 

denovo249 0.2 0 Uncultured Chlorophyta clone ALBC6 JX435348.1 Chloromonas brevispina K-2 Chloromonas brevispina K-2 

(96%, 82%, one CBC in helix III [outside the most conserved 

part] when compared denovo249 and Chloromonas brevispina 
K-2, sequence-secondary structure alignment in Fig. S5) 

denovo188 <0.1 0.1 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo101 0.2 <0.1 No blast hit No blast hit No blast hit 
(84%, 75%, Chloromonas miwae LC012762.1; three CBCs in 

helix III [two out of in the most conserved part of the 
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structure] when compared denovo101 and Chloromonas 
miwae, see Fig. S13) 

denovo168 0.2 0 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo143 0.1 0 No blast hit No blast hit Stichococcus sp. KX094857.1 (99%, 100%) 

denovo109 0.1 0 No blast hit No blast hit Stichococcus sp. KX094848.1 (89%, 89%, four changes at 

both side of secondary structure found in less conserved part 
of the structure, likely no CBC, Figs S17, S18) 

denovo28 0.1 0 No blast hit No blast hit Lobosphaera sp. K-1 KT119889.1 (94.0%, 100%), no CBC 

found when compared denovo28, Lobosphaera sp. K-1 
KT119889.1 and Lobosphaera incisa KM020046.1, so 

denovo28 can be assigned to Lobosphaera incisa, sequence-

structure alignment in Fig. S8 

denovo124 0.1 0 No blast hit No blast hit Lobosphaera incisa KM020046.1  
(94%, 100%), see Figs S8, S9 

denovo45 0.1 0 No blast hit No blast hit No blast hit 

(no significant similarity found) 

denovo72 <0.1 0.1 Chlamydomonas nivalis GU117577.1 Chlamydomonas nivalis GU117577.1 Chlamydomonas nivalis GU117577.1 (94%, 100%), no CBC 
when denovo72 compared to Chlamydomonas nivalis DL07; 

[interestingly, ITS2 of denovo72 has higher sequence 

similarity with Uncultured Chlamydomonas clone H14 
KX063729.1 (98%, 100%) but there is one CBC in helix II 

between denovo72 and clone H14], see Fig. S10, S11. 

denovo180 0.1 0 No blast hit No blast hit No blast hit 
(84%, 100%, Chlorocloster engadinensis FM946011.1; one 

CBC in basal part of helix I and one CBC in the basal part of 

helix II, see Figs S23, S24) 

denovo212 <0.1 0.1 No blast hit No blast hit Trebouxia sp. MG098229 (100%, 100%) 

denovo173 0.1 0 Chloromonas sp. CCCryo289-06 HQ404893.1 Chloromonas brevispina K-2 Chloromonas brevispina K-2  
(100%, 75%, two CBCs in helix III [outside the most 

conserved part] when compared denovo173 and Chloromonas 

brevispina K-2, sequence structure alignment in Fig. S5) 

denovo266 0.1 0 Uncultured Chlorophyta clone ALBC6 JX435348.1 Chloromonas brevispina K-2 Chloromonas brevispina K-2 

(96%, 69%, 2 CBCs in basal part of helix II and 1 CBC in 

helix II when compared denovo266 and Chloromonas 
brevispina K-2, sequence structure alignment in Fig. S5) 

denovo248 <0.1 <0.1 Chloromonas sp. CCCryo289-06 HQ404893.1 Chloromonas brevispina K-2 No blast hit 

(92%, 54%, 6 CBCs when compared denovo248 and 

Chloromonas brevispina K-2, one CBC out of it is located in 
the most conserved part of the structure, sequence structure 

alignment in Fig. S5) 

Other 1.2 0.4    
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Abstract

Here, we report an effect of short acclimation to a wide span of temperatures

on photosynthetic electron transfer, lipid and fatty acid composition in the

snow alga Chlamydomonas cf. nivalis. The growth and oxygen evolution capac-

ity were low at 2 °C yet progressively enhanced at 10 °C and were significantly

higher at temperatures from 5 to 15 °C in comparison with the mesophilic

control Chlamydomonas reinhardtii. In search of the molecular mechanisms

responsible for the adaptation of photosynthesis to low temperatures, we have

found unprecedented high rates of QA to QB electron transfer. The thermody-

namics of the process revealed the existence of an increased structural flexibility

that we explain with the amino acid changes in the D1 protein combined with

the physico-chemical characteristics of the thylakoid membrane composed of

> 80% negatively charged phosphatidylglycerol.

Introduction

Photosynthetic organisms inevitably become acclimated to

seasonal, diel as well as rapid aperiodic changes in ambient

conditions. Thermal fluctuations instantaneously influence

rates of photosynthetic electron transfer, while longer

exposure to supra- or super-optimal temperatures causes

reversible or permanent changes in rates of synthesis and

degradation of both primary and secondary metabolites.

Prolonged thermal stress decreases the organism’s fitness

or even leads to its death unless remediated through the

acclimation processes. The phenomenon of temperature

dependence of photosynthesis attracted further attention

in the past decade due to concerns over the stability of

ecosystems in the predicted global climatic changes.

Snow algae comprise an ecologically distinct group of

photosynthetic microorganisms. Most of the known spe-

cies populating polar and mountain regions worldwide

belong to the genera Chloromonas and Chlamydomonas

(Chlorophyta). Their native environment is defined by

frigid temperatures interrupted by episodic freeze-thaw

cycles while solar irradiation is high and variable (Hoham

& Duval, 2001). Their physiological and biochemical pro-

cesses must therefore be optimized to respond to the

environmental extremes. To this end, studies performed

on snow algae can provide a valuable insight into the

diversity of various adaptation and acclimation mecha-

nisms in microorganisms. The life histories and ecology

of many species of snow algae were studied in detail for

example by Hoham (1975a, b, c). Studies focusing on

physiology and biochemistry of snow algae are relatively

rare with their scope ranging from photoprotective effect

of carotenoids in Chlamydomonas nivalis (Bidigare et al.,

1993) to the ability to survive freezing and thawing as a

potential for effective cryoprotection (Morris et al., 1979).

Unfortunately, the majority of the studies were performed

on field samples (Remias et al., 2005, 2010a, b; Stibal

et al., 2007; Leya et al., 2009).

The available data on temperature dependence of pho-

tosynthesis and growth are often controversial (Hoham,
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1975a; Mosser et al., 1977; Remias et al., 2005; Hoham

et al., 2008), suggesting a broader range of ecophysiologi-

cal strategies in snow algae than expected. Numerous

studies reported that the occurrence of certain lipid char-

acteristics coincided with the capacity to withstand low

temperature stress. A high proportion of unsaturated fatty

acids were observed in red cells of C. nivalis from Antarc-

tica (Bidigare et al., 1993), while unusual short- and med-

ium-chain polyunsaturated fatty acids were isolated from

the flagellated cells of the snow alga Chloromonas brevis-

pina (Rezanka et al., 2008). However, these reports were

based on single measurements of field samples. Only lim-

ited evidence exists that documents the variability in fatty

acid content of different strains under varying controlled

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

Here, we study the temperature dependence of photo-

synthesis and thylakoid lipid content in the red snow alga

C. cf. nivalis (Bauer) Wille. We have investigated growth,

electron transfer in photosystem II (PSII) and oxygen

evolution rates in cells exposed to temperatures from 2 to

35 °C. PSII function at sub- and supra-optimal tempera-

tures was studied within the context of the primary struc-

ture of the D1 protein and the content of thylakoid lipids

and fatty acids. Our results indicate the snow alga ranks

as a cryotolerant mesophile.

Materials and methods

Organisms and growth conditions

The snow alga C. cf. nivalis Nedbalova strain CCALA 970

was isolated from melting snow in the Tatra Mountains

in northern Slovakia (Nedbalova et al., 2006). The family

Chlamydomonadaceae including the snow species under-

goes rapid taxonomic changes. Using combined morpho-

logical and molecular data, Matsuzaki et al. (2012)

revised the taxonomic position of two strains causing red

snow that were originally identified as C. nivalis and

reported under different names in culture collections.

Since a taxonomic revision of the strain CCALA 970 is

also necessary, we use the name C. cf. nivalis for the red

snow alga investigated in this paper.

Cells were grown in BBM medium (2.94 mM NaNO3,

0.30 mM MgSO4, 0.42 mM NaCl, 0.33 mM K2HPO4,

1.28 mM KH2PO4, 0.17 mM CaCl2, 30.68 lM ZnSO4,

7.27 lM MnCl2, 4.93 lM MoO3, 6.29 lM CuSO4,

1.68 lM Co(NO3)2, 0.18 mM H3BO3, 0.17 mM Na2-

EDTA, 0.552 mM KOH, 17.92 lM FeSO4 and 18.71 lM
H2SO4). Cultures on agar plates and starter cultures of

C. cf. nivalis in liquid medium were therefore always

grown at 2.5 °C. Cultures of Chlamydomonas reinhardtii

P. A. Dangeard strain UTEX 2246 were maintained at

24 °C, close to its optimal growth temperature.

Air-bubbled liquid cultures of C. cf. nivalis and

C. reinhardtii were grown at 2.5 and 24 °C, respectively,
in 2-L bottles under 16/8 light/dark periodic illumination

of 100 lmol photons m�2 s�1 provided by fluorescent

light (Fluora; Osram). Our photosynthesis vs. irradiance

measurements performed at light intensity of 100 lmol

photons m�2 s�1 corresponded to 50–70% of a maximal

photosynthetic activity in either of the strains at any of

the examined temperatures. As such, it has been assumed

the selected light intensity will not cause any significant

photoinhibition. Cells reaching late exponential phase

were diluted to 1 lg Chl mL�1 and transferred to sub-

and supra-optimal temperatures 5, 10, 15, 20, 25, 30 and

35 °C, respectively. Their growth was monitored for

10 days by measurements of total chlorophyll concentra-

tion in cells. Ten millilitre of cell culture was extracted

into 100% dimethylsulphoxide, and absorption spectra

were measured using a Shimadzu UV-2401PC spectro-

photometer every 24 h. Chlorophyll concentration was

calculated according to the method of Lichtenthaler &

Wellburn (1983) with use of these equations:

Chl a ¼ 12:19�A665:1 � 3:45�A649:1 ½lg mL�1�
Chl b ¼ 21:99�A649:1 � 5:32�A665:1 ½lg mL�1�

The respective absorbances were corrected for turbidity

at 730 nm.

Specific growth rates l were determined as a slope of

linear regression of semi-logarithmic plot of ln(Chl) vs.

time during the exponential phase of the growth. The

generation time (number of doublings per day) was cal-

culated as l/ln 2. All growth experiments were run in

triplicates.

Fatty acid analysis carried out in cells grown for 3, 5

and 10 days at temperatures c. 10 °C higher and lower

than the initial (2.5 and 24 °C in C. cf. nivalis and C. rein-

hardtii respectively) showed that no significant changes in

the fatty acid content occurred within a time span longer

than 3 days (Supporting Information, Fig. S1). All the

acclimation experiments therefore consisted of 3 days

exposure of cells to the particular temperature.

Oxygen evolution

Cells of C. cf. nivalis grown at 2.5 and 24 °C for 72 h,

respectively, and of C. reinhardtii grown at 24 °C were

diluted with fresh BBM medium to a suspension contain-

ing 5 lg Chl mL�1. The oxygen evolution rate was mea-

sured with Clark-type concentration electrode in a

thermostated, magnetically stirred cuvette (Hansatech

Instruments Ltd, UK). Electrical current was monitored

with a sampling frequency of 30 Hz with a polarization

potential of 700 mV by Oxycorder (PSI Ltd, Czech
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Republic). The 2.5 mL of cell suspension was homoge-

nously illuminated by high-intensity light-emitting diodes

(kred = 635 nm, kblue = 480 nm). A manually adjustable

power source provided light intensities from 0 to

6500 lmol photons m�2 s�1 of incident light. The oxy-

gen evolution was measured at 2 °C and at increments of

5 °C in the range from 5 to 35 °C, at a saturating light

intensity of 2000 lmol photons m�2 s�1. Each cycle of

oxygen evolution measurement at the chosen temperature

comprized of 600 s of dark adaptation, 600 s of illumina-

tion followed by 600 s of dark relaxation. Calibration of

the measured signals was carried out against a buffer

equilibrated with the ambient air and then depleted of

oxygen by the addition of sodium dithionide at all mea-

sured temperatures. Tabulated values of Henry’s law con-

stants for oxygen in water were used to convert measured

signals into oxygen concentration [lmol O2]. An oxygen

evolution rate in lmol O2 mg Chl�1 h�1 was determined

as a slope of linear regression of a plot of O2 [lmol] vs.

time during the light period of oxygen evolution cycle.

All experiments were carried out in triplicates.

Electron transfer rate measurements

Cells of C. cf. nivalis and of C. reinhardtii grown at 2.5

and 24 °C, respectively, were diluted with fresh BBM

medium to yield 3 lg Chl mL�1. The cell suspension was

dark-adapted for 1 h on ice prior to analysis to allow for

re-oxidation of electron acceptors in and around PSII.

Chlorophyll fluorescence measurements were conducted

in a FL-3000 fluorometer equipped with a TR-2000 ther-

moregulator (PSI Ltd), and the sample cuvette contained

2.4 mL of dark-adapted sample. In the temperature-

dependent QA reoxidation, fluorescence decay following

single-turnover saturating pulse was measured as

described (Dinamarca et al., 2011) at increments of 2.5 °C
in the range from 0 to 50 °C. At least seven independent

measurements were conducted at each temperature.

Fluorescence temperature curve

Cells grown for 72 h at a particular temperature were

diluted with fresh BBM medium to yield 3 lg Chl mL�1.

Critical temperature (TC) was assessed in experiments

that consisted of measuring chlorophyll fluorescence

induced by weak measuring pulses in a linearly heated

sample with a ramp of 1.5 °C min�1 from 0 to 60 °C
essentially as described by Lazar & Ilik (1997). The TC

was estimated as the crossing of an extrapolation of the

linear part of fluorescence rise to a point of maximum

fluorescence (TM) with constant fluorescence level before

the fluorescence rise. M/F(30) ratio reflecting the inhibi-

tion or damage to PSII (Lazar & Ilik, 1997) is the ratio of

maximal fluorescence at temperature TM and a steady-

state minimal fluorescence Fo at 30 °C. All experiments

were carried out in triplicates.

Isolation of thylakoid membranes

Thylakoid membranes were isolated using the method

described by Chua & Bennoun (1975) with minor modifi-

cations. Cells grown for 72 h at the particular tempera-

ture were harvested by centrifugation at 2500 g for

15 min and washed twice in 0.3 M sucrose, 25 mM HE-

PES-KOH pH 7.5, 1 mM MgCl2. Cells were broken in a

French-pressure cell at 4000 Psi. Broken cells were centri-

fuged at 2000 g for 10 min, and the pellet was resus-

pended in 0.3 M sucrose, 5 mM HEPES-KOH pH 7.5

and 10 mM EDTA (buffer B) and centrifuged at 50 000 g

for 10 min. The pellet was resuspended to a total volume

of 10 mL in 1.8 M sucrose in buffer B. Five millilitre of

2 M sucrose in buffer B was overlaid with 5 mL of sam-

ple in 1.8 M sucrose in buffer B, with 2 mL of 1.3 M

sucrose in buffer B and 5 mL of 0.5 M sucrose in buffer

B and centrifuged at 140 000 g for 1 h in Beckman Coul-

ter OptimaTM L-90K Ultracentrifuge. Thylakoid mem-

branes were collected at the interlayer of 1.8 and 1.3 M

sucrose. Collected membranes were washed with three

volumes of 5 mM HEPES-KOH pH 7.5 and 10 mM

EDTA and centrifuged at 50 000 g for 45 min.

Extraction of lipids

Lipids were extracted according to Wada et al. (1994).

One millilitre of membranes was transferred to a teflon-

lined screw-cap test tube with 3.75 mL of CHCl3 :

CH3OH (1 : 2, v/v) and mixed by vortexing. The mixture

was left to stand for 20 min at room temperature. Then,

1.25 mL of each CHCl3 and H2O was added, and the

solution was vortexed, followed by centrifugation at

2500 g for 15 min. Then, the clear upper phase and fluff

layer were carefully withdrawn and 2.5 mL of

CH3OH : H2O (10 : 9, v/v) was added. The solution was

vortexed and centrifuged at 2500 g for 15 min at room

temperature, and the lower phase was recovered and

transferred to a new tube for evaporation. The sample

was evaporated by either a rotary evaporator or a stream

of nitrogen gas. The dry sample was dissolved in

CHCl3 : CH3OH (2 : 1, v/v) and stored at �80 °C. BHT

was added to a final concentration of 0.05% to avoid

oxidation during long-time storage.

Lipid and fatty acid analysis

Lipid extracts were applied as 2.5-cm-wide streaks 1.5 cm

from the bottom of 250-lm TLC plates (MERCK).
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Developing solvent mixtures were either CHCl3 : CH3OH :

acetic acid : water (80 : 9 : 12 : 2, v/v) or CHCl3 :

CH3OH : NH4OH (28%) (13 : 7 : 1, v/v). Separation

was run to a height of 19 cm above the bottom. TLC

plates were sprayed with primuline solution (0.01%, w/v

in acetone : water 60 : 40, v/v) and visualized under UV

light (365 nm). Major lipid constituents of thylakoid

membranes, for example monogalactosyldiacylglycerol

(MGDG), digalactosyldiacylglycerol (DGDG), sulfoqui-

novosyldiacylglycerol (SQDG) and phosphatidylglycerol

(PG), were identified against known standards (Larodan,

Malmo, Sweden).

Bands containing lipid classes were scraped and trans-

ferred to Teflon-lined screw-cap test tubes. Fifty micro-

gram of pentadecanoic acid (C15:0) was added to each

tube as an internal standard along with 0.5 mL of hexane

and 1 mL of BF3-CH3OH (10% w/w), and the tube was

flushed with nitrogen and incubated at 85 °C for 1 h.

After cooling down to a room temperature, 0.5 mL of

chloroform-extracted water was added and the solution

was vortexed. Two millilitre of hexane was added, vor-

texed again and centrifuged at 2500 g for 5 min. Upper

hexane layer was removed and placed in a new vial for

evaporation. The remaining mixture was washed two

times with 2 mL of hexane as described above. Collected

hexane phases were pooled and concentrated under a

stream of nitrogen to a final volume of 20 lL.
Quantitative and qualitative analysis was performed by

means of GC-FID either on a Hewlet Packard HP6890

Series on sp2330 (30 m 9 0.25 mm, df 0.20 lm; Supe-

lco) or Carlo Erba HRGC 5300 megaseries on Omegawax

320 column (30 m 9 0.32 mm, df 0.25 lm; Supelco).

Hydrogen was used as a carrier gas at a pressure of

70 kPa. The temperature program in both cases was the

following: start temperature of the oven was 140 °C, lin-
ear heating rate of 4.5 °C min�1 was applied till 240 °C
and held at this temperature for another 10 min. Injector

temperature was 250 °C, and temperature of FID was

260 °C. Retention times of FAME were compared to

known standards (Supelco� 37 Component FAME Mix

and PUFA No.3 Supelco from menhaden oil).

DNA isolation

DNA was isolated from liquid culture of C. cf. nivalis

Nedbalova strain CCALA 970 using DNeasy Plant Mini

Kit (Qiagen). The protocol was slightly optimized: at the

beginning of the procedure, the cells were mechanically

disrupted by shaking for 5 min in the presence of glass

beads (3 mm diameter; Sigma-Aldrich) in Mixer Mill

MM 400 (Retsch, Haan, Germany). Subsequently, DNA

was isolated in accordance with the manufacturer’s re-

commended protocol. Quality and concentration of DNA

were measured on a NanoDrop� ND-1000 Spectropho-

tometer (NanoDrop Technologies, Inc.).

Amplification of gene coding D1 protein

The psbA gene region was amplified from the DNA iso-

late by PCR using primers psbA-F1 (ATGACTGCTACTT

TAGAAAGACG) and psbA-R2 (TCATGCATWACTTC

CATACCTA). The expected size of the PCR fragment was

1200 bp. The amplification reaction was performed using

the following cycle parameters: 10 min hot start at 95 °C,
followed by 35 cycles [1 min at 94 °C, 45 s at gradient of

annealing temperature (57 and 59 °C), 2 : 50 min at

72 °C] and 10 min at 72 °C. Each 20 lL PCR reaction

for this gene amplification contained 5 lL of DNA iso-

lates (diluted to concentration of 10 ng lL�1), 0.8 lL of

each 10 lM primer, 1.6 lL of 25 mM MgCl2, 1.5 lL of

2 mM dNTPs, 2 lL of 109 Taq buffer + KCl-MgCl2,

7.8 lL sterile Milli-Q water and 0.5 lL of 1 U lL�1 Taq

DNA polymerase (Fermentas).

Alignment of gene coding D1 protein

Amino acid sequences of D1 protein were compared

among C. cf. nivalis (this study, NCBI reference nucleo-

tide sequence KF702330.1 and protein sequence

AHB82278), C. reinhardtii (DAA00957.1), Thermosynecho-

coccus elongatus (NP_682633.1), Arabidopsis thaliana

(P83755.2), Chlamydomonas raudensis (AFU83031.1), Du-

naliella salina (YP_005089831.1), Acutodesmus obliquus

(ABD48259.1), Chlorella vulgaris (P56318.1), Pyramimon-

as parkea (ACJ71100.1), Pycnococcus provasolii (ACK36

809.1), Populus trichocarpa (YP_001109480.1), Cycas mi-

cronesica (ABU85314.1), Magnolia grandiflora (YP_00

7474516.1), Oryza sativa (AER12889.1), Zea mays (NP_04

3004.1), Carica papaya (YP_001671663.1), Porphyridium

purpureum (BAO23682.1), Cyanidium caldarium (NP_045

067.1), Cyanophora paradoxa (NP_043238.1), Polarella

glacialis (BAC76007.1), Kryptoperidinium foliaceum (ADI

40420.1), Vaucheria litorea (ACF70962.1), Fucus vesiculo-

sus (CAX12449.1), Nannochloropsis salina (AGI99196.1),

Pinnularia cf. microstauron (AER42084), Ulnaria acus

(AEX37881.1), Thalassiosira oceanica (ADB27608.1),

Phaeocystis antarctica (AEK26755.1), Emiliania huxleyi

(AAX13814.1), Geminigera cryophila (ABL96289.1), Rho-

domonas salina (ABO70840.1), Eutreptiella gymnastica

(YP_006234198.1) and Paulinella chromatophora (ACB43

269.1). Sequences were aligned with CLUSTALW (Higgins

et al., 1996) and BIOEDIT (Ibis Biosciences, CA) software.

Cluster analysis was based on the pairwise distance

among amino acid sequences of D1 protein of species

used in large alignment. Calculation of pairwise distances

was carried out in MEGA 5.10 (Tamura et al., 2011) with
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following setting: method – number of differences, rates

among sites – uniform, missing data treatment – com-

plete deletion. Dendrogram was created in program PAST

(Hammer et al., 2001) with the settings: algorithm –
Ward’s method, similarity measure – Euclidean, number

of bootstrap – 100.

Statistical analysis

We performed statistical comparisons with the two-sam-

ple t-test. A value of P < 0.05 was considered statistically

significant. Error bars in all figures represent standard

deviations of at least three independent measurements.

Results

Temperature dependence of growth

The growth of the snow alga C. cf. nivalis and the meso-

philic C. reinhardtii was monitored under low light of

100 lmol photons m�2 s�1 at temperatures between 5

and 35 °C (Fig. 1). Surprisingly, the snow alga exhibits a

rather slow growth at and below 5 °C (< 0.15 doubling

per day) but keeps an invariant growth of

0.46 � 0.06 doubling per day while grown above 10 °C
(Fig. 1, open circles). The growth is suppressed only at

temperatures > 30 °C falling by nearly 50% of the growth

maximum at 35 °C. The mesophilic alga displayed almost

no growth up to the temperature of 10 °C followed by a

linear increase in its growth rate with raising temperature

of incubation (Fig. 1, full circles). The growth rate peaked

at 30 °C with 0.74 � 0.05 doubling per day (1.6 times

higher than the snow alga) and then dropped sharply.

The mesophilic C. reinhardtii was outgrown by C. cf.

nivalis in the whole range of temperatures from 5 °C up

to 15 °C (t-test; P < 0.05), while both algae exhibited

identical growth within the range of 20–25 °C.

Oxygen evolution rates

The photosynthetic oxygen-evolving activity from H2O to

CO2 was measured at temperatures from 2 to 35 °C
(Fig. 2). The snow alga C. cf. nivalis grown at 2.5 °C ini-

tially showed a drop in the activity below 100 lmol O2

mg Chl�1 h�1 upon increasing the measurement temper-

ature from 2 to 5 °C, followed by a linear increase in

activity, peaking at 25–30 °C with 210 � 49 lmol O2

mg Chl�1 h�1 (Fig. 2, open circles). A further increase in

temperature leads to an abrupt decline of activity. No net

oxygen evolution rate was observed at temperatures at

and above 40 °C. Cells of the C. cf. nivalis grown for

72 h at 24 °C exhibit more stable temperature depen-

dence of oxygen-evolving activity (Fig. 2, grey circles)

with significantly lower maximum activity than cells

grown at 2.5 °C (t-test; P < 0.03 in the range of 25–
35 °C). The control strain C. reinhardtii grown at 24 °C
had significantly lower oxygen-evolving activity at tem-

peratures from 2 up to 20 °C (Fig. 2, closed circles, t-test;

0 10 20 30 40
0

0.2

0.4

0.6

0.8

1

Temperature (°C)

D
ou

bl
in

gs
.d

ay
–1

Fig. 1. Temperature dependence of autotrophic growth. Liquid

cultures were incubated at the designated temperatures at

illumination of 100 lmol photons m�2 s�1 and their growth was

assayed by measurements of total chlorophyll content. The plot of

temperature vs. the rate of doubling of the cell culture is shown in

the snow alga Chlamydomonas cf. nivalis (open circles) and in the

mesophilic Chlamydomonas reinhardtii (closed circles). Values

represent mean of three independent measurements.
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Fig. 2. Temperature dependence of oxygen evolution rate. The

measurements were performed in the range from 2 to 35 °C at

saturating light intensity of 2000 lmol photons m�2 s�1 with liquid

cultures grown at 5 °C (Chlamydomonas cf. nivalis, open circles) and

24 °C (Chlamydomonas reinhardtii, closed circles; C. cf. nivalis, grey

circles). Values represent mean of five independent measurements.
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P < 0.03). The activity started to rise exponentially only

at and above 20 °C while reaching 233 � 96 lmol

O2 mg Chl�1 h�1 at 30 °C. Additional temperature

increase further stimulated the oxygen-evolving activity in

contrast to the snow alga grown at 2.5 °C.

QA to QB electron transfer rates

Functional stability of PSII was assayed by measurements

of electron transfer between the quinon QA bound in the

D2 protein and QB (Fig. 3) that is transiently bound to

the membrane accessible pocket of the D1 protein of the

PSII reaction centre. In the mesophilic C. reinhardtii, the

QA to QB electron transfer rate started at a value

2000 s�1 at 0 °C and was thermally accelerated up to

c. 5300 s�1 at 42.5 °C (Fig. 3, closed circles). A further

increase in temperature led to a decrease in the electron

transfer rate with a loss of activity close to 50 °C (Fig. 3,

closed circles). In contrast to the mesophilic strain, the

snow alga C. cf. nivalis exhibits significantly higher QA to

QB electron transfer rate at any measured temperature

except at 40 °C (Fig. 3, open circles, t-test; P < 0.001). At

0 °C, the electron transfer rate reached c. 3000 s�1 and

continued to rise exponentially up to 11 000 s�1 at 35 °C
followed by a sudden drop to half of its maximal value at

40 °C (Fig. 3, open circles). The dissimilar trends in the

rates’ temperature dependence are shaped by the different

activation parameters for the electron transfer rate in the

two algae. The activation enthalpy DH‡ in C. cf. nivalis

had a value of 12.29 kJ mol�1, while in C. reinhardtii,

DH‡ was lower by 4.78 kJ mol�1. The activation entropy

TDS‡ was 5.87 kJ mol�1 higher in the snow alga than in

the mesophilic C. reinhardtii. In result, the Gibbs free

energy of activation DG‡ = DH‡�TDS‡ was lower by

1.07 kJ mol�1 in C. cf. nivalis (25.53 kJ mol�1) in com-

parison with 26.6 kJ mol�1 in C. reinhardtii.

Fluorescence temperature curve

The critical temperature above which the PSII begins to

denature, TC and the maximal temperature of fluores-

cence rise, TM parameters serve as indicators of PSII ther-

mostability. Either of the parameters may also reflect on

the change in thylakoid membrane fluidity during ther-

mal acclimation. The TC and TM parameters were

obtained by least squares numerical fitting of the fluores-

cence temperature curves measured in cell cultures accli-

mated for 3 days at the temperatures ranging from 5 to

25 °C (Fig. S2). Neither of the two parameters changed

significantly in the C. cf. nivalis acclimated to tempera-

tures from 5 to 25 °C (Fig. S2, open circles, Pearson’s

correlation; R < 0.3, n = 14). The value of M/F(30)

which reflects inhibition and/or damage to PSII decreased

from 2.96 at 5 °C to 2.08 at 20 °C. The mesophilic

C. reinhardtii showed a steady increase in both TC and

TM by > 4 °C in response to the acclimation to a higher

temperature (Fig. S2, closed circles). A similar trend was

observed in M/F(30) where a shift from 5 to 20 °C
increased the M/F(30) from 1.9 to 2.6.

Thylakoid lipid composition

The two Chlamydomonas species differed significantly in

molar fractions of their thylakoid membrane lipid classes

(Fig. 4, t-test; P < 0.03). PG was by far the most abun-

dant lipid in the snow alga C. cf. nivalis regardless of the

incubation temperature (Fig. 4a). Cells acclimated to

temperatures from 10 to 35 °C contained at least

70 molar% of PG with the only exception of cells that
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were grown at 15 °C. Here, the molar ratio of PG

dropped down to 50%. Interestingly, cells grown at 5 and

30 °C contained over 90 molar% of PG out of all lipids

in the thylakoid membrane. The analysis of the mesophil-

ic C. reinhardtii revealed a lipid content typically found

in green algae and higher plants chloroplasts (Fig. 4b).

Here, a dominant component of the thylakoid membrane

of the mesophilic alga acclimated to the temperature

range of 5–20 °C was MGDG representing c. 60% of all

lipids. DGDG accounted for c. 20 molar% resulting in

MGDG/DGDG ratios ranging from 2.6 at 20 °C, 2.9 at

35 °C and as high as 4.5 at 10 and 15 °C. This sharply

contrasts with the lipid molar fractions in cells acclimated

to temperatures that are considered optimal for the meso-

philic strain. As molar fractions of DGDG in the mem-

brane increased within the range of 25–30 °C, the

MGDG/DGDG ratio decreased to 0.76–0.78. The molar

fractions of the minor lipid constituents of the thylakoid

membrane such as the PG and sulphoquinovosyldiacyl-

glycerol (SQDG) were found nearly constant in a whole

temperature scale both standing at or below the 10 molar

%. The lowest amounts of SQDG were observed at

25 °C.

Fatty acid composition

Lipids isolated from the thylakoid membranes and sepa-

rated by TLC were subjected to transmethylation, and the

resulting fatty acid methyl esters corresponding to the

four major lipid classes were analysed. The fatty acid con-

tent was normalized to their contributions in each lipid

class summing up to 100%. The most dominant lipid

species in the snow alga C. cf. nivalis, PG (Fig. S3), was

predominantly palmitic (16:0), oleic (18:1) and a-linolen-
ic (18:3) fatty acids. The palmitic acid of the PG was

found constant (c. 10%) at all temperatures of acclima-

tion, while its total amount was elevated in the range of

15–25 °C due to an increase in its content in the MGDG

and SQDG. By far, the most dominant oleic acid in the

PG decreased from 50% at 5 °C down to 15–20% at

15–25 °C and increased again to 55% at 30 °C. These

changes were slightly compensated by an increase in the

oleic acid content in the MGDG and SQDG in the range

of 15–25 °C. The a-linolenic acid content shows a mirror

image of its trends in PG vs. MGDG and SQDG. While

its content is decreasing in PG from 20% at 5 °C down

to 10% at 10–15 °C and increasing again up to c. 30% at

20–35 °C, the MGDG is enriched by the a-linolenic acid

in the range 15–25 °C, resulting in the a-linolenic acid

exceeding 40 molar% of all thylakoid fatty acids at

20–25 °C. The minor fatty acids namely the hexadecatet-

raenoic (16:4), hexadecatrienoic (16:3) and palmitoleic

(16:1) acids remained under 10 molar% at all tempera-

tures of acclimation except for the linoleic acid (18:2)

that increased to c. 15% at 25 °C.
A very different composition of fatty acids was

observed in the mesophilic C. reinhardtii (Fig. S4). Pal-

mitic acid (16:0) almost equally represented by PG,

SQDG and DGDG was found always at total levels of

30% except for 30 °C where it accounted for 50% of all

fatty acids in the thylakoid membranes. Similar trend was

observed in the palmitoleic acid (16:1) although pre-

sented at significantly lower levels (10% throughout all

the temperatures except for 25% at 30 °C). The remain-

ing diversity of the fatty acid profiles was to the largest

extent shaped by the MGDG. The hexadecatetraenoic acid

(16:4) was present at levels of 30% in the temperature

range of 5–15 °C, and then its content gradually

decreased to 15% at 25–30 °C and then slightly increased

to 20% at 35 °C. The a-linolenic fatty acid (18:3) fol-

lowed a similar trend being present at amounts > 40% at

temperatures 5–15 °C and then slowly decreasing to

c. 20% at 35 °C.
The double bond index (DBI) that is indicative of rela-

tive fatty acid unsaturation reached in C. cf. nivalis its

maximum value of 1.9 at 20 °C, while at both low and

high temperatures, the values declined to 1.3–1.6. In

C. reinhardtii, maximum values of DBI (2.6–2.7) were

reached at temperatures 5–15 °C and then steadily

decreased to 1.9 at 30 °C followed by an increase to 2.3

at 35 °C. The DBI was higher in C. reinhardtii than in

C. cf. nivalis at any acclimation temperature due to the

increased content of hexadecatetraenoic and a-linolenic
fatty acids.

Sequence of D1 protein

The protein sequence alignment showed that the 323

amino acids of D1 protein of C. cf. nivalis differ in 33

amino acids from the C. reinhardtii, while only 29 amino

acids were different from the higher plant sequence of

A. thaliana (Fig. 5). The alignment containing all

sequences of D1 protein is shown in Supporting Informa-

tion (Fig. S5). The stromal N terminus of the snow alga’s

D1 protein contains six changes (N10S, S11I, A15E, E19S,

I36L, C40T) in comparison with the control C. reinhardtii

strain’s D1 protein. Two changes are found at the lume-

nal side of the A helix (V47C, F48Y), six small amino

acids are exchanged for even smaller ones in the lumenal

AB loop (S68A, T79S, T85S, L91V, I96V, L102V), fol-

lowed by four changes in the B helix (C117L, Y124A,

C125S and F135Y) and two at the stromal edge of the C

helix (A144F, Y147F). The CD helix carries a single

change (I184L) just as the D helix (L200A). The stromal

DE loop has five differences in sequence between the two

Chlamydomonas strains: T228S, N230V, A233T, E235Y,
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R238K. The DE helix has identical sequence in all four

aligned sequences of D1 protein. The remaining differ-

ences were found within the E helix (S270A, I281V,

F285L and L290V) and the C terminus of the D1 protein

(L314I, N325D). Within the context of all aligned D1

sequences (Fig. S5), it becomes evident that the majority

of the reported changes between the D1 protein sequence

of snow alga and the control C. reinhardtii occur in

extremophilic organisms other than green algae and

higher plants (Fig. S6).
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Arabid. thaliana V A A A T A V F L I Y P I G Q G S F S DGM P L G I S G T F N F M I V F Q A E H N I L M H P F HM L

210 220 230 240 250
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam. cf. nivalis G V A G V F GG S L F S A M HG S L V T S S L I R E T S E V E S T N Y G Y K F GQ E E E T Y N I V A
Chlam. reinhardti i G V A G V F GG S L F S A M HG S L V T S S L I R E T T E N E S A N E G Y R F GQ E E E T Y N I V A
Therm. elongatus G V A G V F GG A L F C A M HG S L V T S S L I R E T T E T E S A N Y G Y K F GQ E E E T Y N I V A
Arabid. thaliana G V A G V F GG S L F S A M HG S L V T S S L I R E T T E N E S A N E G Y R F GQ E E E T Y N I V A

260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam. cf. nivalis A HG Y F G R L I F Q Y A S F N N S R A L H F F L A AWP V V G I W L T A L G V S T M A F N L NG F
Chlam. reinhardti i A HG Y F G R L I F Q Y A S F N N S R S L H F F L A AWP V I G I W F T A L G L S T M A F N L NG F
Therm. elongatus A HG Y F G R L I F Q Y A S F N N S R S L H F F L A AWP V V G VWF T A L G I S T M A F N L NG F
Arabid. thaliana A HG Y F G R L I F Q Y A S F N N S R S L H F F L A AWP V V G I W F T A L G I S T M A F N L NG F

310 320 330 340 350
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam. cf. nivalis N F NQ S V V D S QG R V I N T WA D I I N R A D L GM E - - - - - - - - - - - - - - - - - - - - -
Chlam. reinhardti i N F NQ S V V D S QG R V L N TWA D I I N R A N L GM E V M H E R N A H N F P L D L A S T N - - -
Therm. elongatus N F N H S V I D A K G N V I N T WA D I I N R A N L GM E V M H E R N A H N F P L D L A S A E S A P
Arabid. thaliana N F NQ S V V D S QG R V I N T WA D I I N R A N L GM E V M H E R N A H N F P L D L A A V E - - -

360
. . . . | . . . . |

Chlam. cf. nivalis - - - - - - - - - -
Chlam. reinhardti i - - - - S S S N N -
Therm. elongatus V A M I A P S I NG
Arabid. thaliana - - - - A P S T NG

Fig. 5. D1 protein alignment. The psbA amino acid sequence of Chlamydomonas cf. nivalis was aligned against psbA sequences of

Chlamydomonas reinhardtii, Arabidopsis thaliana and Thermosynechococcus elongatus (psbA1 gene sequence).

FEMS Microbiol Ecol 89 (2014) 303–315ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

310 M. Luke�s et al.



Discussion

Temperature is a fundamental factor that affects growth

rate, physiological and metabolic processes in algae (Epp-

ley, 1985; Raven & Geider, 1988; Beardall & Raven, 2004;

Chu et al., 2005; Staehr & Birkeland, 2006). It also appears

to be one of the main factors that dictate the distribution

of photosynthetic microorganisms (Pakker et al., 1995;

Hoffmann, 1996; Bischoff-Baesmann et al., 1997). It has

been generally assumed that the photosynthetic organisms

occupying habitats where temperatures fluctuate little,

typically sites with extremely low or high temperatures, do

not possess the ability to acclimate far outside of their

optimum growth temperature. Representative examples of

extremophiles that have not been observed to successfully

colonize other habitats include the well-known cyanobac-

teria exclusively inhabiting hot springs (Miller & Casten-

holz, 2000) or green algae forming visible biomass within

surface layers of melting snow (Hoham et al., 2008).

Questions still remain concerning the response of the pho-

tosynthesis and growth of the cryophiles to a significant

shift in ambient temperatures and their capacity to grow

outside their indigenous territory.

Snow algae from the genera Chloromonas and Chla-

mydomonas were considered to be obligate cryophiles

with optimal growth below 10 °C (Hoham, 1975a). Low

temperature growth optima were reported, for example

for Chloromonas pichinchae (1 °C; Hoham, 1975a), Chlo-

romonas chenangoensis, Chloromonas tughillensis (2.5–
5 °C; Hoham et al., 2008), C. raudensis (8 °C; Pocock

et al., 2011) and Chlamydomonas sp. (5 °C; Eddie et al.,

2008). Strains with higher temperature limits that can still

be assumed as cryotolerants were described in isolates

from Antarctic oases (Seaburg et al., 1981). The optimal

growth for Chlamydomonas subcaudata and Chlamydo-

monas alpina was reported in the range of 12.5–15 °C,
while the one for Chlamydomonas intermedia is slightly

higher (15–18 °C). Concerning the widely distributed

C. nivalis, contrasting results were obtained due to the

lack of laboratory cultures and taxonomic uncertainty

(Hoham, 1975a; Kom�arek & Nedbalov�a, 2007). Great va-

riability of in situ maximal photosynthetic activity was

demonstrated among samples collected in the Beartooth

Mountains on the Montana-Wyoming boundary (USA;

Mosser et al., 1977). No inhibition of photosynthesis at

temperatures up to 20 °C was observed in short-term

experiments with natural samples containing C. nivalis

red cysts (Remias et al., 2005, 2010b). The results of our

comprehensive study including temperature dependence

of growth, rate of photosynthesis including the electron

transport within PSII and the whole electron transfer

chain from H2O to CO2 are clearly indicating that our

strain of red snow-forming C. cf. nivalis cannot be

regarded as cryophilic but rather a cryotolerant species

with very good photosynthetic performance at low tem-

peratures. Moreover, our analysis of control samples

taken from cells grown for 3, 5 and 10 days showed that

all the changes in the fatty acid content occurred within a

time span shorter than 3 days. This fact documents cells’

potential to quickly acclimate their fatty acid composition

regardless of the temperature outside its growth optimum

(Fig. S1).

What molecular mechanisms are employed to yield the

snow alga this rather broad thermal tolerance? It is

important to note that our strain of C. nivalis acclimated

to 2.5 °C exhibits significantly faster growth (at 5–15 °C)
and oxygen evolution rate (at 5–20 °C) in comparison

with the mesophilic control. Oxygen evolution rates of

the snow alga surpass the mesophilic control within the

range of 5 to c. 20 °C even when the two strains were

pregrown at identical temperature of 24 °C. The impor-

tant role of lipids as mediators of thermal acclimation of

membrane proteins (Domonkos et al., 2008), particularly

the degree of fatty acid unsaturation (Gombos et al.,

1994; Wada et al., 1994), has been recognized for decades.

Photosynthetic membranes of cyanobacteria, algae and

plants are unique for their richness in glycolipids domi-

nated by galactolipids MGDG and DGDG, followed by

sulfolipid SQDG. PG carrying a negative charge makes

up, as the only glycerophospholipid, for 9% of all thyla-

koid lipids in green alga C. reinhardtii (Janero & Barrnett,

1981). Numerous physiological functions were reported

for the PG (reviewed in Sato, 2004; Loll et al., 2007) that

include mediation of the protein–lipid interface within

the membrane (Szalontai et al., 2003; Domonkos et al.,

2008; Guskov et al., 2009), control of membrane’s surface

charge (Apostolova et al., 2008), mediation of electron

flow in and stabilization of photosystem I (PSI; Rawyler

& Siegenthaler, 1981; Yang et al., 2005), stabilization of

PSII and trimeric light-harvesting complex 2 (LHCII; El

Maanni et al., 1998; Dubertret et al., 2002), mediation of

PSII assembly in C. reinhardtii (Pineau et al., 2004) and

PSII activity (Sato et al., 2000) in Synechocystis sp.

PCC6803 (Laczko-Dobos et al., 2008), particularly at the

lumenal face of the thylakoid membrane of spinach chlo-

roplasts (Duchene et al., 2000), indispensable role in sta-

bilization of the QB binding site in PSII of Synechocystis

sp. PCC6803 (Gombos et al., 2002) and development of

thylakoid membranes in A. thaliana (Hagio et al., 2002).

So far, the investigation of the function of PG in photo-

synthesis has relied on targeted elimination of the PG

molecules by either downregulation of enzymes responsi-

ble for PG synthesis in whole cells and/or by treatment of

isolated thylakoid membranes with phospholipase in vitro.

Upregulation of the PG synthesis was studied only in

C. reinhardtii subjected to sulphur starvation (Sugimoto
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et al., 2008). Here, we have adopted a reverse strategy by

examining cells of the snow alga C. cf. nivalis that have

thylakoid membranes in their chloroplasts dominated by

over 80% PG. We have put particular emphasis on the

detailed study of the temperature dependence of the elec-

tron transport at the acceptor side of PSII that is expected

to be mostly affected by the absence of PG and hence

might be also perturbed by its overabundance.

All strains of cyanobacteria, algae and higher plants

examined to date showed the temperature dependence of

the QA to QB electron transfer rate following an analo-

gous trend (Shlyk-Kerner et al., 2006; Dinamarca et al.,

2011). First, the rate of electron transfer gets accelerated,

up to a temperature that corresponds to, and/or is close

to the growth optimum. This activation phase is then

followed by an activationless regime of a various widths

spanning from not more than 5–10 °C up to as much as

20–25 °C. Here, electron transfer becomes rate limited by

the coupled proton mobilization. The third phase corre-

sponds with the onset of denaturation and is character-

ized by a steep decline both in rate as well as the

amplitude of the electron transfer. Here, we report the

temperature dependence of the QA to QB electron transfer

rate in a snow alga C. cf. nivalis that completely lacks the

activationless regime as the electron transfer rate ideally

obeys the Arrhenius law. The rate at temperatures close

to 0 °C equals the peak rates of cyanobacteria, algae and

higher plants at their respective activationless regimes,

while the peak rate at 35 °C exceeds any previously

reported rate of QA to QB electron transfer by 4-fold to

10-fold. This trend differs from the typical temperature

dependence due to the different thermodynamics of the

electron transfer in the snow alga. The higher activation

enthalpy in comparison with the mesophile is unfavour-

able as it is decreases the reaction turnover at low tem-

peratures representing the natural environment of

C. cf. nivalis. This effect is sufficiently compensated by

more positive activation entropy that is achieved by the

increase in local flexibility of the transition state for the

QA to QB electron transfer. As a consequence, this com-

pensation leads to the acceleration of the reaction rate to

nonphysiologically high values at 35 °C counterbalancing

the negative effect of the activation enthalpy. The neces-

sary flexibility can be made possible through a number of

structural elements, including, but not limited to, the

unique lipid composition of the thylakoid membrane and

the D1 protein structure. Here, we propose to rule out a

dominant role of fatty acids to gain the additional PSII

flexibility. The lipids in the snow alga’s thylakoid mem-

brane had a lower DBI in all experimental treatments

compared to the control. Based on the fatty acids them-

selves alone, C. reinhardtii always displayed a more flexi-

ble membrane. To add to the controversy, the role of PG,

particularly its high-melting point form, was disputed as

a possible factor in modulating membrane flexibility and

hence the chilling resistance in higher plant chloroplasts

(Kaniuga et al., 1998). Yet PG is an essential lipid that

was found in close vicinity of the QB binding pocket in

crystals of PSII of thermophilic cyanobacterium (reviewed

in Mizusawa & Wada, 2012). We also cannot ignore the

fact that membranes dominated by PG exhibit, at neutral

pH, considerable negative surface charge density inducing

a tilt of PG molecules of c. 30° relative to the membrane

normal (Watts et al., 1981). This can introduce a signifi-

cant disorder to the membrane packing and hence

increase membrane fluidity.

Most of the differences in the D1 protein of the snow

alga are situated in the interhelical domains of both

lumen (AB)- and stroma (DE)-exposed loops. Fifteen

amino acids in the snow algal D1 protein (in comparison

to the control C. reinhardtii) are smaller in size yet of a

similar chemical nature, while four represent neutral

changes. The most common exchange included three

counts of L – I, V – L, S – T and Y – F, followed by two

counts of V – I and A – S. Only six of 33 changes insti-

tuted amino acid residues with significantly larger volume

and different chemical nature (e.g. A15E, A144F, A233T,

E235Y). Two of the latter are part of the DE loop, while

two changes within the same region bring about smaller

amino acids (T228S, R238K). Interestingly, mutation at

some of these sites in the DE loop and the sites that

either surround or are close to the QB binding pocket

were reported to have a lower binding affinity to the her-

bicide diuron (D1–228), ioxynil (D1–238; Kless et al.,

1994) or atrazine (D1–238) (Narusaka et al., 1998) in

mutants of cyanobacterium Synechocystis sp. PCC6803

while having minor effect on its saturated rate of O2 evo-

lution or yield of chlorophyll fluorescence. Similarly,

change in the amino acid at the D1–184 site within the

lumenal CD loop has been reported to alter the structure

in the vicinity of the quinon binding site as seen in a me-

tribuzin-resistant mutant of Chenopodium rubrum (Schw-

enger-Erger et al., 1999). This evidence must, however, be

regarded as circumstantial as most of the aforementioned

cyanobacterial mutants carried in fact double or even

triple mutations within the same region and sometimes

also a different amino acid.

Here, we present a hypothesis that a combination of

changes in protein structure and an unusually high abun-

dance of charged lipids modulate the electron transfer rate

in PSII allowing for fast transfer of electrons from QA to

QB even at low or close to cryophilic temperatures. The

structural flexibility that is the necessary prerequisite for

the electron transfer at the acceptor side of PSII is probably

made possible by the cumulative effect of the amino acid

changes in the D1 protein combined with the physico-
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chemical characteristics of the PG thylakoid membrane

including possible substitution of MGDG, DGDG and

SQDG lipids by the PG in places around and within the

PSII (Loll et al., 2007; Mizusawa & Wada, 2012). It seems,

however, highly unlikely that the increased rate of terminal

electron transfer in PSII that is even orders of magnitude

faster than necessary for the capacity of plastoquinol pool

to be reoxidized is the only factor responsible for the

increased carbon fixation efficiency at low temperatures as

inferred from our measurements of oxygen evolution

capacity reporting on H2O to CO2 electron transfer in the

snow alga. We assume that the handicap of the catalytic

activity of Ribulose-1,5-bisphosphate carboxylase oxygen-

ase and its activase being greatly lowered at low tempera-

tures is alleviated by their increased expression and

accumulation akin to the Antarctic Chloromonas species

(Devos et al., 1998). Despite the numerous uncertainties,

we present here a host of novel information about the strat-

egies employed by cold-tolerating green alga C. cf. nivalis

including the outline of some of the molecular mechanisms

that make this tolerance possible.
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Figure S1. Time course of fatty acid composition in thylakoid lipids extracted from C. 38 

reinhardtii (top panels) and C. cf. nivalis (middle and lower panels). Initial levels correspond 39 

to cells in their mid exponential growth phase (24°C in C. reinhardtii; 2.5°C in C. cf. nivalis). 40 

Following samples were taken after 3, 5, and 10 days after the cells were transferred to either 41 

higher or lower temperature. Error bars in the initial level represent standard deviation of 42 

three independent measurements.  43 
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 59 
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 61 

 62 

Figure S2. Temperature dependence of A: critical temperature (Tc) and B: maximal 63 

temperature of fluorescence rise (TM) in the snow alga Chlamydomonas cf. nivalis (open 64 

circles) and in the mesophilic Chlamydomonas reinhardtii (closed circles). Values represent 65 

mean of three independent measurements. 66 

 67 
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 72 

 73 

Figure S3. Fatty acid content in monogalactosyldiacylglycerol (MGDG, black), 74 

digalactosyldiacylglycerol (DGDG, dark gray), sulphoquinovosyldiacylglycerol (SQDG, light 75 

gray) and phosphatidyglycerol (white) isolated from thylakoid membranes of snow alga 76 

Chlamydomonas cf. nivalis in the temperature range from 5 to 35ºC. Values represent mean of 77 

three independent measurements. 78 

 79 
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Figure S4. Fatty acid content in monogalactosyldiacylglycerol (MGDG, black), 86 

digalactosyldiacylglycerol (DGDG, dark gray), sulphoquinovosyldiacylglycerol (SQDG, light 87 

gray) and phosphatidyglycerol (white) isolated from thylakoid membranes of control green 88 

alga Chlamydomonas reinhardtii in the temperature range from 5 to 35ºC. Values represent 89 

mean of three independent measurements. 90 

 91 
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Geminig_cryophila S L D E W L Y N G G P Y Q L I V D H F L L G V C G W I G R E W E F S Y R L G M R P W I S V A F T A P
Rhodomonas_salina S L D E W L Y N G G P Y Q L I V D H F L L G V C G W I G R E W E F S Y R L G M R P W I S V A F T A P
Eutreptiella_gymn S L D E W L Y N G G P Y Q L I V C H F F I G V C S Y M G R E W E L S F R L G M R P W I A V A Y S A P
Paulinella_chroma S L D E W L Y N G G P Y Q L V V F H F L I G I F C Y M G R E W E L S Y R L G M R P W I C V A Y S A P

160 170 180 190 200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam_cf_nivalis V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Chlam_reinhardtii V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Therm_elongatus L A S A F A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H Q L
Arabid_thaliana V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Chlam_raudensis V A A A T A V F I I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Dunaliel_salina V A A A T A V F I I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M F
Acutodesmus_obl V A A A T A V F I I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Chlorella_vulg V A A A T A V F I I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Pyramimonas_par V A A A T A V F I I Y P L G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Pycnococcus_pro V A A A T A V F I I Y P L G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Populus_trichoc V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Cycas_micronesi V A A A A A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Magnolia_grandi V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Oryza_sativa V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Zea_mays V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Carica_papaya V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Porphyridium_purp V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H Q L
Cyanidium_caldari V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Cyanophora_parad V A A A T A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M M
Polarella_glacial V L A A T A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H I L
Kryptoperid_folia V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Vaucheria_litor V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Fucus_vesiculosus V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M A
Nannochlorop_sal V A A A S A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Pinnularia_cf_mi V A A A S A V F L I Y P I G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M A
Ulnaria_acus V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Thalassio_oceani V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M A
Phaeocyst_antarct V A A A A A V F V I Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M L
Emiliania_huxleyi V A A A A A V F V I Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M L
Geminig_cryophila V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H Q L
Rhodomonas_salina V A A A S A V F L V Y P I G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H Q L
Eutreptiella_gymn V A A A T A V F I I Y P L G Q G S F S D G M P L G I S G T F N F M I V F Q A E H N I L M H P F H M L
Paulinella_chroma V A A A S A V F L V Y P F G Q G S F S D G M P L G I S G T F N F M L V F Q A E H N I L M H P F H M L
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210 220 230 240 250
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam_cf_nivalis G V A G V F G G S L F S A M H G S L V T S S L I R E T S E V E S T N Y G Y K F G Q E E E T Y N I V A
Chlam_reinhardtii G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Therm_elongatus G V A G V F G G A L F C A M H G S L V T S S L I R E T T E T E S A N Y G Y K F G Q E E E T Y N I V A
Arabid_thaliana G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Chlam_raudensis G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Dunaliel_salina G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E E E T Y N I V A
Acutodesmus_obl G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y K F G Q E E E T Y N I V A
Chlorella_vulg G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y K F G Q E E E T Y N I V A
Pyramimonas_par G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E E E T Y N I V A
Pycnococcus_pro G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E E E T Y N I V A
Populus_trichoc G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Cycas_micronesi G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E G E T Y N I V A
Magnolia_grandi G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Oryza_sativa G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Zea_mays G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y K F G Q E E E T Y N I V A
Carica_papaya G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T Y N I V A
Porphyridium_purp G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N Y G Y K F G Q E E E T Y N I V A
Cyanidium_caldari G V A G V F G G A L F S A M H G S L V T S S L I R E T T E N E S P N Y G Y K L G Q E E E T Y N I V A
Cyanophora_parad G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E E E T Y N I V A
Polarella_glacial G V A G V F G G S L F S A M H G S L V T S S L L A E T G G D V S L N V G Y N F G Q E D E T Y S I S A
Kryptoperid_folia G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S T N Y G Y K F G Q E E E T Y N I V A
Vaucheria_litor G V A G V F G G S L F S A M H G S L V T S S L I R E T S E V E S T N Y G Y K F G Q E E E T Y N I V A
Fucus_vesiculosus G V A G V F G G S L F S A M H G S L V T S S L I R E T S E V E S V N Y G Y K F G Q E E E T Y N I V A
Nannochlorop_sal G V A G V F G G S L F S A M H G S L V T S S L I R E T E D G V S A N Y G Y K F G Q E E E T Y N I V A
Pinnularia_cf_mi G V A G V F G G S L F S A M H G S L V T S S L I R E T T E S E S V N Y G Y K F G Q E E E T Y N I V A
Ulnaria_acus G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S T N Y G Y K F G Q E E E T Y N I V A
Thalassio_oceani G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S T N Y G Y K F G Q E E E T Y N I V A
Phaeocyst_antarct G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N Y G Y K F G Q E E E T Y N I V A
Emiliania_huxleyi G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N Y G Y K F G Q E E E T Y N I V A
Geminig_cryophila G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N Y G Y K F G Q E E E T Y N I V A
Rhodomonas_salina G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N Y G Y K F G Q E E E T Y N I V A
Eutreptiella_gymn G V A G V F G G S L F S A M H G S L V T S S L I R E T T E N E S A N A G Y K F G Q E E E T Y N I V A
Paulinella_chroma G V A G V F G G S L F S A M H G S L V T S S L V R E T T E S E S Q N Y G Y K F G Q E E E T Y N I V A

260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam_cf_nivalis A H G Y F G R L I F Q Y A S F N N S R A L H F F L A AW P V V G I W L T A L G V S T M A F N L N G F
Chlam_reinhardtii A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V I G I W F T A L G L S T M A F N L N G F
Therm_elongatus A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G V W F T A L G I S T M A F N L N G F
Arabid_thaliana A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Chlam_raudensis A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V I G I W F T A L G L S T M A F N L N G F
Dunaliel_salina A H G Y F G R L I F Q Y A S F N N S R S L H F F L A V W P V V C I W L T A L G I S T M A F N L N G F
Acutodesmus_obl A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Chlorella_vulg A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Pyramimonas_par A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G V S T M A F N L N G L
Pycnococcus_pro A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Populus_trichoc A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Cycas_micronesi A H G Y F G R L I F Q Y A S F N N S R S L H F F L A V W P V V G I W F T A L G I S T M A F N L N G F
Magnolia_grandi A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Oryza_sativa A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Zea_mays A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Carica_papaya A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Porphyridium_purp A H G Y F G R L I F Q Y A S F N N S R S L H F F L G L W P V V G I W L T S I S V S T M A F N L N G F
Cyanidium_caldari A H G Y F G R L I F Q Y A S F N N S R A L H F F L G L W P V V G I W L T S I G I S T M A F N L N G L
Cyanophora_parad A H G Y F G R L I F Q Y A S F N N S R S L H F F L A L W P V V G I W F T A L G L S T M A F N L N G L
Polarella_glacial A H G Y F G R L I F Q Y A S F N N S R S L H F F L G AW P V I G I W F T A L G V S T M A F N L N G L
Kryptoperid_folia A H G Y F G R L I F Q Y A S F N N S R A L H F F L A L W P V L G I W L T A M G I S T M A F N L N G F
Vaucheria_litor A H G Y F G R L I F Q Y A S F N N S R A L H F F L A AW P V V G I W L T A L G V S T M A F N L N G F
Fucus_vesiculosus A H G Y F G R L I F Q Y A S F N N S R A L H F F L A AW P V V A I W L T A L G V S T M A F N L N G F
Nannochlorop_sal A H G Y F G R L I F Q Y A S F N N S R A L H F F L A AW P V V G I W L T A L G I S T M A F N L N G F
Pinnularia_cf_mi A H G Y F G R L I F Q Y A S F N N S R A L H F F L A L W P V V G I W L T A M G I - - - - - - - - - -
Ulnaria_acus A H G Y F G R L I F Q Y A S F N N S R A L H F F L A L W P V M G I W L T A M G I S T M A F N L N G F
Thalassio_oceani A H G Y F G R L I F Q Y A S F N N S R A L H F F L A L W P V L G I W L T S M G I S T M A F N L N G F
Phaeocyst_antarct A H G Y F G R L I F Q Y A S F N N S R A L H F F L G AW P V V G I W F T A M G V A T M A F N L N G F
Emiliania_huxleyi A H G Y F G R L I F Q Y A S F N N S R A L H F F L G AW P V V G I W F T A M G V A T M A F N L N G F
Geminig_cryophila A H G Y F G R L I F Q Y A S F N N S R A L H F F L G L W P V V G I W F T A L G V M T M A F N L N G F
Rhodomonas_salina A H G Y F G R L I F Q Y A S F N N S R A L H F F L G L W P V V G I W F T A L G I M T M A F N L N G F
Eutreptiella_gymn A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V V G I W F T A L G I S T M A F N L N G F
Paulinella_chroma A H G Y F G R L I F Q Y A S F N N S R S L H F F L A AW P V I G I W F T S L G V S T M A F N L N G F
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. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Chlam_cf_nivalis N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E - - - - - - - - - - - - - - - - - - - - -
Chlam_reinhardtii N F N Q S V V D S Q G R V L N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S T N - - -
Therm_elongatus N F N H S V I D A K G N V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S A E S A P
Arabid_thaliana N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Chlam_raudensis N F N Q S V V D S Q G R V L N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S V E - - -
Dunaliel_salina N F N Q S V V D S N G R V L N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S T E - - -
Acutodesmus_obl N F N Q S V V D S Q G R V L N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S V E - - -
Chlorella_vulg N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A V V E - - -
Pyramimonas_par N F N Q S I V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S V E - - -
Pycnococcus_pro N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Populus_trichoc N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Cycas_micronesi N F N Q S V V D G Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A A E - - -
Magnolia_grandi N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Oryza_sativa N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A L E - - -
Zea_mays N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A L E - - -
Carica_papaya N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Porphyridium_purp N F N Q S V V D S Q G R V I N T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S G E S L P
Cyanidium_caldari N F N Q S I V D S Q G R V I N T W A D I I N R A N L G I E V M H E R N A H N F P L D L A D N S L L P
Cyanophora_parad N F N Q S V V D S Q G R V I S T W A D I I N R A N L G M E V M H E R N A H N F P L D L A S G E V M P
Polarella_glacial N F N Q S I I D S S R H L I N S W A D I V N R A D L - - - - - - - - - - - - - - - - - - - - - - - -
Kryptoperid_folia N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A S G E V L P
Vaucheria_litor N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A A G E I L P
Fucus_vesiculosus N F N Q S V V D S E G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A S N E V L P
Nannochlorop_sal N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A V S N V L P
Pinnularia_cf_mi - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ulnaria_acus N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A A G E V L P
Thalassio_oceani N F N Q S V V D S Q G R V I N T W A D I I N R A D L G M E V M H E R N A H N F P L D L A S G D V L P
Phaeocyst_antarct N F N Q S V V D S Q G R V I N T W A D I L N R S N L G M E V M H E R N A H N F P L D L A A G E S L P
Emiliania_huxleyi N F N Q S V V D S Q G R V I N T W A D I L N R S N L G M E V M H E R N A H N F P L D L A A G E S L P
Geminig_cryophila N F N Q S V V D S Q G R V I N T W A D I L N R A - - - - - - - - - - - - - - - - - - - - - - - - - -
Rhodomonas_salina N F N Q S V V D S Q G R V I N T W A D I L N R A N L G M E V M H E R N A H N F P L D L A A G E S L P
Eutreptiella_gymn N F N Q S I V D S Q G R V I N T W A D I V N R A N L G M E V M H E R N A H N F P L D L A A V E - - -
Paulinella_chroma N F N Q S I L D G Q G R V V N T W A D V L N R A N L G M E V M H E R N A H N F P L D L A A A E S T P

360
. . . . | . . . . |

Chlam_cf_nivalis - - - - - - - - - -
Chlam_reinhardtii - - - - S S S N N -
Therm_elongatus V A M I A P S I N G
Arabid_thaliana - - - - A P S T N G
Chlam_raudensis - - - - A P S V N A
Dunaliel_salina - - - - A P S V N G
Acutodesmus_obl - - - - A P S V N A
Chlorella_vulg - - - - A P A V N G
Pyramimonas_par - - - - A P A V N G
Pycnococcus_pro - - - - A P S V V A
Populus_trichoc - - - - V P S T N G
Cycas_micronesi - - - - V T F I D G
Magnolia_grandi - - - - V P S T N G
Oryza_sativa - - - - V P S L N G
Zea_mays - - - - V P Y L N G
Carica_papaya - - - - A P S T N G
Porphyridium_purp V A L T A P A V N G
Cyanidium_caldari V A S S S P S I N S
Cyanophora_parad V A L T A P S I N A
Polarella_glacial - - - - - - - - - -
Kryptoperid_folia V A L T A P A V N G
Vaucheria_litor V A V T A P V I A G
Fucus_vesiculosus V A V S A P S I I G
Nannochlorop_sal V A L N A P A V N A
Pinnularia_cf_mi - - - - - - - - - -
Ulnaria_acus V A L T A P A V N G
Thalassio_oceani V A F T A P A V N A
Phaeocyst_antarct V A L V A P A V A A
Emiliania_huxleyi V A L V A P A V A A
Geminig_cryophila - - - - - - - - - -
Rhodomonas_salina V A L T A P A V N G
Eutreptiella_gymn - - - - A P S V N A
Paulinella_chroma V A L T A P A I G -
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Figure S5. Multiple sequence alignment of amino acid sequence translated from psbA gene 98 

coding for D1 protein isolated from Chlamydomonas cf. nivalis (this study, NCBI reference 99 

nucleotide sequence KF702330.1 and protein sequence AHB82278), Chlamydomonas 100 

reinhardtii (DAA00957.1), Thermosynechococcus elongatus (NP_682633.1), Arabidopsis 101 

thaliana (P83755.2), Chlamydomonas raudensis (AFU83031.1), Dunaliella salina 102 

(YP_005089831.1), Acutodesmus obliquus (ABD48259.1), Chlorella vulgaris (P56318.1), 103 

Pyramimonas parkea (ACJ71100.1), Pycnococcus provasolii (ACK36809.1), Populus 104 

trichocarpa (YP_001109480.1), Cycas micronesica (ABU85314.1), Magnolia grandiflora 105 

(YP_007474516.1), Oryza sativa (AER12889.1), Zea mays (NP_043004.1), Carica papaya 106 

(YP_001671663.1), Porphyridium purpureum (BAO23682.1), Cyanidium caldarium 107 

(NP_045067.1), Cyanophora paradoxa (NP_043238.1), Polarella glacialis (BAC76007.1), 108 

Kryptoperidinium foliaceum (ADI40420.1), Vaucheria litorea (ACF70962.1), Fucus 109 

vesiculosus (CAX12449.1), Nannochloropsis salina (AGI99196.1), Pinnularia cf. 110 

microstauron (AER42084), Ulnaria acus (AEX37881.1), Thalassiosira oceanica 111 

(ADB27608.1), Phaeocystis antarctica (AEK26755.1), Emiliania huxleyi (AAX13814.1), 112 

Geminigera cryophila (ABL96289.1), Rhodomonas salina (ABO70840.1), Eutreptiella 113 

gymnastica (YP_006234198.1), and Paulinella chromatophora (ACB43269.1). 114 

115 



11 
 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

Figure S6. Dendrogram of amino acid sequences of D1 protein of snow alga Chlamydomonas 128 

cf. nivalis (in bold) and species representing all major groups of oxygenic photosynthetic 129 

organisms, based on pairwise distances.  130 
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a b s t r a c t

The main analytical benefit of this study is the development of methods enabling a rapid determination
of total lipids of algae by lipidomic analysis and detailed identification and quantification of a complex
mixture of natural TAGs by silver-LC/APCI-MS and NARP-LC/APCI-MS. Both types of chromatography
can readily identify, both qualitatively and semiquantitatively, triacylglycerols containing 16:3 and
16:4 acids in the molecule. We conclude that the genus Chloromonas is a major producer of C16 PUFAs
mostly contained in TAGs. Since more detailed studies in this field have been stymied by the shortage
of 16:3 and 16:4 FAs, we decided to study the alga Chloromonas as a potential biotechnological source
of C16 PUFAs.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

Snow algae grow in the alpine or polar regions worldwide. In
addition to the biosynthesis of pigments, polyols, sugars and lipids
generally performed by photosynthesizing organisms they devel-
oped a number of features such as mucilage sheaths, motile stages
and spore formation, which enable them to adapt to the harsh
snow environment (Hoham and Duval, 2001). At low tempera-
tures, a major role in avoiding membrane rigidization is played
by unsaturation of the fatty acids in membrane lipids (Morgan-Kiss
et al., 2006). Moreover, the protective role of polyunsaturated fatty
acids (PUFAs) against the damaging effect of high light intensity
and UV radiation obviously helps the organism to survive and
adapt in extreme environments (Whitelam and Codd, 1986).

The snow alga Chloromonas pichinchae has a complex life cycle,
which includes both asexual and sexual reproduction and forma-
tion of resting stages. The flagellates and immature zygotes are
responsible for a green coloration of snow (Hoham, 1975). Studies
of the optimum temperatures of snow algae of the genus Chloro-
monas showed that, regardless of whether acclimation experi-
ments were made, the algae grew best at temperatures around
5 �C. However, the authors examined only growth (cells number)
and the data on FAs or lipids in Chloromonas from snow are scarce
(Hoham et al., 2008; Rezanka et al., 2008).

Snow algae had to develop a number of adaptive strategies to
cope with cold environments. A major adaptation influencing their
growth and photosynthesis is the maintenance of membrane fluid-
ity at low temperatures. While the importance of changes in fatty
acid content has been recognized, the role of lipids in the metabo-
lism of cold-adapted microorganisms is largely unexplored (Mor-
gan-Kiss et al., 2006).

A few studies have dealt with fatty acids in the genus Chloro-
monas. In our previous work, we analyzed the snow alga C. brevisp-
ina (Rezanka et al., 2008). By using GC–MS we have identified a
relatively high amount of C16 unsaturated FAs, the major being
16:2 (7%), 16:3 (15.5%), and 16:4 (9.5% of total FAs). Spijkerman
et al. (2012) identified C16 PUFAs, principally 16:4, in the strains
of Chloromonas nivalis (CCCryo005-99), and the tentatively desig-
nated C. rostafinskii (CCCryo010-99). Extensive data were pub-
lished in the study of Lang et al. (2011), which described the
contents of individual FAs in 22 species of the genus Chloromonas
(the comparison with our data is in Table 1). The highest content
of 16:4, more than 30% of total FAs, was found in C. rosae. The tax-
onomy of the genera Chloromonas and Chlamydomonas is con-
stantly evolving (Proschold et al., 2001) and brings about
constant changes in the classification; we therefore also mention
the lipids of Chlamydomonas.

One of the first papers describing the content of polar lipids in
genus Chlamydomonas was the study of Giroud et al. (1988), who
analyzed polar lipids (MGDG, DGDG, SQDG, DGTS, PG, PE, and PI)
from C. reinhardtii. As the major acids in all studied lipids
were identified trienoic and tetraenoic C16 and C18 FAs,

http://dx.doi.org/10.1016/j.phytochem.2014.01.017
0031-9422/� 2014 Elsevier Ltd. All rights reserved.
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i.e. 4,7,10,13–16:4 or 9,12,15–18:3, with lower amounts of
5,9,12,15–18:4 and 7,10,13–16:3. The authors demonstrated a high
stereospecificity of MGDG having FAs bound in positions 1 and 2.
For example, 96% of C18 acids was bound in position 1 of DGDG,
whereas up to 97% of C16 FAs was bound in the 2-position.

Several tens of molecular species of lipids (MGDG, DGDG, SQDG,
DGTS, PG, PE, and PI) from the snow alga Chlamydomonas nivalis
cultivated under salt stress or in response to nitrate or phosphate
deprivation were identified by ultra-high performance liquid chro-
matography-mass spectrometry (UHPLC/MS) e.g. (Lu et al., 2012a,
2013). Similar polar lipids were identified by UHPLC/MS in the
exponential phase of growth of the snow alga Chlamydomonas
nivalis cultivated under NaCl stress (Lu et al., 2012b).

UHPLC/MS was used to analyze TAGs in Chlamydomonas rein-
hardtii and Nannochloropsis oceanica grown in nitrogen (N)-replete
or N-depleted medium. A total of 140 molecular species of TAGs
were identified, but without any quantification and without the
resolution of regioisomers (Liu et al., 2013).

The analysis of intact TAGs can be basically performed by using
two methods, either direct sample inlet to the mass spectrometer

or a connection of liquid chromatograph with mass spectrometer
(Vieler et al., 2007). The former method, called lipidomics (Han
et al., 2012), is based on the identification of all lipids in cells
and requires only an extraction of total lipids followed by identifi-
cation and quantification of lipid molecular species (Bromke et al.,
2013). High-resolution mass spectrometry is predominantly used
for studies of lipidomic profiling of algae. ESI linear ion trap Orbi-
trap mass spectrometer with either a direct inlet (Danielewicz
et al., 2011; Lee et al., 2013) or with UHPLC-MS (MacDougall
et al., 2011) was used to analyze TAGs from miscellaneous algae
including triacylglycerols containing C16 PUFAs by different colli-
sion energy (CID) using MSn experiments, a combination of accu-
rate mass and diagnostic fragment ions, or by MS2 and MS3

analysis.
Nonaqueous reversed-phase high performance liquid chroma-

tography (NARP-LC) represents one of the most common methods
for the separation of natural TAGs. It was used to separate hun-
dreds of TAGs (Christie, 1988; Laakso and Christie, 1991), which
were then identified by MS. Silver-ion chromatography is another
option for separating TAGs (Laakso and Christie, 1991).

Table 1
FA content in algal samples under study, identified by means of GC–MS of FAMEs and its comparison with literature data.

Fatty acid Abbreviation Systematic name BUD_FIT MEANDRY UDOLI Lang et al. (2011)a

Myristic M 14:0 0.8 1.3 0.7 0.4
Palmitic P 16:0 12.5 11.2 14.9 13.0
Palmitoleic Po 9–16:1 3.1 5.3 8.5 4.1
Palmitlinoleic Pl 7,10–16:2 2.8 3.1 3.4 2.6
Palmitlinolenic Pn 7,10,13–16:3 10.1 6.7 8.2 3.3
Hexadecatetraenoic Pmb 4,7,10,13–16:4 18.7 16.2 15.6 15.3
Stearic S 18:0 1.8 1.9 2.1 3.7
Oleic O 9–18:1 11.3 17.1 13.3 9.4
Vaccenic V 11–18:1 0.7 0.9 1.4 6.9
Linoleic L 9,12–18:2 3.6 5.5 3.2 6.4
a-Linolenic Ln 9,12,15–18:3 25.7 23.6 22.9 27.1
Stearidonic St 6,9,12,15–18:4 8.9 7.2 5.8 7.6

a Mean content of individual FAs in 22 Chloromonas species studied by Lang et al. (2011).
b According to Danielewicz et al. (2011).

Fig. 1. Mass spectrum (positive ion mode) of total lipids from snow alga C. pichinchae, acquired by high mass resolution ESI-MS. Numbers correspond to the accurate mass
values.
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Silver-ion HPLC is often used for separating TAGs into groups
according to the number of double bonds (DBs). Chromatographic
silver-ion high performance liquid chromatography (silver-LC)
separation is based on weak reversible complexes of P electrons
of DBs with electrons of silver ions embedded in the stationary
phase during the sample elution through the chromatographic col-
umn. Double bond positional isomers or regioisomers can be also
separated. The retention of TAGs increases with increasing unsatu-
ration of TAGs (Nikolova-Damyanova, 2009).

We used an integrated approach based on both lipidomic profil-
ing using Orbitrap high-resolution mass spectrometry and the clas-
sical method of analysis by silver-LC and NARP-LC/MS of TAGs to
identify regioisomers of C16 and C18 PUFAs in three samples of
the snow alga C. pichinchae collected in the Czech Republic (Giant
Mountains and Jizera Mountains). Separation on the two different
phases aids in ready identification and semiquantitation of regioi-
somers of triacylglycerols containing PUFAs with up to 12 double

bonds in the molecule. This approach may provide valuable in-
sights into the strategies of cold adaptation in extremophiles living
in snow. We also found that the snow alga can be a biotechnolog-
ically important source of PUFAs.

Results and discussion

Lipidomic analysis by Orbitrap

Lipid extracts of the three samples of C. pichinchae obtained
according to the methodology of Bligh and Dyer (1959) were di-
rectly analyzed by LTQ Orbitrap Velos high-resolution mass spec-
trometer. The results are shown in Fig. 1 and described in detail
in Table 1S. We identified 330 molecular species, mostly using
the LIPID MAPS (LIPID MAPS, 2013; Fahy et al., 2009). Individual
molecular species were analyzed using MS prediction tools for
TAGs and also for polar lipids based on high-resolution precursor

Fig. 2. Silver-LC chromatograms of the TAGs mixture from snow alga C. pichinchae with labeled double bonds groups (sample UDOLI).

Fig. 3. Analysis of TAGs from snow alga C. pichinchae by NARP-HPLC/APCI-MS (sample UDOLI).
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ion [M+Na]+ in the positive mode. It should be noted that hun-
dreds, or even thousands, of other molecular species of lipids
may be present. Indeed, as found by, e.g., Lu et al. (2012a), the
snow alga Chlamydomonas nivalis was revealed to exhibit nearly
5000 peaks of ions in positive ESI; however, only a few tens of
molecular species were identified.

Literature search (Danielewicz et al., 2011; Lee et al., 2013) and
our own experience made us to choose ESI as the most effective
ionization method for identification of lipid classes in snow algae.
Since the focal point in our further analysis was to identify above
all lipid classes that contain C16 PUFAs, i.e. both polar lipids
(mostly phospholipids) and TAGs, we used the nearly universal
ESI method in positive mode (see also Lee et al., 2013). Its advan-
tage is in the possibility to use the presence of sodium ions directly
in the extract; in their analyses Lee et al. (2013) supplied the ex-
tract with potassium acetate. HRMS thus allows a direct analysis
of relevant lipids in the snow alga extract. One should however
note that the ESI method has some limitations with regard to

highly nonpolar hydrocarbons (squalene), which are not efficiently
ionized and thus also detected.

The use of HRMS offers considerable advantages mainly in the
range of higher m/z values. An example concerns, e.g., the three
molecular species at m/z 857, i.e. TAG 16:0/16:0/18:0 at m/z
857.7606, PI 16:0/18:2 at m/z 857.5163 and SQDG 18:4/18:4 at
m/z 857.4501. However, it does not make it possible to distinguish
structural isomers; some of them (e.g. regioisomers) can be identi-
fied by tandem MS, others (e.g. positional isomers of TAGs having
oleic and/or vaccenic acids in the molecule) can be identified only
by using chromatographic methods.

While Lee et al. (2013) characterized 48 lipid species, we suc-
ceeded in determining several hundreds of them. However, the
method does not provide an exact quantitative determination of
TAGs having a higher number of double bonds in the molecule. It
is known that in ESI analysis the highest response in the MS
spectrum is given by saturated TAGs, while in APCI analysis it is
provided by unsaturated TAGs (Byrdwell and Neff, 2002).

Fig. 4. Tandem mass spectrum of natural PnPmPm TAG.

Fig. 5. Tandem mass spectrum of natural PmPnPm TAG.
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Analysis by Orbitrap is very fast; when using autosampler with
LC pump and without LC column (direct injection) and low sample
injection (low solvent flow, about 1 lL/s), the whole analysis takes
about half a minute. To exclude contamination, especially in very
similar samples such as those we analyzed, each even-numbered
analysis was performed by filling the vial up with pure solvent as
a sort of washing run. About 60 samples per hour can be analyzed
in this way.

Identification of triacylglycerols by silver-LC/MS and NARP-LC/MS

Since TAGs of all three samples of snow algae represented the
most abundant lipid class (determined gravimetrically), they were
separated on a Sep-Pak Cartridge with aminopropyl-silica based
polar bonded phase, and non-polar lipids were eluted by chloro-
form–methanol mixture. We focused on their analysis using sil-
ver-LC with a gradient of a hexane/2-propanol/acetonitrile
mobile phase and identification by APCI. Optimization of silver-

LC separation has been repeatedly discussed, in terms of selection
of an appropriate column (laboratory-made silver-ion columns
versus commercial cation exchange columns), the stability of the
mobile phase (addition of low amounts of 2-propanol to a hex-
ane–acetonitrile mixture), or the column temperature or length
(Momchilova and Nikolova-Damyanova, 2012). The currently used
combination of silver-LC/MS and NARP-LC/MS with tandem MS
identification of structure was used not only for the analysis of a
group of TAGs differing in the number of double bonds, but also
for separation and identification of individual regioisomers of TAGs
(Dugo et al., 2006).

Our TAGs were fractionated according to the number of double
bonds; with increasing number of double bonds the interaction of
TAGs with silver ions of the stationary phase is ever stronger,
which leads to higher retention times. The total TAGs were sepa-
rated into 13 fractions having from 0 to 12 double bonds, see
Fig. 2, which were further analyzed by NARP-LC, see Fig 3. Satu-
rated TAGs were eluted first while unsaturated TAGs were eluted

Fig. 6. Tandem mass spectrum of natural PnPnPm TAG.

Fig. 7. Tandem mass spectrum of natural PnPmPn TAG.
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later according to the rising number of double bonds in the mole-
cule. Retention times in silver-LC are affected above all by the
number of double bonds, although, as evident from Fig. 2, TAGs
having FAs of different chain length are partially separated; how-
ever, this was not sufficient to complete their identification, nor
was it our aim. For example, Lisa et al. (2009) obtained a sufficient
separation by three columns connected in series, but if the column
length is extended 2- or 3-times, the retention time increases to
reach more than two hours in TAGs having 10 double bonds. We
therefore used the above-mentioned two-dimensional off-line sep-
aration. In the first dimension, the TAGs were separated only by the
number of double bonds, while in the second dimension regioi-
somers of TAGs were analyzed by NARP-LC (Fig. 3) and identified
by tandem MS, see Fig. 3. TAGs of snow algae are among the most
complex mixtures so far analyzed in our laboratory (Rezanka and
Sigler, 2007; Rezanka et al., 2008, 2011). Although they contain
in principle only FAs with chain lengths C16 and C18 (the minor
proportion of myristic acid, see Table 1, does not play any role in
the fraction of TAGs), these TAGs contain 11 FAs, i.e. FAs with 0
to 4 double bonds, including positional isomers (oleic versus vac-
cenic acid). This is in contrast to the FA composition of another
snow alga, C. brevispina, where 43 FAs were detected (Rezanka
et al., 2008), which suggests a species-specific mechanism of main-
taining membrane fluidity in cold environments.

If the TAGs contain 11 FAs, the number of all possible TAGs is
very high, reaching 1000. When we neglect enantiomers, which
can be separated only on a chiral column (Rezanka et al., 2013),
the number of possible theoretical regioisomers is still 726
(x = (n3 + n2)/2).

Molecular species of TAGs are very often separated by using
nonaqueous mobile phase with octadecylsilane columns, i.e.
NARP-LC (Lisa et al., 2007; Rezanka and Sigler, 2007). In this sepa-
ration mode the elution order depends on the length of the acyl
chains and the number of double bonds. The method permits the
identification of tens to hundreds of molecular species of TAGs
from various plant and/or animal oils and fats.

TAGs having the same ECN value can be separated on a high-
efficiency column such as a combination of two 25 cm columns
in series (Rezanka et al., 2011), which provides an efficiency of
about 52,000 theoretical plates. The combination effectively sepa-
rated most of the TAGs and, in addition, also regioisomers of TAGs
as illustrated in Fig. 3.

Positive ion APCI mass spectra of TAGs typically exhibited
[M+H]+ ion and fragment ions of type [M+H-RCOOH]+ ([DAG]+),
resulting from the loss of an acyl chain from TAG. Monoacyl glyc-
erol ([MAG]+) is equivalent to [RCO+74]+ ion. The positive ion APCI
mass spectrum (PmPmPm, for abbreviations of FAs see Table 1), i.e.
the peak at tR 24.2 min represents [M+H]+ ion at m/z 783.6 and the
fragment ions [M+H-RCOOH]+ at m/z 535.4 [PmPm]+. Further ions
at m/z 305.3 [Pl+74]+ and [RCO]+ at m/z 231.2 were also present.
These ions were observed with sufficient intensity to analyze the
mass spectrum.

TAGs are often present as regioisomers, i.e. positional isomers
on the glycerol backbone (Mottram et al., 2001). Symmetrical TAGs
(e.g. the PEP type) are eluted before the corresponding asymmetri-
cal TAGs such as PPE (Momchilova et al., 2006). The regioisomers
are identified based on the fact that the loss of FA in the secondary
hydroxyl is likely to be energetically less favorable than the loss of
FA from the primary hydroxyls.

Here we examined two pairs of regioisomers of the most abun-
dant TAGs having C16 PUFAs, i.e. sn-PnPmPm (Fig. 4) and sn-
PmPnPm (Fig. 5), sn-PnPnPm (Fig. 6) and sn-PnPmPn (Fig. 7), see
also Table 2. The least abundant [M-RCOO]+ ion ([DAG]+ ion of
sn-PmPnPm, i.e. [PmPm]+ at m/z 535.4), arises by loss of palmito-
linolenate (16:3) from the sn-2 position. The more abundant
[DAG]+ ion is due to loss of 16:4 from sn-1 or sn-3 position giving

[PmPn]+ ion at m/z 537.4. The [PmPm]+:[PmPn]+ ratio observed for
PmPnPm is 37:100. Consequently, the two enantiomers show mass
spectra differing only in intensities of [DAG]+ ions.

Another pair of regioisomers, sn-PnPnPm (Fig. 6) and sn-
PnPmPn (Fig. 7), were similarly separated with respective elution
times 29.95 and 30.05 min. The mass spectra also demonstrate
the structure of separated TAGs. [PnPm]+ and [PmPm]+ ions were

Table 2
NARP-LC/MS-APCI analysis of fraction having 8 to 12 double bonds of the TAGs
mixture from snow alga C. pichinchae.

RT TAG Double bond BUD_FIT MEANDRY UDOLI

24.2 PmPmPm 12 6.2 5.0 5.5
25.9 PmPmSt 12 3.3 3.5 3.4
26.4 PnPmPm 11 0.8 0.8 1.0
29.1 StStPm 12 1.6 1.7 1.8
29.5 PnPmSt 11 0.4 0.3 0.4
29.8 PmPmLn 11 6.2 6.4 6.3
30.0 PnPnPm 10 0.6 0.6 0.6
30.4 PlPmPm 10 0.7 0.7 0.6
33.0 StStSt 12 0.7 0.7 0.8
33.4 StStPn 11 0.2 0.2 0.4
33.8 LnStPm 11 3.1 3.0 4.3
34.0 PnPnSt 10 0.1 0.1 0.1
34.2 PlPmSt 10 0.2 0.2 0.2
34.5 PlStPm 10 0.2 0.2 0.2
34.8 LPmPm 10 0.9 0.9 0.9
35.1 PnPnPn 9 0.1 0.1 0.1
35.2 PlPnPm 9 0.2 0.2 0.2
35.6 PoPmPm 9 2.7 2.9 2.2
36.5 LnStSt 11 1.6 1.7 1.7
36.8 PlStSt 10 0.1 0.1 0.1
37.1 LPmSt 10 0.4 0.4 0.4
37.2 LnPmSt 10 1.8 1.9 1.9
37.4 LnLnPm 10 6.2 5.1 5.5
37.7 PlPnSt 9 0.1 0.1 0.1
37.9 PlLnPm 9 0.4 0.4 0.4
38.1 LPnPm 9 0.6 0.6 0.6
38.2 PoPmSt 9 0.8 0.8 0.8
38.3 OPmPm 9 6.2 6.4 6.4
38.3 PlPlPm 8 0.2 0.2 0.2
38.4 PlPnPn. 8 1.2 1.2 1.2
38.5 PoPnPm 8 0.1 0.1 0.1
38.6 PPmPm 8 0.3 0.3 0.3
39.4 PnPnLn 9 0.5 0.5 0.5
40.2 PoStSt 9 0.4 0.4 0.4
40.4 PlLnSt 9 0.9 0.9 0.9
40.5 OStPm 9 3.3 2.3 2.9
40.6 LStSt 10 0.2 0.2 0.2
40.7 LnLnSt 10 3.1 3.2 3.2
40.8 LnLnPn 9 3.9 4.1 3.9
40.9 LLnPm 9 4.2 5.3 4.8
40.9 PStPm 8 2.1 2.3 2.2
41.0 StPlPl 8 0.1 0.1 0.1
41.1 PoLnPm 8 2.6 2.9 3.2
41.2 LPlPm 8 0.4 0.4 0.4
41.4 PlLnPn 8 0.4 0.4 0.4
41.5 PoPmSt 8 0.7 0.7 0.7
41.6 SPmPm 8 1.2 1.3 1.2
41.8 LPnPn 8 0.1 0.1 0.1
44.1 OStSt 9 1.6 1.7 1.7
44.4 LnLnLn 9 3.6 4.6 3.4
45.2 LLnSt 9 2.1 2.2 2.2
46.0 PlStL 8 0.2 0.2 0.2
46.3 OPnSt 8 0.6 0.7 0.6
47.3 PlLnLn 8 2.8 2.7 2.5
47.4 StPSt 8 0.7 0.7 0.7
47.5 PmLL 8 1.2 1.2 1.2
47.6 PoLnSt 8 0.8 0.9 0.8
47.7 SStPm 8 0.9 0.9 0.9
47.7 PStSt 8 1.1 1.1 1.1
47.8 LLnPn 8 0.6 0.6 0.6
48.7 LLnLn 8 6.2 7.3 7.7
48.9 SStSt 8 0.3 0.3 0.3
49.6 LLSt 8 0.4 0.4 0.4
50.3 OLnSt 8 4.6 2.6 1.9
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again differently abundant, their ratio for PnPmPm being 75:100
and for PmPnPm 37:100.

Triacylglycerols of all three samples of snow algae consisted
only of molecules with an even number of acyl carbons, i.e. from
48 to 54. TAGs with 46 acyl carbons or less were not determined.
Since the fatty acids identified here (see Table 1) and by Lang
et al. (2011) include myristic acid, this acid is obviously not present
in TAGs. The most frequent were TAGs having 6–8 double bonds,
and the most abundant TAGs were 50:7 (PPmLn), 54:8 (LLnLn)
and 54:9 (LnLnLn), see Fig. 3. Only small differences in the abun-
dance of TAGs were detected between the samples, which is
understandable given their characteristics (the same species and
life cycle stage) and similar environmental conditions of the three
sampling sites.

Conclusion

HRMS in combination with ESI makes it possible to analyze a
broad range of lipid classes in the crude algal extract (in our case
snow algae) without preceding purification or separation by SPE
or HPLC. The method allowed us to identify several hundreds of
molecular species from many classes of both polar and nonpolar
lipids including phospholipids and glycolipids, at the rate of up
to 60 samples per hour. Apart from its merits the method has also
some shortcomings; especially important is its inability to identify
certain isomers, e.g. the TAGs triolein (OOO) versus trivaccenin
(VVV), etc.

Detailed characterization of the three samples of snow alga by
lipidomic analysis with HR MS, silver-LC/APCI-MS and NARP-LC/
APCI-MS enabled us to identify more than 300 intact lipids and,
after chromatography, also intact TAGs. Although the combination
of all three methods is very time-consuming, it provides a maxi-
mum number of results that cannot be obtained by any of the
methods alone.

The use of off-line two-dimensional silver-LC in the first dimen-
sion and NARP-LC in the second dimension, after a previous lipido-
mic analysis by HR MS with APCI-MS as detection, has made it
possible to analyze complex samples of snow algae collected in
nature.

We succeeded in separating TAGs having from 0 to 12 double
bonds; these TAGs were found to contain only C16 and C18 fatty
acids with 0 to 4 double bonds. This shows this alga as a unique
biotechnological source of essential PUFAs.

Despite their obvious importance, metabolic adaptations of
photoautotrophic extremophiles involving lipids are poorly
known. The complex approach used in this study may represent
a powerful tool enabling comprehensive studies of lipid content
in microorganisms that are exposed to various environmental
stresses both in the field and in laboratory experiments. This meth-
od can thus provide new insights into the adjustments of metabolic
pathways in microorganisms living in cold environments.

Experimental

Plant material

Snow algae were aseptically collected in May 2012 from snow
fields in the Krkonoše and Jizera Mountains (Czech Republic). All
the three sampling sites were situated in a spruce forest, and the
algae formed patchy green coloration of the surface layers of snow.
Both sites in the Krkonoše Mountains were located in the Labský
důl Valley, but they differed in altitude: The site Bud’ Fit was lo-
cated at an altitude of 810 m a.s.l. (50�4403500N, 15�3601300E), the
site Meandry Labe at an altitude of 1060 m a.s.l (50�4504200N,
15�3300800E). The sampling locality in the Jizera Mountains (Údolí

Jizery) was situated near the Jizera River at an altitude of
780 m a.s.l. (50�4800900N, 15�2105300E). The snow cover at all sites
is seasonal. Snow samples were transported to the laboratory in
a thermos bottle, identified under a light microscope, and the algal
biomass was kept frozen until further analysis. The green blooms
were formed entirely by vegetative stages of C. pichinchae Wille,
and no zygospores were observed in the samples.

Lipid extraction and isolation of TAGs

Acetonitrile, 2-propanol, hexane, chloroform and methanol
were purchased from Sigma–Aldrich (Prague, CR). The extraction
procedure was based on the method of Bligh and Dyer (1959), ex-
cept that 2-propanol was substituted for methanol, since isopropa-
nol does not serve as a substrate for phospholipases (Kates, 1986).
The alcohol–water mixture of the frozen cells was cooled, one part
chloroform was added and the lipids were extracted for 30 min.
Insoluble material was sedimented by centrifugation and the
supernatant was separated into two phases. The aqueous phase
was aspirated off and the chloroform phase was washed three
times with two parts 1 M KCl each. The resulting chloroform phase
was evaporated to dryness under reduced pressure.

Total lipid extracts were applied to Sep-Pak Cartridge Vac 35 cc
(Waters; with 10 grams of aminopropylsilica-based polar bonded
phase), and from the cartridge were subsequently eluted neutral
lipids with 40 mL of chloroform–methanol (7:3), and acidic lipids
with 30 mL of chloroform–methanol–concentrated aqueous
ammonia (70:30:2) containing 0.4% (w/v) ammonium acetate.
The eluate of neutral lipids was reduced in volume, mixed with
1 mL of hexane and the mixture was stirred for 15 min. The solu-
tion was filtered, hexane was evaporated and the oil samples were
dissolved in an acetonitrile–2-propanol–hexane mixture (1:1:1, v/
v/v), which was injected on the HPLC column.

FAMEs analysis

The total TAGs (�5 mg) were saponified overnight in 10% KOH–
MeOH at room temperature. A fatty acid fraction obtained from the
saponification was partitioned between alkali solution (pH 9) and
diethyl-ether to remove basic and neutral components. The aque-
ous phase containing fatty acids was acidified to pH 2 and ex-
tracted with hexane. The fatty acid fraction was methylated
using BF3/MeOH (14% solution of BF3 from Sigma–Aldrich).

Gas chromatography–mass spectrometry of FAME was done on
a GC–MS system consisting of Varian 450-GC (Varian BV, Middel-
burg, The Netherlands), Varian 240-MS ion trap detector with elec-
tron ionization (EI), and CombiPal autosampler (CTC, USA)
equipped with split/splitless injector. A DB-5MS column was used
for separation (60 m, 0.25 mm ID, 0.25 lm film thickness). The
temperature program started at 60 �C and was held for 1 min in
splitless mode. Then the splitter was opened and the oven was
heated to 160 �C at a rate of 25 �C min�1. The second temperature
ramp was up to 280 �C at a rate of 2.5 �C min�1, this temperature
being maintained for 10 min. The solvent delay time was set to
8 min. The transfer line temperature was set to 280 �C. Mass spec-
tra were recorded at 3 scans s�1 under electron ionization at 70 eV,
mass range m/z 50–450. FAMEs (fatty acid methyl esters) were
identified according to their mass spectra [29, 30] and using a mix-
ture of chemical standards obtained from Sigma–Aldrich.

Lipidomic analysis by HR ESI

The high-resolution hybrid mass spectrometer LTQ Orbitrap Ve-
los (Thermo Scientific, FL, USA) was used. ESI–MS analysis was per-
formed in the positive ion mode. MS spectra were obtained by the
FT mode. MS spectra were acquired with target mass resolution of
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R = 30,000 at m/z 400 (lock mass 413.6662 Da). The ion spray volt-
age was set at -2500 V and the scan range of the instruments was
set at m/z 200–1500. Nitrogen was used as a nebulizer gas set at 18
arbitrary units (sheath gas) and 7 arbitrary units (aux gas). Helium
was used as a collision gas for CID experiments. The CID normali-
zation energy of 35% was used for the fragmentation of parent ions.
The MS/MS product ions were detected by the low-resolution FT
mode. Flow Injection Analysis (FIA) was used for sample introduc-
tion into the heated ESI (H-ESI) ion source. Acetonitrile/water (50/
50 v/v) was used at the flow rate of 150 lL/min. The H-ESI temper-
ature was set to 250 �C.

NARP-LC/APCI-MS

LC equipment consisted of a 1090 Win system, PV5 ternary
pump and automatic injector (HP 1090 series, Agilent, USA) and
two Hichrom columns HIRPB-250AM 250 � 2.1 mm ID, 5 lm par-
ticle size, in series. This setup represented a high-efficiency column
– approximately 26,000 plates/250 mm, a flow rate of 1 mL/min, an
injection volume of 10 lL, and column temperature of 25 �C. The
TAGs were separated using a gradient solvent program with aceto-
nitrile (ACN) and 2-propanol (iPrOH) as follows: initial ACN/iPrOH
(99:1, vol/vol); linear from 5 min to 110 min ACN/iPrOH 30:70
(vol/vol); held until 10 min; the composition was returned to the
initial conditions over 10 min. The performance was measured by
triheptadecenoin as an internal standard under the conditions gi-
ven above.

The detector was an AB Sciex API 4000 mass spectrometer (AB
Sciex, Ontario, Canada) using APCI mass spectra. The ionization
mode was positive, using the following settings: source tempera-
ture 420 �C, nebulizer gas (GS1) 5, nebulizer current 3 lA, curtain
gas 10, collision gas high and declustering potential 100 V. The
optimal collision energy was dependent on the type of experiment
and was set to +10 V (full scan mode) or +30 V (product ion mode).
In all full scan runs spectra were obtained from m/z 200–1100. To
identify the exact composition of high m/z value TAG species, an
enhanced product ion spectrum (optimal CE +35 V) was made of
all ions with an m/z value over 800.

CID ion mass spectra were acquired by colliding the Q1 selected
precursor ions with Ar gas as a collision target gas and applying
collision energy of 50 eV in Q2. Scanning range of Q3 was m/z
200–1100 with a step size of m/z 0.3 and a dwell time of 1 ms. A
peak threshold of 0.3% intensity was applied to the mass spectra.
The instrument was interfaced to a computer running Applied Bio-
systems Analyst version 1.4.2 software.

Silver-ion HPLC

The LC system used for separation in the silver-ion mode was
the same as that used in the reversed-phase mode. TAGs (�1 lg/
lL in methanol) were chromatographed on two silver-ion columns
Chrom-Spher Lipids (250 � 4.6 mm, 5 lm, Varian, Palo Alto, CA,
USA) connected in series. Mobile phase was a gradient from 100%
of A and 0% of B at 0 min to 60% of A and 40% of during 120 min,
where A is hexane-2-propanol-acetonitrile (99.8:0.1:0.1, v/v/v)
and B is mixture of hexane-2-propanol-acetonitrile (96:2:2, v/v/
v). The flow rate, column temperature, and injection volume were
0.5 mL/min, 25 �C, and 10 lL, respectively. Columns were condi-
tioned by mobile phase A at flow rate of 0.5 mL/min for one hour
before the every analysis. Other separation conditions used were
as in the RP-LC, see above.
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Supplements 

Table 1S. List of total lipids from snow alga C. pichinchae analyzed by high mass resolution 
ESI-MS in positive ion mode. 

molecular species HR MS BUD_FIT MEANDRY UDOLI 
ergosterol   419.3289 2934 2515 3832 
ergosta-5,7-dienol 7 421.3439 1916 2401 1497 
ergosta-7-enol  423.3602 2695 2874 1737 
7-dehydroporiferasterol   433.3446 192 228 234 
stigmasterol 435.3602 1198 1048 1144 
stigmasta-7-enol  437.3759 1563 1012 1275 
γ-tocopherol 439.3552 251 461 407 
α-tocopherol 453.3708 389 581 287 
lysoPE 16:4 468.2141 168 216 257 
lysoPE 16:3 470.2298 365 317 353 
lysoPE 16:2 472.2455 251 305 299 
vitamin K1 473.3390 581 365 323 
lysoPE 16:1 474.2612 222 198 269 
lysoPE 16:0 476.2769 170 175 131 
lysoPE 18:4 496.2455 317 174 246 
lysoPE 18:3 498.2612 142 129 112 
lysoPG 16:4 499.2066 48 18 42 
lysoPE 18:2 500.2769 86 80 76 
lysoPG 16:3 501.2223 12 42 12 
lysoPE 18:1 502.2926 51 51 38 
lysoPG 16:2 503.2380 24 24 54 
lysoPG 16:1 505.2537 50 50 50 
lysoPG 16:0 507.2693 62 61 54 
lysoPC 16:4 510.2614 156 251 251 
lysoPC 16:3 512.2771 365 210 305 
lysoPC 16:2 514.2928 102 281 293 
lysoPC 16:1 516.3085 126 174 210 
lysoPC 16:0 518.3242 673 686 606 
lysoPG 18:4 527.2380 156 222 186 
lysoPG 18:3 529.2537 212 212 212 
lysoPG 18:2 531.2694 62 63 62 
lysoPG 18:1 533.2851 54 30 36 
lysoPG 18:0 535.3008 30 24 6 
lysoPC 18:4 538.2927 355 371 309 
lysoPC 18:3 540.3084 344 344 300 
lysoPC 18:2 542.3235 252 261 219 
lysoPC 18:1 544.3399 44 36 34 
lysoPC 18:0 546.3552 65 56 69 
α+β-carotene 559.4279 305 335 473 



echinenone 573.4066 1437 2365 4251 
DAG 32:8 575.3718 1138 1198 1377 
β-cryptoxanthin 575.4223 557 515 317 
DAG 32:7 577.3875 1078 1437 1497 
DAG 32:6 579.4032 5808 5150 5509 
DAG 32:5 581.4188 2515 3892 3234 
DAG 32:4 583.4343 719 5389 2635 
DAG 32:3 585.4502 5090 4311 1976 
canthaxanthin 587.3865 138 168 192 
DAG 32:2 587.4656 5629 838 5389 
DAG 32:1 589.4821 4671 3353 5269 
zeaxanthin+lutein 591.4178 443 281 365 
DAG 34:8 603.4032 5329 5868 5509 
DAG 34:7 605.4189 3713 2515 2096 
antheraxanthin 607.4121 335 299 263 
DAG 34:6 607.4346 4270 4632 5012 
DAG 34:5 609.4502 231 225 205 
DAG 34:4 611.4657 322 355 418 
DAG 34:3 613.4816 21663 24289 23571 
pheophorbide a 615.2577 407 437 293 
DAG 34:2 615.4970 12378 13827 14130 
DAG 34:1 617.5135 1083 1107 983 
astaxanthin 619.3757 90 114 126 
violaxanthin 623.4094 5041 5273 5056 
chl c2 631.1801 437 581 275 
DAG 36:8 631.4344 1138 778 1257 
chl c1 633.1964 371 305 108 
DAG 36:7 633.4501 725 2156 3234 
DAG 36:6 635.4658 8957 9812 10245 
DAG 36:5 637.4814 11861 12855 12545 
DAG 36:4 639.4974 3768 3717 3689 
DAG 36:3 641.5135 586 581 581 
DAG 36:2 643.5288 454 497 510 
DAG 36:1 645.5457 112 104 122 
fucoxanthin 663.4020 3353 2365 2395 
PE 32:8 698.3794 1772 1868 1707 
PE 32:7 700.3951 1898 2102 1910 
PE 32:6 702.4108 3377 3006 2862 
PE 32:5 704.4275 2467 2557 3042 
PE 32:4 706.4432 1180 1743 1443 
PE 32:3 708.4589 1575 1713 1838 
PE 32:2 710.4745 1898 1862 1449 
PE 32:1 712.4909 1443 904 1683 
PS 32:8 718.3766 665 701 856 
DGTS 32:8 718.4659 1431 1922 2467 



PS 32:7 720.3923 629 683 587 
DGTS 32:7 720.4815 1898 1461 1886 
PS 32:6 722.4080 737 707 784 
DGTS 32:6 722.4972 2904 3012 1868 
PS 32:5 724.4237 587 569 557 
DGTS 32:5 724.5128 808 2587 1862 
PE 34:8 726.4108 1862 1707 4263 
PS 32:4 726.4394 377 365 437 
PE 34:7 728.4265 1772 2377 2341 
PS 32:3 728.4551 222 563 401 
PE 34:6 730.4422 203 163 140 
PS 32:2 730.4698 335 234 353 
PG 32:8 731.3912 5329 3892 4431 
PE 34:5 732.4589 699 426 520 
PG 32:7 733.4069 3413 3683 3000 
PE 34:4 734.4746 322 16 430 
PG 32:6 735.4226 3713 3060 3988 
PE 34:3 736.4903 4182 4576 4984 
MGDG 32:8 737.4239 784 766 737 
PG 32:5 737.4383 1976 2874 2659 
PE 34:2 738.5059 7256 7187 7617 
MGDG 32:7 739.4396 713 844 826 
PG 32:4 739.4540 1263 1868 1533 
PC 32:8 740.4280 671 599 641 
PE 34:1 740.5223 588 581 490 
MGDG 32:6 741.4553 814 790 749 
PG 32:3 741.4697 1437 1701 1796 
PC 32:7 742.4437 563 563 713 
MGDG 32:5 743.4720 1024 922 892 
PG 32:1 743.4854 2234 2105 1921 
PC 32:6 744.4594 509 509 581 
DGTS 34:8 744.4815 1401 1952 2120 
MGDG 32:4 745.4878 563 838 713 
PG 32:0 745.5011 2357 2223 2124 
PS 34:8 746.4080 222 335 371 
PC 32:5 746.4778 1862 1778 1575 
DGTS 34:7 746.4972 898 862 994 
MGDG 32:3 747.5028 689 749 641 
PS 34:7 748.4237 293 413 222 
PC 32:4 748.4921 1287 1275 1683 
DGTS 34:6 748.5128 982 946 850 
MGDG 32:2 749.5194 509 563 635 
PS 34:6 750.4394 341 222 329 
PC 32:3 750.5054 1430 1091 1181 
DGTS 34:5 750.5285 790 802 820 



MGDG 32:1 751.5348 737 844 766 
PS 34:5 752.4551 174 377 395 
PC 32:2 752.5206 449 397 343 
DGTS 34:4 752.5441 665 910 790 
PE 36:8 754.4417 671 1260 673 
PS 34:4 754.4708 216 198 263 
PC 32:1 754.5373 535 555 474 
PE 36:7 756.4574 2034 2013 1386 
PS 34:3 756.4865 616 612 541 
PC 32:0 756.5535 531 561 594 
PG 34:8 757.4058 21916 28982 7216 
PE 36:6 758.4731 28375 26976 22782 
PS 34:2 758.5012 299 259 233 
PG 34:7 759.4215 6108 8503 10479 
PE 36:5 760.4888 2853 2628 2661 
PG 34:6 761.4372 4995 3770 4952 
PE 36:4 762.5062 4202 4567 4274 
PG 34:5 763.4529 5482 4885 5467 
PE 36:3 764.5219 345 370 395 
MGDG 34:8 765.4553 1186 1263 1281 
PG 34:4 765.4686 35791 31311 30064 
PE 36:2 766.5382 565 512 558 
MGDG 34:7 767.4710 1419 994 916 
PG 34:3 767.4843 14786 13460 12099 
PC 34:8 768.4594 1563 1707 1802 
PE 36:1 768.5555 34 31 32 
MGDG 34:6 769.4867 16108 14251 13772 
PG 34:2 769.4973 9763 9412 8703 
PC 34:7 770.4751 1898 1838 1443 
MGDG 34:5 771.5034 52441 55929 53744 
PG 34:1 771.5164 1592 1549 1339 
plastoquinone 771.6065 2500 3123 3108 
PC 34:6 772.4908 14858 13915 12519 
MGDG 34:4 773.5192 13619 14956 13691 
PG 34:0 773.5311 410 368 339 
PS 36:8 774.4394 551 539 533 
PC 34:5 774.5092 980 1137 1193 
DGTS 36:8 774.5285 3012 3210 3389 
MGDG 34:3 775.5342 37248 34208 35511 
PS 36:7 776.4551 461 377 335 
PC 34:4 776.5235 1054 1109 980 
DGTS 36:7 776.5441 2587 1886 2485 
MGDG 34:2 777.5508 3362 3104 2864 
PS 36:6 778.4708 407 305 281 
PC 34:3 778.5368 47442 39713 33898 



DGTS 36:6 778.5587 1952 1994 1868 
MGDG 34:1 779.5662 967 1026 1017 
PS 36:5 780.4865 293 234 263 
PC 34:2 780.5520 42621 42377 36337 
DGTS 36:5 780.5737 1802 1659 1293 
PS 36:4 782.5022 189 275 151 
PC 34:1 782.5687 12124 11171 9415 
DGTS 36:4 782.5894 1497 2162 1868 
PS 36:3 784.5179 170 161 159 
PG 36:8 785.4372 1533 1683 1443 
PS 36:2 786.5326 305 341 293 
PG 36:7 787.4529 766 976 1036 
PS 36:1 788.5483 503 533 485 
PG 36:6 789.4686 1036 1263 1174 
PG 36:5 791.4843 904 1180 1275 
PG 36:4 793.5000 820 1036 671 
PG 36:3 795.5157 3234 3916 3629 
PC 36:8 796.4901 714 716 1321 
MGDG 36:6 797.5184 43013 43576 33476 
PG 36:2 797.5287 2216 4257 3623 
PC 36:7 798.5057 1352 1418 2017 
SQDG 32:8 799.3638 533 665 599 
MGDG 36:5 799.5347 20365 20833 21647 
PG 36:1 799.5478 5509 2934 2216 
PC 36:6 800.5214 55289 56064 54472 
SQDG 32:7 801.3795 557 551 509 
MGDG 36:4 801.5498 2442 2676 2922 
PC 36:5 802.5365 50262 47140 44999 
SQDG 32:6 803.3952 545 539 563 
MGDG 36:3 803.5658 1138 1200 1192 
PC 36:4 804.5522 32319 37628 31437 
SQDG 32:5 805.4109 509 527 527 
MGDG 36:2 805.5815 1305 964 563 
PC 36:3 806.5686 7909 7350 6570 
PC 36:3 806.5687 6917 5723 5518 
SQDG 32:4 807.4266 287 323 281 
TAG 48:12 807.5529 2337 2375 1831 
MGDG 36:1 807.5972 689 1180 533 
PC 36:2 808.5836 4583 4308 4170 
TAG 48:11 809.5686 1230 1492 1669 
PC 36:1 810.6009 371 307 343 
SQDG 32:3 811.4652 323 401 461 
TAG 48:10 811.5843 1455 1695 2341 
SQDG 32:2 813.4812 377 395 329 
TAG 48:9 813.6001 1377 1989 1796 



SQDG 32:1 815.4969 581 551 527 
TAG 48:7 815.6157 1651 2304 1826 
CoQ9 817.6127 7024 8744 10318 
TAG 48:6 817.6314 2365 2407 2413 
PI 32:7 819.4071 4850 5874 503 
TAG 48:5 819.6471 2147 2661 2696 
PI 32:6 821.4228 4311 5006 4695 
TAG 48:4 821.6628 2429 3326 3018 
PI 32:5 823.4385 3353 3575 3898 
TAG 48:3 823.6785 2954 3992 5570 
PI 32:4 825.4542 4671 3772 3174 
TAG 48:2 825.6942 1226 1588 1637 
PI 32:3 827.4699 5629 4760 5611 
TAG 48:1 827.7124 1879 2209 2448 
SQDG 34:8 829.4109 581 545 509 
PI 32:2 829.4849 2216 2461 3036 
TAG 48:0 829.7281 7567 8235 8521 
SQDG 34:7 831.4266 335 347 275 
PI 32:1 831.5009 2515 2365 2413 
SQDG 34:6 833.4423 203 181 179 
TAG 50:12 833.5708 720 781 1378 
SQDG 34:5 835.4580 200 212 187 
TAG 50:11 835.5865 1139 840 1559 
TAG 50:10 837.6022 1754 1251 1875 
SQDG 34:3 839.4966 1140 1213 1261 
TAG 50:9 839.6179 3018 3557 3296 
SQDG 34:2 841.5126 856 783 768 
TAG 50:8 841.6336 1811 2457 2456 
SQDG 34:1 843.5283 4016 3875 3438 
TAG 50:7 843.6493 29413 30014 27665 
TAG 50:6 845.6650 4138 3490 3006 
PI 34:7 847.4385 581 491 581 
TAG 50:5 847.6807 24658 24981 24862 
PI 34:6 849.4542 509 515 545 
TAG 50:4 849.6972 22564 20330 21066 
PI 34:5 851.4699 377 575 485 
TAG 50:3 851.7127 16576 14342 15078 
PI 34:4 853.4856 323 485 377 
TAG 50:2 853.7282 1960 1925 2336 
PI 34:3 855.5013 4538 4775 4903 
TAG 50:1 855.7437 2260 2806 2957 
SQDG 36:8 857.4501 4299 5491 4880 
PI 34:2 857.5163 2499 2323 2847 
TAG 50:0 857.7606 805 1006 1112 
SQDG 36:7 859.4658 2731 2299 3754 



PI 34:1 859.5323 1302 1330 113 
SQDG 36:6 861.4815 3573 3479 3259 
TAG 52:12 861.6046 1314 2647 1737 
SQDG 36:5 863.4977 686 660 588 
TAG 52:11 863.6203 2264 3001 1859 
SQDG 36:4 865.5134 3648 3640 3123 
TAG 52:10 865.6360 2881 3229 2941 
SQDG 36:2 867.5291 115 112 98 
TAG 52:9 867.6517 2131 2849 3069 
SQDG 36:1 869.5448 63 50 46 
TAG 52:8 869.6647 10869 15137 12716 
TAG 52:7 871.6804 2608 2136 3672 
PI 36:8 873.4550 1455 1383 1299 
TAG 52:6 873.6961 14344 15449 16166 
PI 36:7 875.4707 1024 587 988 
TAG 52:5 875.7120 14324 16143 16350 
PI 36:6 877.4864 1270 1184 1186 
TAG 52:4 877.7284 5648 4613 5941 
PI 36:5 879.5021 614 526 458 
TAG 52:3 879.7432 4230 4786 5078 
PI 36:4 881.5180 223 264 313 
TAG 52:2 881.7595 3864 4082 4437 
PI 36:3 883.5332 291 319 291 
TAG 52:1 883.7676 655 604 630 
PI 36:2 885.5491 545 412 412 
CoQ10 885.6748 485 605 631 
PI 36:1 887.5643 259 236 410 
TAG 54:12 889.6339 1206 1244 1936 
TAG 54:11 891.6496 1446 1557 1894 
pheophytin a 893.5551 1461 1503 1263 
pheophytin 893.5564 3473 1999 2018 
TAG 54:10 893.6653 2583 1678 1888 
TAG 54:9 895.6810 19199 20322 23264 
TAG 54:8 897.6966 23601 25211 28018 
DGDG 32:8 899.4770 4132 3234 3413 
TAG 54:7 899.7118 12113 13161 14736 
DGDG 32:7 901.4927 3102 3204 2515 
TAG 54:6 901.7273 4008 4529 4969 
DGDG 32:6 903.5084 2695 2545 1886 
TAG 54:5 903.7425 2554 2845 3545 
DGDG 32:5 905.5234 2814 3114 1766 
TAG 54:4 905.7583 2357 2925 3790 
DGDG 32:4 907.5391 1078 1856 2455 
TAG 54:3 907.7746 4127 4980 7012 
DGDG 32:3 909.5550 1257 1743 1976 



DGDG 32:2 911.5718 2934 1611 1557 
DV chl a 913.5088 2515 2275 3060 
DGDG 32:1 913.5872 2096 2695 2521 
chl a 915.5244 156 168 293 
DV chl b 927.4881 4311 5030 4491 
DGDG 34:8 927.5084 11377 5126 11976 
chl b 929.5037 246 317 168 
DGDG 34:7 929.5241 5868 5509 6048 
DGDG 34:6 931.5398 1210 1240 1198 
DGDG 34:5 933.5548 1132 1086 1078 
DGDG 34:4 935.5705 792 653 683 
DGDG 34:3 937.5864 1066 1018 1012 
DGDG 34:2 939.6032 3125 2835 2960 
DGDG 34:1 941.6186 778 727 658 
DGDG 36:6 959.5710 21078 20539 21437 
DGDG 36:5 961.5865 4712 4553 3866 
DGDG 36:4 963.6043 10414 9860 9369 
DGDG 36:3 965.6182 13465 13835 12074 
DGDG 36:2 967.6339 83 93 88 
DGDG 36:8 989.6218 299 420 350 
DGDG 36:7 993.6494 113 120 108 
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We tested the potential of Ramanmicrospectroscopy to determine carotenoid pigments— both primary (lutein,
beta-carotene) and secondary (astaxanthin) carotenoids — in the different species and life-cycle stages of snow
algae from the order Chlamydomonadales (Chlorophyta). We compared the performance of Raman spectrome-
try to a reference method of biological pigment analysis, high-performance liquid chromatography (HPLC). The
threemain carotenoid Raman bands of the astaxanthin-rich red cystswere located at 1520, 1156 and 1006 cm−1.
The shifts (orange aplanozygotes and greenmotile cellswith flagella) in the position of theν1(C_C) Raman band
of the polyenic chain is consistent with the expected changes in the ratios of the various carotenoid pigments.
Flagellated green cells commonly contain lutein as a major carotenoid, together with minor amounts of
β‑carotene and varying amounts of antheraxanthin, violaxanthin and neoxanthin. Aplanozygotes contain mix-
tures of both primary and secondary carotenoids. In most cases, the ν1(C_C) band is an overlapping set of
bands, which is due to the signal of all carotenoid pigments in the sample, and a deconvolution along with the
band position shifts (mainly ν1) could be used to characterize the mixture of carotenoids. However, the ability
of Raman spectroscopy to discriminate between structurally slightly differing carotenoid pigments or several ca-
rotenoids in an admixture in an unknown biological system remains limited.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The only planet in our solar system thus far known to harbor life is
our home planet, Earth. Lacking evidence of life elsewhere, exobiology
research is generally focused on the origin and early evolution of life,
the potential of life to adapt to different environments and the implica-
tions for life elsewhere. Organisms that inhabit extreme environments,
known as extremophiles, thrive in habitatswhich are intolerably hostile
or even fatal for other terrestrial life-forms [1]. The solar system con-
tains several locations of exobiological interest. The subsurface oceans
of Europa and Enceladus could host ecosystems like the ones found
around hydrothermal vents on Earth. Considering the lowMartian tem-
peratures, abundant salt deposits and harsh UV-radiation (UVR),
extremophiles such as halophiles (organisms that require NaCl for
growth) and psychrophiles (organisms that grow best at low tempera-
tures) represent the best model organisms for Mars [2].

Extremophiles include members of all three domains of life,
i.e., bacteria, archaea and eukarya. Most extremophiles are microorgan-
isms (of which a high proportion are archaea), but this group also in-
cludes eukaryotes such as protists (e.g., algae, fungi and protozoa) and
multicellular organisms. The majority of extremophilic organisms are
prokaryotes, some of which use pigments to cope with conditions in
their natural habitats (mainly increased UVR), e.g., orange-pigmented
Planococcus antarcticus and P. psychrophilus (from the McMurdo Dry
Valleys in Antarctica) [3]. A similar strategy is also common for
extremophilic eukaryotes, namely snow algae, which typically inhabit
locations exposed to high UVR and low temperatures.

Photosynthetic pigments (chlorophylls and carotenoids) are organic
moleculeswith conjugated double bonds that selectively absorb ultravi-
olet and visible light. The excited state of the molecules then provides
energy for the subsequent catalytic steps collectively known as photo-
synthesis. In addition, carotenoid pigments serve a photoprotective
role by intercepting chlorophyll triplet species and preventing the for-
mation of singlet oxygen (1O2) [4]. Pigments absorbing UV-C and UV-
B are widely distributed through all domains of life. For exobiological
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purposes, it is important to note that the surface of Mars is still exposed
to high radiation levels.

According to the thermodynamic dissipation theory [5], pigments
could be fundamental molecules in the origin of life. Another similar
theory assumes the geothermal origin of life on Earth (and possibly on
Mars); it suggests that pigments may have originated as thermal sen-
sors for detecting suitable thermal spots. During evolution, photosyn-
thetic pigments and pigments protecting against UVR would have

been selected as an advantageous survival strategy. This has led to a pro-
posal that pigments such as carotenoids and scytonemin are relicts of
early life, since protection against UV-C and UV-B is not required
today due to the existence of the ozone layer. Because pigments could
be key biomarkers for the detection of extinct (or extant) life on Mars
and other planets [6], Raman spectrometers will be on board two
Mars rover missions, ExoMars and Mars 2020, to search for evidence
of life and habitable geological niches on Mars [7,8].

Fig. 1. Sample locations at (1) the Krkonoše Mountains, Czech Republic, (2) the High Tatras, Slovakia, and (3) the Ötztal Alps, Austria.

Table 1
Investigated cryoflora with sample codes, species, collection dates, sampling sites, altitude, geographic positions (GPS) and basic description.

Sample Species Date Location Altitude
(m)

GPS Life cycle stages Snow
color

1 Chlainomonas sp. 02.07.2012
Ľadové pleso,
High Tatras

2064
49°11′0.65″N,
20° 9′41.26″E

Mature cysts Red

2 Chlamydomonas nivalis 18.07.2015
Tiefenbachgletscher,

Ötztal Alps
2810

46°55′23.8″N,
10°56′50.1″E

Mature cysts Red

3 Chlamydomonas nivalis 18.07.2015
Rettenbachgletscher,

Ötztal Alps
2807

46°56′34.5″N,
10°55′29.1″E

Mature cysts Red

4 Chloromonas cf. nivalis 12.06.2015
Luční hora,

Krkonoše Mountains
1515

50°43′46.1″N,
15°40′54.4″E

Dominant flagellates, minor aplanozygotes Green

5 Chloromonas cf. nivalis 12.06.2015
Luční hora,

Krkonoše Mountains
1515

50°43′46.1″N,
15°40′54.4″E

Dominant aplanozygotes Orange

6 Chlamydomonas nivalis 04.07.2002
Zamrznuté pleso,

High Tatras
2062

49°10′32.06″N,
20°8′16.79″E

Mature cysts Red

7
Chloromonas cf. nivalis,
Scotiella cryophila

10.05.2017
Meandry Labe,

Krkonoše Mountains
1044

50°45′40.68″N,
15°33′8.4″E

Prevailing unidentified flagellates, cysts of Scotiella cryophila and
aplanozygotes of Chloromonas cf. nivalis

Green

8
Chloromonas cf. nivalis,
Scotiella cryophila

10.05.2017
Meandry Labe,

Krkonoše Mountains
1045

50°45′42.18″N,
15°33′8.94″E

Dominant unidentified flagellates, minor cysts of Scotiella
cryophila and aplanozygotes of Chloromonas cf. nivalis

Green

9
Chloromonas cf. nivalis,
Scotiella cryophila

11.05.2017
Dlouhý důl,

Krkonoše Mountains
1002

50°43′15.3″N,
15°39′26.52″E

Aplanozygotes of Chloromonas cf. nivalis and cysts of Scotiella
cryophila

Orange

10 Chloromonas cf. nivalis 18.06.2017
Furkotská dolina,

High Tatras
2061

49°9′32.58″N,
20°1′36.74″E

Aplanozygotes Orange

11 Chloromonas sp. 14.6.2017
Dolina Za Mnichem,

High Tatras
1871

49°11′39.24″N,
20°03′10.08″E

Aplanozygotes Orange
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Carotenoid pigments exhibit specific and strong signals in Raman
spectroscopy [9,10]. By tuning the wavelength of the laser (for caroten-
oids, this phenomenon is related to green and blue lasers), a selective
enhancement of the Raman signal can be achieved through the Reso-
nance Raman Effect. This means that the energy of the scattered photon
matches the energy of the electronic transition of themolecule, and the
absorption and scattering of cross sections of the chromophore are
strongly increased. This resonance effect may enhance the Raman spec-
trum by several orders of magnitude [11].

Large areas of our planet are covered with snow, which creates hab-
itats for various psychrophilic microorganisms [12]. In 1819, the British
polar explorer John Ross came across large patches of red snow in the
area around Baffin Bay in the Arctic. Initially it was thought to be iron-
nickel meteorite detritus, but in an appendix to Ross's mission report
published that same year the Scottish botanist Robert Brown pro-
posed — correctly, as was later proven — that the color came from an
alga, a photosynthetic microbe. Several extreme physical/chemical fac-
tors (e.g., low temperatures, high levels of photosynthetically active ra-
diation [PAR] and UV irradiation, repeating freeze-thaw cycles, nutrient
depletion) characterize environments that are home to psychrophilic
microorganisms. Snow algal communities dwell within liquid water
retained among snow crystals and form the macroscopic phenomenon
of green, orange and red snow in polar and alpine habitats. The phe-
nomenon is commonly called watermelon, red or blood snow. Snow
algae have developedmultiple adaptations to life in extreme conditions,
e.g., the synthesis of secondary carotenoids (mainly astaxanthin), which
protects the cells against excessive light and UV radiation. In addition,
the presence of both flagellates and immotile resting stages represents
a successful life strategy adaptation to the snow habitat [12]. Colorful
cryosestonic algal blooms have been reported from locations such as
the European Alps [13–15], the High Tatras in Slovakia [16], Svalbard
[17], the Krkonoše Mountains in the Czech Republic [18], the Andes in
Ecuador [19], glaciers in Greenland [20] and Russia [21], Japanese alpine
snowfields [22] and many others. Several studies have shown that the
overproduction of pigments decreases the albedo of snow resulting in
faster melting, which may contribute to a more rapid development of
algal blooms [20,23].

Carotenoids ofmicroalgae are categorized as primary and secondary.
Primary carotenoids (e.g., β‑carotene, lycopene, lutein) participate in
photosynthesis, whereas secondary carotenoids (e.g. astaxanthin, can-
thaxanthin) are synthesized under stress conditions (increased salinity,
high irradiance, etc.). Secondary carotenoids are usually accumulated in

Fig. 3. Chromatograms of pigments extracted from representative samples of snow algae (detection wavelength was 480 nm). Maximum absorbances correspond to 0.56, 0.59, 0.81, 0.17
and 0.06 of relative units in the samples 4, 5, 6, 8 and 11, respectively.

Fig. 2. Absorption spectra of extracted pigments. Absorbance of pigments from samples 4
(simple line), 5 (bold line), 6 (dotted line), 8 (dash-dot line) and 11 (dashed line) in a
visible light range normalized to the absorbance at 480 nm.
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lipid globules, e.g., astaxanthin of Haematococcus [24,25] and the red
snow alga Chlamydomonas nivalis [13]. Astaxanthin and its fatty acid
ester derivatives are the main secondary carotenoids in snow algae
(Chlamydomonas nivalis, Chlainomonas spp., etc.). The red snow phe-
nomenon is related to the production of this carotenoid. Besides
astaxanthin, other carotenoids such as echinenone, or pigments of xan-
thophyll cycle (violaxanthin, antheraxanthin, zeaxanthin), are pro-
duced [13]. The content of secondary carotenoids can be used for
chemotaxonomy of sometimes morphologically similar species of
snow algae. For example, adonixanthin has been detected only in
Chlorococcum spp. and Chlamydocapsa spp. [26]. The amount of
astaxanthin fatty acid derivatives also varies. Chlainomonas sp. favors
astaxanthin fatty acid diester derivatives, while Chlamydomonas nivalis
[14] and Chloromonas nivalis prefer monoesteric form [27].

Several analytical methods are used to analyze pigments, e.g., high-
performance liquid chromatography (HPLC) [28], hyperspectral imag-
ing [29], mass spectrometry [30] and GC–MS [31]. The easiest method
is the measurement of absorption maxima of pigments dissolved in a
solvent. Most of methods mentioned provide precise pigment identifi-
cation, but they require chemical extraction from a complex matrix of
biomolecules. This is very time consuming and is usually expensive. Be-
sides, extracted pigments are very sensitive to light and oxygen, which
may lead to the deterioration of samples [30]. For this reason, non-
invasive techniques are being developed.

In the last decade, Raman spectroscopy has been applied in the
determination of various microbial pigments, e.g., bacterioruberin and
salinixanthin of halophiles [32–34]. Raman spectroscopy has been also
used to analyze several extremophiles and their habitats, e.g., endolithic
communities in halite [35] andhalophilicmicroorganisms in the stratified
gypsum crusts [36] or in powders of colonized gypsum crystals [9]. The
first study that focused on snowblooms using thismethodwas published

in 2004 [37]. In this study, a 1064-nm laser was used to analyze red and
green snow located in the cold deserts of Antarctica. In green snow,
Raman spectroscopy allowed the detection of several pigments including
cyanobacterial scytonemin (1592 cm−1) and chlorophylls (~1320 cm−1).
Algal communities of red snow showed strong Raman bands at
1524 cm−1 (C_C) and 1157 cm−1 (C\\C). The observed band at
1524 cm−1 could be assigned to lutein.

Another advantage of Raman spectroscopy is the miniaturization of
Raman spectrometer allowing in situ measurements [38,39].

Many studies have shown that individual carotenoids cannot be un-
ambiguously distinguished in the mixture of structurally similar com-
pounds (e.g., carotenoids with the same conjugated chain length).
This phenomenon is well documented in the case of plant tissues [40],
halophiles and selected algae [34] or in the case of nicotine-treated bac-
teria [41].

In this study, we used both Ramanmicrospectroscopy and HPLC, for
the sake of comparison, to identify the pigments of 11 field samples of
snow algae from various locations in Europe. We tested the potential
of Ramanspectroscopy todetermine the ratios of carotenoidpigments—
both primary (lutein, beta-carotene) and secondary (astaxanthin) ca-
rotenoids — in the different life-cycle stages of snow algae and how
these changes are reflected in the Raman spectra.

2. Materials and Methods

2.1. Sampling Sites

Samples of snow algae were collected over the years 2002–2017 at
nine geographic locations in the Krkonoše Mountains, the Ötzal Alps
and the High Tatras (Table 1, Fig. 1). Living samples of the cryoflora of
red, green or orange snow fields were harvested into sterile plastic

Table 3
Raman band positions for major carotenoid bands of investigated snow algae. Abbreviations: (Ch.), Chlainomonas sp.; (Cd.), Chlamydomonas nivalis; (Cr.n.) Chloromonas cf. nivalis; (Sc.c.),
Scotiella cryophila; (Cr.) Chloromonas sp.; fl, flagellates; az, aplanozygotes; cy, cysts; un, unidentified.

Samples 1 2 3 4 5 6

Snow color Red Red Red Green Orange Red
Species Ch. Cd. Cd. Cr.n. Cr.n. Cr.n. Cd.
Life cycle stage cy cy cy fl az az cy
Band assignment

ν1(C_C) 1519.7 1519.9 1520 1522.8 1519.6 1519.7 1520.1
ν2(C\\C) 1155.6 1156.6 1156.7 1154.8 1156.8 1156.9 1156.7
ν3(C\\CH3) 1005.5 1005.7 1005.8 1004.4 1005.5 1005.7 1005.8

Samples 7 8 9 10 11

Snow color Green Green Orange Orange Orange
Species Sc.c. Cr.n. un. Sc.c. Cr.n. un. Sc.c. Cr.n. Cr.n. Cr.
Life cycle stage cy az fl cy az fl cy az az az
Band assignment

ν1(C_C) 1521.6 1519.5 1522.7 1522.9 1519.7 1522.8 1522.8 1519.8 1519.8 1519.6
ν2(C\\C) 1155.9 1156.6 1155.4 1155.8 1156.1 1155.1 1156.1 1156.4 1156.6 1156
ν3(C\\CH3) 1004.9 1005.4 1004.5 1004.8 1005 1003.5 1005.3 1005.2 1005.5 1005

Table 2
Relative content of pigments normalized to chlorophyll a in the samples determinedbyHPLC. Abbreviations: viol, violaxanthin; neox, neoxanthin; anther, antheraxanthin; lut, lutein; chl b,
chlorophyll b; β‑car, β‑carotene; cis‑atx, astaxanthin cis‑isomers (mainly 13Z), trans‑atx, astaxanthin (all-trans); total atx = trans-atx + cis‑atx; n.d., not detected.

Sample viol neox anther lut chl b β‑car cis‑atx trans‑atx Total atx

1 n.d. n.d. n.d. 1.2307 0.2953 n.d. 39.3037 18.8672 58.1709
2 n.d. n.d. n.d. 0.1227 0.0367 n.d. n.d. 57.9693 57.9693
3 0.0875 0.0578 n.d. 0.2089 0.0567 n.d. 0.0994 57.6259 57.7253
4 0.1348 n.d. 0.0789 1.1799 0.3365 0.2188 n.d. 0.0885 0.0885
5 0.1400 n.d. 0.0543 0.7505 0.1903 0.0961 n.d. 1.8203 1.8203
6 0.0497 0.0304 0.0336 0.3548 0.0689 n.d. 0.7409 25.1805 25.9214
7 0.2383 0.0423 0.0826 0.6681 0.1414 0.1339 n.d. 0.1799 0.1799
8 0.1272 0.0337 0.0500 0.4654 0.1616 0.2279 n.d. n.d. n.d.
9 0.1213 n.d. 0.1039 0.4144 0.0864 n.d. n.d. 1.2629 1.2629
10 0.1452 0.0168 0.0317 0.5218 0.0972 0.0820 n.d. 1.2629 1.2629
11 0.3208 n.d. 0.1098 1.2898 0.1764 0.1546 n.d. 1.1840 1.1840

265K. Osterrothová et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 212 (2019) 262–271



tubes and transported in a thermos bottle to the laboratory. The algal
biomass was inspected under a light microscope for species and life-
cycle stage identification and was kept frozen until further analysis.

2.2. Organisms

Light microscopy (LM) was conducted using an Olympus BX43
(Olympus Corporation, Japan) equipped with a digital camera DXM
1200F (Nikon, USA). Microphotographs were processed using the
QuickPHOTO Camera 3.0 software (Promicra, Czech Republic). Based
on light microscopy examination, colored snow was formed by the

following species: Chlainomonas (Ch.) sp., Chlamydomonas (Cd.) nivalis,
Chloromonas (Cr.) cf. nivalis, Scotiella (Sc.) cryophila and Chloromonas
(Cr.) sp.

2.3. HPLC Analyses

Samples were centrifuged for 2 min at 10,000 revolutions min−1 in
Eppendorf miniSpin plus centrifuge (Eppendorf AG, Germany). Pig-
ments were extracted from the pellet by the addition of a mixture of
50:50 methanol:acetone (v:v) in samples containing low amounts of
astaxanthin, while a mixture of 10:50:40 methanol:acetone:DMSO (v:
v:v) was used to extract pigments from samples dominated by
astaxanthin.

Pigments were purified using a Waters HPLC system (Delta 600
PumpController, PDA 2996 detector)fittedwith amanual injection sys-
tem. Twenty microliters of extracted pigments were separated on a
reverse-phase, non–end-capped Zorbax SB-C18 column (4.6
× 150 mm, 5 μm, Agilent, USA) using a ternary gradient elution as in
Wright et al. [42]: 0–4 min linear gradient from 100% solvent mixture
A to 100% solvent mixture B, 4–18 min linear gradient from 100% sol-
vent mixture B to 20% solvent mixture B and 80% of solvent C. Solvent
mixture A: 80:20 methanol:0.5 M ammonium acetate (aq., pH 7.2, v:
v); solvent mixture B: 90:10 acetonitrile: water (v:v); solvent C:ethyl
acetate. The flow rate was 1 mL min−1.

Chromatograms were aligned and baseline corrected using a chro-
matogram run with a blank solvent. Pigments were assigned to the
peaks by comparing the measured chromatograms with a reference
chromatogram of known pigment composition (acetone extract of
Chlamydomonas reinhardtii cells grown at low light) and by transferring
the HPLC fractions to standard solvents and comparing their respective
absorption spectrawith a reference spectra in Britton et al. [43]. Absorp-
tion spectra of the purified pigments were measured in a Lambda 35
spectrophotometer (Perkin Elmer, USA). The concentrations of chloro-
phyll a, chlorophyll b and total carotenoids in sample extracts were es-
timated spectroscopically by their absorption at 665.1, 649.1 and
480 nm normalized to a turbidity at 730 nm with the use of equations
in Lichtenthaler and Wellburn [44]. Relative content of the individual

Fig. 5.Microphotographs of mature cysts of Chlainomonas sp. (sample 1) and Chlamydomonas nivalis (samples 2–3 and 6). Scale = 50 μm.

Fig. 4. Plot of C_C stretching frequency (ν1) vs. C\\C stretching frequency (ν2) for
different life stages of snow algae. Red cysts contain almost exclusively astaxanthin,
while flagellates mostly lutein.
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pigmentswas determined by summing the area under the specific HPLC
chromatographic peaks. The analysis of the spectroscopic and chro-
matographic data was carried out in MatLab™ (MathWorks Inc., Natick,
MA) utilizing a custom-made script.

2.4. Raman Spectroscopy Analysis

Micro-Raman analyses of preserved samples was performed on a
multichannel Renishaw In ViaReflex spectrometer coupled with a
Peltier-cooled CCD detector. Excitation was provided by a 514.5 nm Ar
laser (power ~ 0.1–0.2 mW). To improve signal-to-noise ratios, Raman
signals from 10 scans were accumulated each of 10 s exposure. Spectra

were recorded at a resolution (FWHM) better than 1 cm−1 (CCD array
detector/CCD chip with 576 × 400 pixels) between 100 and
2000 cm−1. The laser spot size was 1.5 μm in diameter when focusing
at the surface. By using a 50× objective (NA 0.75), it was possible to an-
alyze single algal cells. At least three spectra were recorded from differ-
ent cells of snow algae in the sample. Benzonitrile was used for spectral
wavenumber calibration. Raman spectra were exported into the Galac-
tic *.SPC format. Spectra were compared using GRAMS AI (8.0, Thermo
Electron Corp., Waltham, MA, USA). All of the spectra were baseline
corrected. The position of the Raman bands was determined by the
peak-fitting procedure of GRAMS/AI (8.0, Thermo Electron Corp., Wal-
tham, MA, USA) program, which is based on the Levenberg-Marquardt
nonlinear least-square method. A mixed Gaussian and Lorentzian peak
shape was used. Peaks constituting the spectrum were manually se-
lected to start the best-fit procedure. The best fit was then performed
to determine convolution peaks with optimized intensity, position and
width. Its performance was evaluated by means of the χ2 parameter.

3. Results and Discussion

3.1. Analysis of Pigment Composition by HPLC

Absorbance spectra of the total extracted pigments demonstrate
prominent differences in pigment content among the snow algae sam-
ples (Fig. 2). The concentration of chlorophyll a, chlorophyll b and
total carotenoids in the extracted phasewas analyzed spectroscopically.
The samples 1–3 and 6 stand out among the other samples by contain-
ing onlyminor amounts of chlorophylls (absorbance peak at 665 nm) in
respect to the total carotenoids (absorbing at the blue side of the spec-
trum). An illustrative example of sample 6 is shown in Fig. 2 (dotted
line) exhibiting a value of carotenoid-to-chlorophyll weight ratio of 9.3.

Chlorophyll a and b and the primary carotenoids violaxanthin,
neoxanthin, antheraxanthin, lutein and β‑carotene were identified by
means of HPLC (Fig. 3). The only prominent secondary carotenoid iden-
tified was astaxanthin and its fatty acid ester derivatives. Both cis and
trans isoforms were particularly abundant in the samples 1, 2, 3 and 6.
Elution chromatogram of sample 6 shown in Fig. 3 is practically devoid
of any other pigments except for the all-trans astaxanthin, with slightly

Fig. 7. Microphotographs of cysts (cy) of Scotiella cryophila, aplanozygotes (az) of Chloromonas cf. nivalis and unidentified flagellates (fl) (samples 7–9). Scale = 50 μm.

Fig. 6. Raman spectra of samples 1, 2, 3 and 6 (from the bottom). No shift in position of ν1
(C_C) band is visible. Samples 2, 3 and 6 show a slight shoulder on the high-intensity ν2
mode. This mode appears at ~1133 cm−1.
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minor but still significant amount of cis‑astaxanthin tailing behind the
major peaks of trans-astaxanthin. Additionally, samples 5 and 11
contained sizeable amounts of the astaxanthin. The relative contents
of individual primary and secondary carotenoids normalized to the
chlorophyll a concentration determined spectroscopically are shown
in Table 2. An overview of retention times and absorption maxima spe-
cific for the identified pigments are depicted in the Supplementary
Table S1.

3.2. Analysis of Pigments by Raman Microspectroscopy

The cryoflora of green, orange and red snow fields was either ho-
mogenous, likemature cysts of Chlainomonas sp. (sample 1), or heterog-
enous, like mixture of flagellates and aplanozygotes of Chloromonas cf.
nivalis (sample 4),which are different life stages in one species. The abil-
ity to analyze single cells for their carotenoid content is very important
because the carotenoid composition of individual species and life stages
has not been fully explored yet. Table 3 summarizes the positions of the
major carotenoid bands in the samples. Reported values are characteris-
tic for themostmature cells in the samples. In all samples, three distinc-
tive bands were observed. The ν1 band arises from stretching vibrations
of C_C double bonds. Its frequency depends on the length of the π-
electron conjugated chain and on themolecular configuration of the ca-
rotenoid. The ν2 band is due to stretching vibrations of C\\C single

bonds coupled with C\\H in-plane bending modes, and this region is a
fingerprint for the assignment of carotenoid configurations,
i.e., isomerization states (cis and trans). The ν3 band is due to in-plane
rocking vibrations of the methyl groups attached to the conjugated
chain, coupled with in-plane bending modes of the adjacent CHs [45].

Changes in pigment ratios of differentmaturation stages of cysts and
aplanozygotes are presented as a plot of C_C stretching frequency (ν1)
vs. C\\C stretching frequency (ν2) in Fig. 4. Older cells contain more
astaxanthin than younger cells, which contain more lutein [27], so
there is a significant shift of the ν1(C_C) band position toward a higher
wavenumber in the case of the younger cells.

Raman spectra of homogenous samples of mature cysts depicted in
Fig. 5 (samples 1, 2, 3 and 6) show the three main carotenoid bands,
which are located approximately at 1520, 1156–1157 and 1006 cm−1.
HPLC of sample extracts revealed that astaxanthin is the predominant
carotenoid of Chlainomonas sp. (sample 1) and Chlamydomonas nivalis
cysts (samples 2, 3 and 6). It is responsible for the red coloration of
cells due to its high abundance. Observed ν1(C_C) band at approxi-
mately 1520 cm−1 in the Raman spectra can then be assigned to
astaxanthin in its ester form [46,47]. We were not able to identify the
trans and cis isomers of astaxanthin in the samples (Fig. 6), probably be-
cause they coexist in the sample. The ν1 band in the Raman spectra un-
dergoes no change in position. The ν1 band appears at 1519.7 cm−1 in
sample 1, where HPLC estimate 2:1 ratio cis-trans astaxanthin isomers.

Fig. 9. Raman spectra of cyst of Chlainomonas sp. (sample 1) in red, aplanozygotes of Chloromonas cf. nivalis (sample 5) in orange, flagellates of Chloromonas cf. nivalis (sample 4) in blue,
cyst of Scotiella cryophila (sample 8) in green.

Fig. 8. Deconvolution in Gaussian/Lorentzian peaks of ν1 region (1460–1570 cm−1). A. flagellate (sample 4), B cyst of Scotiella (sample 9), C aplanozygote (sample 5). The fitted spectra
matched the empirical data revealed by HPLC closely.
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According to Subramanian et al., who on the contrary were working
with pure substances, cis-isomers of astaxanthin also show the new
mode (ν2′) in addition to the high-intensity ν2 mode. This mode ap-
pears at ~1135 cm−1, whereas trans-AST isomers do not possess it
[48]. We have observed a small shoulder located at around 1133 cm−1

in the Raman spectra of samples 2, 3 and most obviously 6. In contrast,
in the spectra taken on sample 1, this featurewas not detected. This var-
iance in the spectra could be explained by the different ratios between
cis and trans isomers, although we observe an opposite effect than
Subramanian et al. Also, we have to note that free astaxanthin is rare
in these species. Astaxanthin is present mostly in its esterified forms
as diesters and monoesters (depending on the species). It has been
shown that Chlainomonas sp. (sample 1) stores the majority of
astaxanthin derivatives in the diester form, and on the contrary,
Chlamydomonas nivalis (samples 2, 3 and 6) stores them in the less
apolar monoester form [14]. We also cannot exclude the effect of the
cellular environment. In any case, the reasons for this shoulder band
at ~1135 cm−1 are quite unclear and further investigation is required.

Heterogenous samples 7, 8 and 9 (Fig. 7) consist of immotile cells of
two different species and green flagellates, probably of those two spe-
cies. Green flagellates show an upshift of ν1(C_C) band to about
1523 cm−1 (in contrast to astaxanthin rich cysts, which have ν1(C_C)
band in Raman spectra at 1520 cm−1) because of their major pigment
lutein. The observed asymmetry of the band at ν1(C_C) band is due
to the superimposition of several bands with different line parameters.
Peakfitting is optional in this situation. In the Raman spectra of caroten-
oids, the position of ν1 varies according to the number of conjugated
C_C bonds of thesemolecules; there is an up-shift in the case of shorter
conjugated polyenic chains [49]. Beta-carotene (C40H56) has both ends
of the molecule cyclized into β-rings and has the system of 11 conju-
gated double bonds, two of which are in the β-rings. Lutein
(C40H56O2) is dihydroxy, dicyclic carotenoid, which derives from
α‑carotene and has 10 conjugated C_C bonds, one of which is in the
β-ring and the other of which is an isolated double bond in the ε-ring.
Astaxanthin has nine conjugated double bonds in the polyene chain

extended by two double bonds in β-rings and two carbonyl groups dou-
ble bonds. Epoxy carotenoids, antheraxanthin (C40H56O3) has 10 conju-
gated double bonds, while violaxanthin (C40H56O4) and neoxanthin
(C40H56O4) have only 9 conjugated double bonds. Thus, the frequency
of ν1 can be used to determine which carotenoids contribute to the
Raman spectra. Fig. 8 reports an example of deconvolution in Gauss-
ian/Lorentzian peaks of the ν1 region (1460–1570 cm−1). While
deconvoluting, it is necessary to determine the number of bands to be
included. In the absence of other information, initial fitting is carried
out with the number of bands indicated by the topology of the Raman
spectra. The Levenberg-Marquardt algorithm iteratively adjusts every
variable for each peak tominimize the χ2. χ2 is simply aweighted differ-
ence measure between the actual and measured data. We can assign
some of the peaks in our known system to different carotenoids. In
the case of flagellates, we can fit the ν1 region into two bands as seen
in Fig. 8A; the wavenumber value of pure lutein and beta-carotene
(from our own measurements) are expected to be approximately at
1525 cm−1 and 1514 cm−1, respectively (see [49]). This is in good
agreement with HPLC results. Xanthophyll-cycle components:
violaxanthin (1525 cm−1) and antheraxanthin (1523 cm−1) (from
our measurements) may also contribute to the shift in ν1(C_C) band
position. In the case of mature cysts of Scotiella cryophila (green cells
containing reddish pigmented “droplets” close to the cell pole) and
orange-colored aplanozygotes of Chloromonas nivalis, the ν1(C_C)
band is also a compound band, which is due to the signal of all caroten-
oid pigments in the sample, and a deconvolution along with the band
position could be used to tentatively characterize the mixture of carot-
enoids (Fig. 8B, C). On closer inspection, mature cysts of Scotiella
cryophila had a ν1(C_C) band around 1523 cm−1, similarly as was
found for green flagellates (Table 3), whereas mature aplanozygotes of
Cr. nivalis had similar position of the band in Raman spectra as mature
red cysts of Chlainomonas sp. and Cd. nivalis (1520 cm−1) (Fig. 9). The
shift of the ν1(C_C) band position between lutein rich flagellates and
astaxanthin rich cysts is about 3–4 cm−1. There is only slight shift con-
sidering ν2(C\\C) vibrationmodes about 1 cm−1. Significant shifts (5, 4

Fig. 11. Microphotographs of flagellates (fl) and aplanozygotes (az) of Chloromonas cf. nivalis (samples 4 and 5). Scale = 50 μm.

Fig. 10. Microphotographs of aplanozygotes (az) (samples 10 and 11). Scale = 50 μm.
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and 3 cm−1) are seen considering C\\Hbendingmotions in C_C bonds,
appearing at 1187 and 1192, at 1210 and 1214 cm−1 and 1272 and
1275 cm−1, respectively.

In the case of homogenous samples, formed by aplanozygotes of
Chloromonas cf. nivalis (sample 10) and Chloromonas sp. (sample 11)
(Fig. 10), we expected several carotenoids in the admixture (as revealed
bymeans of HPLC), and the observed band at ν1(C_C) is due to the su-
perimposition of several bands with different line parameters.

3.3. Homogenous Samples Versus Heterogenous Samples

The efficiency of these two methods for pigment identification has
been shown through the study of homogenous and heterogenous sam-
ples. Raman microspectroscopy allows us to obtain spectra from indi-
vidual cells, while HPLC performs bulk analysis.

HPLC analysis (Table 2) showed that the heterogenous mixture of
dominant flagellates andminor aplanozygotes of Chloromonas cf. nivalis
(sample 4) contained lutein as the main carotenoid (69%), followed by
betacarotene (13%), violaxanthin (8%), antheraxanthin (5%) and
trans‑astaxanthin (5%). On the contrary, only aplanozygotes of
Chloromonas cf. nivalis (sample 5) contained as the main carotenoid
trans‑astaxanthin (64%) and lutein (26%) plus minor amounts of
violaxanthin (5%), betacarotene (3%) and antheraxanthin (2%). Clearly,
minor amounts of secondary carotenoid astaxanthin in sample 4 re-
vealed by HPLC comes from minor aplanozygotes of Chloromonas cf.
nivalis. Microphotographs of the samples are depicted in Fig. 11.

Single-cell analyses performed by means of Raman
microspectroscopy on the heterogenous sample 4 (one species and
two different life stages) detected that flagellates have an upshift to-
ward higher wavenumbers in the position of the ν1(C_C) Raman
band. Raman bands were observed at 1523, 1155 and 1004 cm−1,
caused by their major pigment lutein and xanthophyll-cycle pigments
(violaxanthin and antheraxanthin), as discussed above. Aplanozygotes
(samples 4 and 5) with 64% of astaxanthin and 26% of lutein according
to HPLC have identical Raman spectra as expected, with compound
bands at around 1520, 1157 and 1006 cm−1.

It has been shown that structurally similar carotenoids exhibit in
Raman spectra only slightly different wavenumbers. Moreover, in the
cells, values of the ν1 band of deinoxanthin has a narrow range (around
1510 cm−1),whileβ‑carotene can have values from1513 to 1524 cm−1,
lutein from 1521 to 1526 cm−1 and astaxanthin from 1518 to
1524 cm−1 [34]. The ν1 band of carotenoids in biological systems differs
from the one of pure carotenoid standards, mainly because of various
interactionswithin the biological matrix [50]. Besides, using various ex-
citation wavelengths provides slightly different bands as well [51]. This
complicates the precise discrimination of carotenoids using Raman
spectroscopy.

4. Conclusions

Snow algae represent eukaryotic extremophiles that aremainly sub-
ject to increased PAR as well as UVR and low temperatures. They serve
as model organisms to study adaptation to life at the limit of physiolog-
ical possibilities. By producing carotenoids, they cope with their natural
environments. As the content of carotenoids in snow algae varies
among individual species and life-cycle stages, this group represents a
suitable model for testing the possibilities of Raman spectrometry in
pigment detection.

We have characterized snow algae carotenoids using a combination
of resonance Raman spectroscopy and HPLC and built a spectral library
for different life-cycle stages of snow algae. Analyzed samples were col-
lected in Europeanmountain ranges in a wide altitudinal gradient. Indi-
vidual species and life stages of snow algae had unique pigment
compositions. Stress-resistant cysts produced high amounts of
astaxanthin. The three main carotenoid Raman bands of the
astaxanthin-rich red cysts were located at 1520, 1156–1157 and

1006 cm−1. While flagellated green cells commonly contained lutein
as a major carotenoid, together with minor amounts of β‑carotene and
varying amounts of antheraxanthin, violaxanthin and neoxanthin,
aplanozygotes contained mixtures of both primary and secondary ca-
rotenoids. Chlorophylls a and b were always present, but they were
not analyzed in this study by means of Raman spectroscopy.

Detailed analysis of pigment contents in biomass can be provided by
HPLC. However, this method requires the extraction of the pigments
from the biomass, which may lead to a loss of information
(e.g., protein/lipid interactions). On the other hand, Raman
microspectroscopy permits fast pigment detection of individual cells,
which could be another advantage especially when analyzing
heterogonous mixtures of cells. We can easily monitor the maturing
process of the cells. Hence still, the exact identification of carotenoids
may remain problematic. However, the potential detection of Raman
spectroscopic signatures of carotenoids sensu lato in Martian outcrops
or subsurface rocks would be highly beneficial.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2019.01.013.
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Supplementary Data 

Tab. S1 Overview of retention times and absorption maxima specific for identified pigments 

 

 

Retention time 
[min] 

Pigment Abbreviation 
Absorption maxima [λ] 

in acetone in eluent 
13 chlorophyllide a chlide a 430; 577; 617; 663 410; 466; 537; 610; 663 

13.5 violaxanthin viol 419; 443; 472 416; 440; 470 

14 neochrome neoch 400; 424; 450 400; 422; 450 

14.5 neoxanthin neox 416; 438; 466 416; 438; 464 

14.9 antheraxanthin anther 424; 448; 476 423; 446; 476 

15 trans astaxanthin trans-atx 480 474 

15.6 cis astaxanthin cis-atx 374; 480 373; 474 

16 lutein lut 425; 448; 476 422; 446; 476 

16.5 cis antheraxanthin cis-anther 331; 424; 448; 476 331; 423; 446; 476 

19 chlorophyll b chl b 453; 598; 645 457; 599; 646 

20 chlorophyll a chl a 412; 431; 581; 616; 663 410; 431; 581; 616; 663 

22 phaeophytin a pheo a 410; 505; 535; 609; 666 408; 504; 534; 608; 666 

22.2 γ carotene γ-car 380; 402; 426 (433); 462; 490 

23 β carotene β-car 453; 480 (425); 452; 480 
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